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Chapter 1 

Summary for Decision Makers

Coordinating Lead Author

Jonathan Overpeck (University of Arizona)

Lead Authors

Gregg Garfin (University of Arizona), Angela Jardine (University of Arizona), David E. 

Busch (U.S. Geological Survey), Dan Cayan (Scripps Institution of Oceanography), 

Michael Dettinger (U.S. Geological Survey), Erica Fleishman (University of 

California, Davis), Alexander Gershunov (Scripps Institution of Oceanography), Glen 

MacDonald (University of California, Los Angeles), Kelly T. Redmond (Western 

Regional Climate Center and Desert Research Institute), William R. Travis 

(University of Colorado), Bradley Udall (University of Colorado)

With contributions from the authors of this assessment report

1.1 I ntroduction

Natural climate variability is a prominent factor that affects many aspects of life, liveli-
hoods, landscapes, and decision-making across the Southwestern U.S. (Arizona, Cal-
ifornia, Colorado, Nevada, New Mexico, and Utah; included are the adjacent United 
States-Mexico border and Southwest Native Nations land). These natural fluctuations 
have caused droughts, floods, heat waves, cold snaps, heavy snow falls, severe winds, 
intense storms, the battering of coastal areas, and acute air-quality conditions. And as a 
region that has experienced—within the relatively short time span of several decades—
rapid increases in human population (Figure 1.1), significant alterations in land use 
and land cover, limits on the supplies of water, long-term drought, and other climatic 

Chapter citation: Overpeck, J., G. Garfin, A. Jardine, D. E. Busch, D. Cayan, M. Dettinger, E. Fleish-
man, A. Gershunov, G. MacDonald, K. T. Redmond, W. R. Travis, and B. Udall. 2013. “Summary 
for Decision Makers.” In Assessment of Climate Change in the Southwest United States: A Report Pre-
pared for the National Climate Assessment, edited by G. Garfin, A. Jardine, R. Merideth, M. Black, and 
S. LeRoy, 1–20. A report by the Southwest Climate Alliance. Washington, DC: Island Press.
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changes, the Southwest can be considered to be one of the most “climate-challenged” 
regions of North America. This document summarizes current understanding of climate 
variability, climate change, climate impacts, and possible solution choices for the climate 
challenge, all issues that are covered in greater depth in Assessment of Climate Change in the 
Southwest United States.i 

The juxtaposition of the Southwest’s many landscapes—mountains, valleys, plateaus, 
canyons, and plains—affect both the region’s climate and its response to climate change. 
Whether human and natural systems are able to adapt to changes in climate will be in-
fluenced by many factors, including the complex topographic pattern of land ownership 
and the associated policies and management goals. Moreover, the human population in 
the region will likely grow, primarily in urban areas, from a population of about 56 mil-
lion in 2010 to an estimated 94 million by 2050 (Figure 1.1). [Chapter 3]

The Southwest climate is highly variable across space and over time related to such 
factors as ocean-land contrasts, mountains and valleys, the position of jet streams, the 
North American monsoon, and proximity to the Pacific Ocean, Gulf of California, and 

Figure 1.1  Rapid 
population growth in the 
Southwest is expected to 
continue.� The current (2010) 
population is 56 million, and 
an additional 19 million people 
are projected to be living in 
the region by 2030. Source: 
US Department of Commerce, 
Bureau of Economic Analysis 
http://www.bea.gov/regional/
index.htm. [Chapter 3]
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Gulf of Mexico. The Mojave and Sonoran Deserts of Southern California, Nevada, and 
Arizona are the hottest (based on July maximum temperatures), driest regions of the 
contiguous United States.  Coastal zones of California and northwestern Mexico have 
large temperature gradients and other properties from the shore to inland.  Mountain 
regions are much cooler and usually much wetter regions of the Southwest, with the Si-
erra Nevada and mountains of Utah and Colorado receiving nearly half of their annual 
precipitation in the form of snow. The resulting mountain snowpack provides much of 
the surface water for the region, in the form of spring runoff. [Chapter 4]

There is mounting scientific evidence that climate is changing and will continue to 
change. There is also considerable agreement—at varying levels of confidence sufficient 
to support decision making—regarding why the climate is changing, or will change 
[Chapter 19]. Readers of this summary may wish to review all or parts of the complete 
report, Assessment of Climate Change in the Southwest United States, to learn more about 
the region’s climate, and its likely changes and effects. 

1.2 O bserved Recent Climatic Change in the Southwest

The climate of the Southwest is already changing in ways that can be attributed to hu-
man-caused emissions of greenhouse gases, or that are outcomes or expressions consis-
tent with such emissions—with these notable observations:

•	 The Southwest is warming. Average daily temperatures for the 2001–2010 de-
cade were the highest (Figure 1.2) in the Southwest from 1901 through 2010. 
Fewer cold waves and more heat waves occurred over the Southwest during 
2001–2010 compared to average decadal occurrences in the twentieth century. 
The period since 1950 has been warmer than any period of comparable length in 
at least 600 years, as estimated on the basis of paleoclimatic tree-ring reconstruc-
tions of past temperatures. [Chapter 5]

•	 Recent drought has been unusually severe relative to droughts of the last cen-
tury, but some droughts in the paleoclimate record were much more severe. The 
areal extent of drought over the Southwest during 2001–2010 was the second 
largest observed for any decade from 1901 to 2010. However, the most severe 
and sustained droughts during 1901–2010 were exceeded in severity and dura-
tion by multiple drought events in the preceding 2,000 years (Figure 1.3). [Chap-
ter 5]

•	 Recent flows in the four major drainage basins of the Southwest have been low-
er than their twentieth century averages. Streamflow totals in the Sacramento-
San Joaquin Rivers, Upper Colorado, Rio Grande, and Great Basin were 5% to 
37% lower during 2001–2010 than their twentieth century average flows. More-
over, streamflow and snowmelt in many snowmelt-fed streams of the Southwest 
tended to arrive earlier in the year during the late twentieth century than earlier 
in the twentieth century, and up to 60% of the change in arrival time has been at-
tributed to increasing greenhouse-gas concentrations in the atmosphere (Figure 
1.4). [Chapter 5]
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Figure 1.2 T emperature trends in the twentieth century. �The 1901–2010 trends in annually 
averaged daily maximum temperature (TMAX, top) and daily minimum temperature (TMIN, bottom). 
Units are the change in °C/110yrs. Trends computed from 251 stations for precipitation analysis and 180 
stations for temperature analysis using GHCN V3 data. Source: Menne and Williams (2009). [Chapter 5]

Figure 1.3  History 
of drought in the 
West. �Percent area 
affected by drought 
(PDSI<–1) across the 
western United States, 
as reconstructed from 
tree-ring data. Modified 
from Cook et al. 
(2004), reprinted with 
permission from the 
American Association 
for the Advancement of 
Science. [Chapter 5]
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1.3  Projected Future Climatic Change in the Southwest

Climate scientists have high confidence that the climate of the Southwest will continue 
to change through the twenty-first century and beyond, in response to human-gener-
ated greenhouse gas emissions, and will continue to vary in ways that can be observed 
in historic and paleoclimate records (Table 1.1). However, not all aspects of the climate 
change or variation can be projected with equal confidence.ii The highest confidence is 
associated with projections that are consistent among climate models and with observed 
changes, such as those described in the previous section. The magnitude and duration 
of future change depends most on the amount of greenhouse gases emitted to the atmo-
sphere, particularly carbon dioxide emitted by the burning of coal, oil, and natural gas. 
Much of the future change will be irreversible for centuries after substantial anthropo-
genic carbon dioxide emissions have ceased.

•	 Warming will continue, with longer and hotter heat waves in summer. Surface 
temperatures in the Southwest will continue to increase substantially over the 
twenty-first century (high confidence), with more warming in summer and fall 

Figure 1.4 C hanging streamflow 
timing 2001–2010 compared to 
1950–2000. �Differences between 
2001–2010 and 1950–2000 average 
date when half of the annual 
streamflow has been discharged 
(center of mass) for snowmelt-
dominated streams (Stewart, Cayan
and Dettinger 2005). [Chapter 5]
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than winter and spring (medium-high confidence) (Figures 1.5 and 1.6). Summer 
heat waves will become longer and hotter (high confidence). Winter cold snaps 
will become less frequent but not necessarily less severe (medium-high confi-
dence). [Chapter 6 and 7] 

•	 Average precipitation will decrease in the southern Southwest and perhaps in-
crease in northern Southwest. Precipitation will decline in the southern portion 
of the Southwest region, and change little or increase in the northern portion 
(medium-low confidence) (Figure 1.6). [Chapter 6]

•	 Precipitation extremes in winter will become more frequent and more intense 
(i.e., more precipitation per hour) (medium-high confidence). Precipitation ex-
tremes in summer have not been adequately studied. [Chapter 7]

•	 Late-season snowpack will continue to decrease. Late winter-spring mountain 
snowpack in the Southwest will continue to decline over the twenty-first cen-
tury, mostly because temperature will increase (high confidence) (Figure 1.7). 
[Chapter 6]

•	 Declines in river flow and soil moisture will continue. Substantial portions of 
the Southwest will experience reductions in runoff, streamflow, and soil mois-
ture in the mid- to late-twenty-first century (medium-high confidence) (Figure 
1.7). [Chapter 6]

•	 Flooding will become more frequent and intense in some seasons and some parts 
of the Southwest, and less frequent and intense in other seasons and locations. 
More frequent and intense flooding in winter is projected for the western slopes 
of the Sierra Nevada (medium-high confidence), whereas snowmelt-driven 
spring and summer flooding could diminish in that mountain range (high con-
fidence). [Chapter 7]

•	 Droughts in parts of the Southwest will become hotter, more severe, and more 
frequent (high confidence). Drought, as defined by Colorado River flow amount, 
is projected to become more frequent, more intense, and more prolonged, re-
sulting in water deficits in excess of those during the last 110 years (high confi-
dence). However, northern Sierra Nevada watersheds may become wetter with 
climate change (low confidence). [Chapter 7]

1.4  Recent and Future Effects of Climatic Change in  
the Southwest

Terrestrial and freshwater ecosystems

Natural ecosystems are being affected by climate change in noticeable ways, which may 
lead to their inhabitants needing to adapt, change, or move:

•	 The distributions of plant and animal species will be affected by climate change. 
Observed changes in climate are associated strongly with some observed chang-
es in geographic distributions of species in the Southwest (high confidence). 
[Chapter 8]
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Table 1.1 C urrent and predicted climate phenomena trends discussed in this report

Projected 
Change 
Parameter

Direction 
of Change Is it Occurring? Remarks Confidence Chapter

Average 
annual 
temperature

Increase Yes. Southwest temper-
atures increased 1.6°F 
+/- 0.5°F, between 1901-
2010.

Depending on the emissions 
scenario, model projections show 
average annual temperature 
increases of 1-4°F in the period 
2021-2050, 1-6°F in 2041-2070, and 
2-9°F in 2070-2099. Changes along 
the coastal zone are smaller than 
inland areas.

High 5; 6

Seasonal 
tempera-
tures

Increase Yes, in all seasons. 
Studies conclusively 
demonstrate partial 
human causation of 
winter/spring minimum 
temperature increases.

Model projections show the largest 
increases in summer and fall. The 
largest projected increases range 
from 3.5°F in the period 2021-2050 
to 9.9°F in 2070-2099.

High 5; 6

Freeze-free 
season  
length

Increase Yes, the freeze-free 
season for the South-
west increased about 
7% (17 days) during 
2001–2010 compared 
to the average season 
length for 1901–2000.

Model projections using a high 
emissions scenario (A2) show that 
by 2041–2070, most of the region 
exhibits increases of at least 17 
freeze-free days, with some parts 
of the interior showing 38-day 
increases.

High 5; 6

Heat waves Increase Yes. More heat waves 
occurred over the 
Southwest during 
2001–2010 compared to 
average occurrences in 
the twentieth century.

Model projections show an 
increase in summer heat wave 
frequency and intensity.

High 5; 7

Cold snaps Decrease Fewer cold waves 
occurred over the 
Southwest during 
2001–2010 compared to 
average occurrences in 
the twentieth century.

Winter time cold snaps are 
projected to diminish their 
frequency but not necessarily their 
intensity into late century. Interan-
nual and decadal variability will 
modulate occurrences across the 
region.

Medium-
high

5; 7
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Table 1.1 C urrent and predicted climate phenomena trends discussed in this report

Projected 
Change 
Parameter

Direction 
of Change Is it Occurring? Remarks Confidence Chapter

Average 
annual 
precipitation

Decrease Not yet detectable. 
During 1901–2010 
there was little regional 
change in annual 
precipitation.

For all periods and both scenarios, 
model simulations show both 
increases and decreases in precipi-
tation. For the region as a whole, 
most of the median values are 
negative, but not by much, whereas 
the range of changes, among 
different models, is high. Annual 
precipitation projections generally 
show decreases in the southern 
part of the region and increases in 
the northern part.

Medium-
low

6

Spring 
precipitation

Decrease Not yet detectable. By mid-century, all but one model 
projects spring regional precipi-
tation decreases. By 2070-2099, 
the median projected decrease is 
9-29%, depending on the emissions 
scenario.

Medium-
high

6

Extreme  
daily 
precipitation

Increase Maybe. Studies indicate 
the frequency of extreme 
daily precipitation 
events over the South-
west during 1901–2010 
had little regional 
change in extreme daily 
precipitation events. 

Models project more intense 
atmospheric river precipitation; 
some studies project more frequent 
intense precipitation during the 
last half of the twenty-first century, 
especially in the northern part of 
the region.

Medium-
low

5; 7

Mountain 
snowpack

Decrease Yes, in parts of the 
Southwest.

Model projections from this report 
and other studies project a reduc-
tion of late winter-spring mountain 
snowpack in the Southwest over 
the twenty-first century, mostly 
because of the effects of warmer 
temperature.

High 6

(Continued)
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•	 Ecosystem function and the functional roles of resident species will be affected. 
Observed changes in climate are associated strongly with some observed chang-
es in the timing of seasonal events in the life cycles of species in the region (high 
confidence). [Chapter 8]

•	 Changes in land cover will be substantial. Observed changes in climate are af-
fecting vegetation and ecosystem disturbance (Figure 1.8). Among those distur-
bances are increases in wildfire and outbreak of forest pests and disease. Death 
of plants in some areas of the Southwest also is associated with increases in tem-
perature and decreases in precipitation (high confidence). [Chapter 8]

•	 Climate change will affect ecosystems on the U.S.-Mexico border. Potential 
changes to ecosystems that transect the international border are often not ex-
plicitly considered in the public policy exposing these sensitive ecosystems to 
climate change impacts (high confidence). [Chapter 16]

Table 1.1 C urrent and predicted climate phenomena trends discussed in this report

Projected 
Change 
Parameter

Direction 
of Change Is it Occurring? Remarks Confidence Chapter

Snowmelt 
and stream-
flow timing

Earlier Yes, snowmelt and 
snowmelt-fed stream-
flow in many streams of 
the Southwest trended 
towards earlier arrivals 
in the late-twentieth 
century and early 
twenty-first century.

Not analyzed in this report, but 
implied by projections of dimin-
ished April 1 snow water equiva-
lent in most Southwest river basins.

High 5, 6

Flooding Increase No. Annual peak 
streamflow rates 
declined from 1901 to 
2008 in the Southwest.

More frequent and intense 
flooding in winter is projected for 
the western slopes of the Sierra 
Nevada range; Colorado Front 
Range flooding in summer is 
projected to increase.

Low 5; 7

Drought 
severity

Increase Yes. During the period 
1901-2010. However, 
the most severe and 
sustained droughts 
during 1901–2010 were 
exceeded in severity and 
duration by drought 
events in the preceding 
2000 years.

Observed Southwest droughts have 
been exacerbated by anomalously 
warm summer temperatures. 
Model projections of increased 
summer temperatures would 
exacerbate future droughts. Model 
projections show depletion of June 
1 soil moisture and lower total 
streamflow.

Medium-
high

5; 6

(Continued)
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Coastal systems

Coastal California is already being affected by climate change, and future climate-relat-
ed change will become more notable if greenhouse-gas emissions are not substantially 
reduced:

•	 Coastal hazards, including coastal erosion, flooding, storm surges and other 
changes to the shoreline will increase in magnitude as sea level continues to 
rise (high confidence). Sea levels along the California coast have risen less than 
a foot since 1900, but could rise another two feet (high confidence), three feet 
(medium-high confidence), or possibly more (medium-low confidence) by the 
end of the twenty-first century (Figure 1.9). [Chapter 9]

•	 Effects of coastal storms will increase. Increased intensity (medium-low con-
fidence) and frequency (medium-low confidence) of storm events will further 
change shorelines, near-shore ecosystems, and runoff. In many regions along the 

Figure 1.5  Projected temperature 
changes for the high (A2) and low (B1) 
GHG emission scenario models. �Annual 
temperature change (oF) from historical 
(1971–2000) for early- (2021–2050; top), 
mid- (2041–2070; middle) and late- (2070–
2099; bottom) twenty-first century periods. 
Results are the average of the sixteen 
statistically downscaled CMIP3 climate 
models. Source: Nakicenovic and Swart 
(2000), Mearns et al. (2009). [Chapter 6]
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coast, storms coupled with rising sea levels will increase the exposure to waves 
and storm surges (medium-high confidence). [Chapter 9]

•	 Economic effects of coastal climate change will be large. Between 2050 and 2100, 
or when sea levels are approximately 14–16 inches higher than in 2000, the com-
bined effects of sea-level rise and large waves will result in property damage, 
erosion, and economic losses far greater than currently experienced (high confi-
dence). [Chapter 9] 

•	 Coastal ecosystems and their benefits to society will be affected. Ocean warm-
ing, reduced oxygen content, and sea-level rise will affect marine ecosystems, 
abundances of fishes, wetlands, and coastal communities (medium-high confi-
dence). However, there is uncertainty in how and by how much coastal ecosys-
tems will be affected. [Chapter 9]

•	 Ocean acidification is taking place. Many marine ecosystems will be negatively 
affected by ocean acidification that is driven by increased levels of atmospheric 
carbon dioxide (high confidence). But there is substantial uncertainty about the ef-
fects of acidification on specific coastal fisheries and marine food webs. [Chapter 9]

Figure 1.6  Projected change in average seasonal temperatures (°F, left) and precipitation (% 
change, right) for the Southwest region for the high-emissions (A2) scenario. �A fifteen-model 
average of mean seasonal temperature and precipitation changes for early-, mid-, and late-twenty-first 
century with respect to the simulations’ reference period of 1971–2000. Changes in precipitation also 
show the averaged 2041–2070 NARCCAP four global climate model simulations. The seasons are 
December–February (winter), March–May (spring), June–August (summer), and September–November 
(fall). Plus signs are projected values for each individual model and circles depict overall means. Source: 
Mearns et al. (2009). [Chapter 6]
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Water

Water is the limiting resource in the Southwest, and climate variability and change will 
continue to have substantial effects on water across much of the region. Reduction in 
water supplies can lead to undesirable changes in almost all human and natural systems 
including agriculture, energy, industry, forestry, and recreation. In particular:

•	 Climate change could further limit water availability in much of the Southwest. 
A large portion of the Southwest, including most of the region’s major river sys-
tems (e.g., Rio Grande, Colorado, and San Joaquin), is expected to experience 
reductions in streamflows and other limitations on water availability in the twen-
ty-first century (medium-high confidence) (Figure 1.7). [Chapters 5, 6, 7, and 10]

Figure 1.7  Predicted changes in the water 
cycle. �Mid-century (2041–2070) percent changes 
from the simulated historical median values from 
1971–2000 for April 1 snow water equivalent 
(SWE, top), April–July runoff (middle) and June 1 
soil moisture content (bottom), as obtained from 
median of sixteen VIC simulations under the high-
emissions (A2) scenario. Source: Bias Corrected 
and Downscaled World Climate Research 
Programme's CMIP3 Climate Projections archive 
at http://gdo-dcp.ucllnl.org/downscaled_cmip3_
projections/#Projections:%20Complete%20
Archives. [Chapter 6]
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Figure 1.8  Areas of the western United States 
burned in large (> 1000 acres [400 ha]) fires, 
1984–2011. �Dark shading shows fires in areas classified 
as forest or woodland at 98-feet (30-meter) resolution 
by the LANDFIRE project (http://www.landfire.gov/). Fire 
data from 1984–2007 are from the Monitoring Trends in 
Burn Severity project (http://www.mtbs.gov/) and fire data 
from 2008–2011 are from the Geospatial Multi-Agency 
Coordination Group (http://www.geomac.gov/). [Chapter 8]

Figure 1.9  Past, present, and future sea-level rise. �Geologic and recent sea-level histories (from 
tide gauges and satellite altimetry) are combined with projections to 2100 based on climate models and 
empirical data. Modified with permission from Russell and Griggs (2012), Figure 2.1. [Chapter 9]



14	 assessment of climate change in the southwest united states

•	 Water availability could be decreased even more by unusually warm, decades-
long periods of drought. Much of the Southwest, including major river systems 
such as the Colorado and Rio Grande, has experienced decades-long drought 
repeatedly over the last 1,000 to 2,000 years. Similar exceptional droughts could 
occur in the future, but temperatures are expected to be substantially hotter than 
in the past (high confidence) (Figure 1.3). [Chapters 5, 6, 7, and 10]

•	 The past will no longer provide an adequate guide to project the future. Twentieth- 
century water management has traditionally been based in part on the principle 
of “stationarity,” which assumes that future climate variations are similar to past 
variations. As climate changes, temperature will increase substantially and some 
areas of the Southwest will become more arid than in the past (high confidence). 
[Chapters 6 and 10]

•	 Surface water quality will be affected by climate change. In some areas, surface 
water quality will be affected by scarcity of water, higher rates of evaporation, 
higher runoff due to increased precipitation intensity, flooding, and wildfire 
(high confidence). [Chapter 10]

Human health

The Southwest’s highly complex and often extreme geography and climate increase the 
probability that climate change will affect public health. Several potential drivers of in-
creased health risk exist only or primarily in the Southwest, and there is substantial 
variation in the sensitivity, exposure, and adaptive capacity of individuals and groups 
of people within the Southwest to climate change-related increases in health risks: 

•	 Climate change will drive a wide range of changes in illness and mortality. In 
particular, climate change will exacerbate heat-related human morbidity and 
mortality, and lead to increased concentrations of airborne particulates and pol-
lutants from wildfires and dust storms. Climate change may affect the extent to 
which organisms such as mosquitoes and rodents can carry pathogens (e.g., bac-
teria and viruses) and transmit disease from one host to another (medium-high 
confidence). [Chapter 15]

•	 Allergies and asthma will increase in some areas. On the basis of data showing 
earlier and longer spring flower bloom, allergies and asthma may worsen for 
individual sufferers or become more widespread through the human population 
as temperature increases (medium-low confidence). [Chapter 15]

•	 Disadvantaged populations will probably suffer most. The health of individuals 
who are elderly, infirm, or economically disadvantaged is expected to decrease 
disproportionately to that of the general population (high confidence), due to 
their increased exposure to extreme heat and other climate hazards. [Chapter 15]

Additional effects of climate change

Climate change has the potential to affect many other sectors and populations within the 
Southwest. For example:

•	 Agriculture will be affected by climate change. Effects of climate change and 
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associated variability on production of both crops and livestock could be long-
lasting, with short-term reductions in profitability (medium-low confidence). 
[Chapter 11]

•	 Energy supplies will become less reliable as climate changes and climate change 
will drive increasing energy demand in some areas. Delivery of electricity may 
become more vulnerable to disruption due to extreme heat and drought events 
that increase demand for home and commercial cooling, reduce thermal pow-
er plant efficiency or ability to operate, reduce hydropower production, or re-
duce or disrupt transmission of energy (medium-high confidence) (Figure 1.10). 
[Chapter 12]

•	 Climate change will affect urban areas in differing ways depending on their lo-
cations and on their response or adaptive capacities. Climate change will affect 
cities in the Southwest in different ways depending on their geographic loca-
tions. Local capacity to address effects of climate change will also vary depend-
ing on governmental, institutional, and fiscal factors. Incidences of air pollution 
related to increased heat are likely to increase, and water supplies will become 
less reliable (medium-high confidence). [Chapter 13]

•	 Reliability of transportation systems will decrease. Climate change will affect 
transportation systems in different ways depending on their geographic location 
(e.g., changing sea level and storm surge affect coastal roads and airports), po-
tentially impeding the movement of passengers and goods (medium-high confi-
dence). [Chapter 14]

•	 Climate change may disproportionately affect human populations along the 
U.S.-Mexico border. Climate changes will stress on already severely limited 
water systems, reducing the reliability of energy infrastructure, agricultural 
production, food security, and ability to maintain traditional ways of life in the 
border region (medium-high confidence). [Chapter 16]

•	 Native American lands, people, and culture are likely to be disproportionately 
affected by climate change. Effects of climate change on the lands and people of 
Southwestern Native nations are likely to be greater than elsewhere because of 
endangered cultural practices, limited water rights, and social, economic, and 
political marginalization, all of which are relatively common among indigenous 
people (high confidence). [Chapter 17]

1.5  Choices for Adjusting to Climate and Climate Change

A century of economic and population growth in the Southwest has already placed 
pressures on water resources, energy supplies, and ecosystems. Yet the Southwest also 
has a long legacy of human adaptation to climate variability that has enabled society 
to live within environmental constraints and to support multiple-use management and 
conservation across large parts of the region. Governments, for-profit and non-profit 
organizations, and individuals in the Southwest have already taken a variety of steps to 
respond to climate change. A wide range of options are available for entities and indi-
viduals choosing to reduce greenhouse gas emissions or to prepare and adapt to climate 
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variability and change (Table 1.2). Others who have not yet begun to respond to climate 
change directly are choosing to reduce energy and water use for immediate economic 
benefit or as ways of enhancing the sustainability of water supply, energy, and food pro-
duction [Chapter 18]. Many options for responding to climate change in the Southwest 
have been, or are being, investigated, and are assessed in the full report, Assessment of 
Climate Change in the Southwest United States. Notable examples include:

•	 Reducing greenhouse gas emissions. Governments, for-profit and non-profit or-
ganizations, and individuals are already taking many steps to reduce the causes 
of climate change in the Southwest, and there are lessons to learn from the suc-
cesses and failures of these early efforts, such as the first U.S. implementation of 
cap-and-trade legislation in California. There have been few systematic studies, 
however, that evaluate the effectiveness of the choices made in the Southwest 
to reduce greenhouse gas emissions (medium-low confidence). California has 
established targets and the National Research Council has recommended targets 
for reduction in emissions of greenhouse gases. Meeting these targets will be chal-
lenging. However, there are many low-cost or revenue-generating opportuni-
ties for emissions reductions in the Southwest, especially those related to energy 
efficiency and to the development of renewable sources of energy (medium- 
high confidence). [Chapter 18]

Figure 1.10 C ompounding impacts of drought on energy. �[Chapter 12]
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•	 Planning and implementing adaptation programs. There is a wide range of op-
tions in most sectors for adapting to climate variability and extreme events, in-
cluding many that have ecological, economic, or social benefits (medium-high 
confidence). [Chapter 18]

Table 1.2 A daptation options relevant for the Southwest [Chapter 18]

Sector Adaptation Strategies

Agriculture Improved seeds and stock for new and varying climates (and pests, diseases), increase water use 
efficiency, no-till agriculture for carbon and water conservation, flood management, improved 
pest and weed management, create cooler livestock environments, adjust stocking densities, 
insurance, diversify or change production.

Coasts Plan for sea level rise—infrastructure, planned retreat, natural buffers, land use control. Build 
resilience to coastal storms—building standards, evacuation plans. Conserve and manage for 
alterations in coastal ecosystems and fisheries. 

Conservation Information and research to identify risks and vulnerabilities, secure water rights, protect migra-
tion corridors and buffer zones, facilitate natural adaptations, manage relocation of species, 
reduce other stresses (e.g., invasives)

Energy Increase energy supplies (especially for cooling) through new supplies and efficiency. Use 
sustainable urban design, including buildings for warmer and variable climate.  Reduce water 
use.  Climate-proof or relocate infrastructure. 

Fire  
management

Use improved climate information in planning. Manage urban-wild land interface.

Forestry Plan for shifts in varieties, altered fire regimes, protection of watersheds and species.

Health and 
emergencies

Include climate in monitoring and warning systems for air pollution, allergies, heat waves, 
disease vectors, fires. Improve disaster management. Cooling, insulation for human comfort. 
Manage landscape to reduce disease vectors (e.g. mosquitos), Public health education and 
training of professionals. 

Transport Adjust or relocate infrastructure (coastal and flood protection, urban runoff), plan for higher 
temperatures and extremes.

Urban Urban redesign and retrofit for shade, energy, and water savings. Adjust infrastructure for 
extreme events, sea-level rise.

Water 
management

Enhance supplies through storage, transfers, watershed protection, efficiencies and reuse, 
incentives or regulation to reduce demand and protect quality, reform or trade water alloca-
tions, drought plans, floodplain management. Use climate information and maintain monitoring 
networks, desalinate. Manage flexibly for new climates not stationarity.

Source: Smith, Horrocks et al. (2011); Smith, Vogel et al. (2011).
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•	 Lowering or removing barriers to optimize capacity for adaptation. A number of 
relatively low-cost and easily implemented options for adapting to climate vari-
ability and change are available in the Southwest, including some “no-regrets” 
options with immediate benefits that could foster economic growth. Lowering 
or removing financial, institutional, informational, and attitudinal barriers will 
increase society’s ability to prepare for and respond to climate change (medium-
high confidence). [Chapter 18]

•	 Connecting adaption and mitigation efforts. Many options exist to implement 
both adaptation and mitigation, i.e. options that reduce some of the causes of 
climate change while also increasing the readiness and resilience of different sec-
tors to reduce the impacts of climate change (high confidence). The significant 
probability of severe and sustained drought in the drought-prone Southwest 
makes some adaptation options applicable even in the absence of significant cli-
mate change (high confidence). [Chapters 5, 7, 10 and 18]

•	 Planning in coastal areas.  Coastal communities are increasingly interested in 
and have begun planning for adaptation. There are opportunities to increase use 
of policy and management tools and to implement adaptive policies (high con-
fidence). [Chapter 9] 

•	 Changing water management. Considerable resources are now being allocated 
by the water-management sector to understand how to adapt to a changing wa-
ter cycle.  A full range of options involving both supplies and demands are being 
examined. Large utilities have been more active in assessing such options than 
relatively small utilities (high confidence). [Chapter 10]

•	 The large amounts of water currently used for irrigated agriculture can buffer 
urban supplies. Assuming water allocations to agriculture remain substantial, 
short-term agricultural-urban water transfers can greatly reduce the total cost of 
water shortages and limit effects on urban water users during climate- or weath-
er-induced water shortages (medium-high confidence). [Chapter 11]

•	 Changing energy policy. A shift from the traditional fossil fuel economy to one 
rich in renewable energy will have substantial effects on water use, land use, air 
quality, national security, and the economy. The reliability of the energy supply 
in the Southwest as climate changes depends on how the energy system evolves 
over this century (medium-high confidence). [Chapter 12]

•	 Adaptation and mitigation on federal and tribal land. The Southwest has the 
highest proportion of federal and tribal land in the nation (Figure 1.11). Native 
nations are taking action to address climate change by actively seeking addi-
tional resources for adaptation, and by initiating climate-change mitigation 
(medium-low confidence). Federal land and resource management agencies are 
beginning to plan with the assumption that climate is changing, although efforts 
are not consistent across agencies (high confidence). [Chapters 17 and 18]  
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1.6  Key Unknowns

Although there has been a substantial increase in the understanding of how Southwest 
climate is changing and will change and how this change will affect the human and 
natural systems of the region, much remains to be learned. The full report, Assessment 
of Climate Change in the Southwest United States, identifies many key unknowns, and as-
sesses the data, monitoring, modeling, and other types of research needed to increase 
knowledge [Chapters 19 and 20]. Yet, current knowledge and experience is sufficient to 
support climate change adaptation and mitigation actions, such as reducing greenhouse 
gas emissions or adapting to the changes that cannot be avoided, minimized, or miti-
gated. Many of these potential actions represent “no-regrets” options that are already 
either cost-effective in the immediate or short-term. [Chapter 18]

References

Cook, E. R., C. Woodhouse, C. M. Eakin, D. M. Meko, and D. W. Stahle. 2004.  Long-term aridity 
changes in the western United States. Science 306:1015–1018.

Mearns, L. O., W. Gutowski, R. Jones, R. Leung, S. McGinnis, A. Nunes, and Y. Qian. 2009. A 
regional climate change assessment program for North America. Eos Transactions AGU 
90:311. 

Figure 1.11  Extensive federal lands in the Southwest: A legacy for the future. �This map 
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Endnotes

i	 Much of the text in this summary is taken directly, or with minor modification, from the full re-
port, Assessment of Climate Change in the Southwest United States, and where this is the case, chapter 
citations appear in brackets at the end of each paragraph or bullet.

ii	 Confidence estimates cited in this document (high, medium-high, medium-low, or low) are ex-
plained in more detail in the main report. Confidence was assessed by authors of the main report 
on the basis of the quality of the evidence and the level of agreement among experts with relevant 
knowledge and experience. [Chapters 2 and 19]

 



               21

Chapter 2 

Overview

Coordinating Lead Author

Gregg Garfin (University of Arizona)

Lead Author

Angela Jardine (University of Arizona)

Expert Review Editor

David L. Feldman (University of California, Irvine)

2.1 I ntroduction

The first comprehensive analysis of the implications of climate variability and changei 
stated that, “the influence of climate permeates life throughout the United States” 
(Sprigg and Hinkley 2000, 2).

Since the report was issued, the scientific evidence, the concerns of decision mak-
ers, and demonstrated temperature trends and multi-year and decadal variability show 
that climate change also permeates life throughout the Southwestern United States. Since 
2000, the region has experienced episodes of severe and sustained drought, declines 
in water supplies, notable floods, the widespread die-off of conifer trees, increasing 
temperatures, and severe wildland fires of record extent. These occurrences are relat-
ed in part to climate change. They also are related to the ways in which climate in-
teracts with other drivers (or forces) of change across the region, such as population 
growth, economic development, urban expansion, food production, and the extraction 
and consumption of natural resources, including water, timber, minerals, and energy 
fuels. Therefore, regular assessment of the state of climate knowledge—and of the cli-
mate-related vulnerabilities and risks to citizens and the economy—is vital to clearly 
define choices available to those who make decisions about the quality of human life 

Chapter citation: Garfin, G. and A. Jardine. 2013. “Overview.” In Assessment of Climate Change 
in the Southwest United States: A Report Prepared for the National Climate Assessment, edited by G. 
Garfin, A. Jardine, R. Merideth, M. Black, and S. LeRoy, 21–36. A report by the Southwest Climate 
Alliance. Washington, DC: Island Press.
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and livelihoods, the well-being of communities, or the management of resources and 
landscapes across the Southwest.

The Assessment of Climate Change in the Southwest United States is a summary and syn-
thesis of the past, present, and projected future of the region’s climate, examining what 
this means for the health and well-being of human populations and the environment 
throughout the six Southwestern states—Arizona, California, Colorado, Nevada, New 
Mexico, and Utah—an area of about 700,000 square miles that includes vast stretches of 
coastline, an international border, and the jurisdictions of 182 federally recognized Na-
tive American tribes.

The report looks at climate and its effects on scales ranging from states to watersheds 
and across ecosystems and regions; at links between climate and resource supply and 
demand; at effects on sectors—such as water, agriculture, energy, and transportation—
that are critical to the well-being of the region’s inhabitants; the vulnerabilities to climate 
changes of all facets of the region, and the responses, or adaptations, that society may 
choose to make.

What is an assessment? ii

This report is an assessment of climate change for the Southwest region of the United 
States and as such is not a research project, review paper, or advocacy piece. We de-
fine scientific assessment as a critical evaluation of information for purposes of guiding 
decisions on a complex issue: climate change and its interactions with other aspects of 
natural systems and society. Stakeholders, who are typically decision makers, have been 
actively engaged in defining the scope of this report and in reviewing the document. 
This assessment is intended to be relevant to public policy and resource management, 
but our findings, judgments, and recommendations are not prescriptive; we do not pres-
ent findings as “must-do’s,” but as options. We have summarized complexity by synthe-
sizing and sorting what is known and widely accepted from what is not known (or not 
agreed upon). Written chiefly during late 2011, with revisions through mid-2012, this 
assessment provides a snapshot of the current state of climate change information and 
knowledge related to the region.

We have synthesized, through evaluation and judgment, information from a range 
of sources, including data sets of observations, simulations and projections from com-
puter modeling, peer-reviewed scientific papers, case studies, and other sources. This 
assessment represents the consensus findings of nearly 200 authors and reviewers. In 
this assessment, experts and decision makers representing a variety of disciplines have 
discussed and made judgments about the importance and quality of information and 
about ways to characterize uncertainty and confidence. 

Data evaluated in this assessment were collected previously (in some cases by the 
authors of this report) and are publicly available. Some new understanding results from 
synthesis. Part of our charge was to identify important gaps in knowledge about climate 
change and the type of research that would reduce or better define areas of uncertainty. 
This report focuses on the implications of the science results for management and policy 
and so is not limited to previously published ideas. Thus, we have clearly labeled and 
consistently judged the importance of information and our level of confidence in its ac-
curacy or validity. This report is evidence-based as verified by multiple reviews. 
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2.2  Context and Scope

The U.S. National Climate Assessment (NCA; http://www.globalchange.gov/what-we-
do/assessment; see Box 2.1) for 2013, a national report on climate change and impacts, 
provided the motivation to produce this regional report. 

Previously, the first National Climate Assessment (National Assessment Synthesis 
Team 2000) received technical input from multiple geographic regions in the United 
States. That assessment’s sixty-page Southwest region report (Sprigg and Hinkley 2000) 
examined the effects of climate variability and change (including projections of the fu-
ture) on water resources, ranching, natural ecosystems, extractive industries (oil, gas, 
mining), human health, urban areas, energy, and planning for the future. The 2000 re-
port emphasized observed climate trends and phenomena and identified potential vul-
nerabilities related to climate, yet gave relatively little attention to adaptation planning 
and risk management. 

The second National Climate Assessment in 2009 (Karl, Melillo, and Peterson 2009) 
was summarized from twenty-one synthesis and assessment products produced by the 
U.S. Climate Change Science Program (CCSP). The CCSP did not solicit technical input 
from regions, instead focusing on key sectors (e.g., transportation, agriculture, and wa-
ter resources) and problems (e.g., strengths and limitations of climate models, temper-
ature trends, model reliability, and adaptation options for ecosystems). The five-page 
Southwest section of the 2009 National Climate Assessment gave increased attention to 
projected climate changes, impacts to vulnerable water and ecosystem resources and, 
to a lesser degree, agriculture and urban areas. For these topics, the second assessment 
built a strong foundation for this report. 

The present Assessment of Climate Change in the Southwest United States, part of the 
third National Climate Assessment, emphasizes new information and understandings 
since publication of the 2009 National Climate Assessment and expands the scope of 
previous regional assessments by analyzing the effects of climate change on Native 
American lands and the U.S.-Mexico border area, by presenting key uncertainties as-
sociated with each topic discussed in the report, and by providing a compendium of 
research needed to address these uncertainties. With its regional perspective, this report 
also provides the basis for similar assessments to be made at state, watershed, munici-
pal, tribal, or other local levels for decision making at finer scales.

The report uses the established Intergovernmental Panel on Climate Change (IPCC) 
greenhouse gas (GHG) emissions scenarios, A2 (high) and B1 (low).iii These scenarios 
were used as inputs into global climate models to project climate changes in the IPCC 
Fourth Assessment Report and are fully described in the Special Report on Emissions 
Scenarios (Nakićenović and Swart 2000). Increases in the accumulation of GHGs in the 
atmosphere are thought to be the main cause of twenty-first century climate change 
stemming from human economic development choices. While GHGs are not the only 
influence on climate change considered by the IPCC, estimating the amount of GHGs in 
the future atmosphere is probably the largest uncertainty in projecting future climate. 
The estimation depends on predicting such factors as the state of the future global econ-
omy, global population growth, public policies and regulations, and the rate of adoption 
of technologies that reduce GHG emissions. While it is unrealistic to expect to know 
with certainty the future variations in these factors, scientists are able to use plausible 
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scenarios to project likely ranges of future GHG emissions. Other published scenarios 
and approaches are also incorporated in this report.

The report is guided, in part, by issues identified by stakeholdersiv within the region, 
solicited through a workshop convened in June 2011, three teleconferences conducted 
during the second half of 2011, and review of reports from other climate change work-
shops and needs assessments. Early in the process, regional stakeholders mentioned 
that they would have little incentive to read a long report. Thus, we have limited the 
length of the report and have provided brief summaries online (http://www.swcarr.ari-
zona.edu), which stakeholders suggested would be useful.

The National Climate Assessment (NCA) is be-
ing conducted under the auspices of the Global 
Change Research Act of 1990 (GCRA). The GCRA 
requires a report to the President and Congress 
every four years that analyzes the effects of 
global change on the natural environment, agri-
culture, energy production and use, land and wa-
ter resources, transportation, human health and 
welfare, human social systems, and biological 
diversity. The report examines current trends in 
global change (both human-induced and natural) 
and projects major trends for the next 25 to 100 
years.

National climate assessments serve as status 
reports on climate change and its impacts. The as-
sessments rely on observations made across the 
country and compare these observations to pro-
jections from climate-system models. As with pre-
vious assessments, the third NCA (2013) evaluates 
the current state of scientific knowledge relative 
to climate impacts and trends. But it additional-
ly evaluates the effectiveness of U.S. activities to 
mitigate and adapt to climate change and identify 
economic opportunities and challenges that arise 
as the climate changes. 

The objectives of the NCA are to provide infor-
mation and reports in the context of a continuing, 
inclusive national process that will: 

•	 synthesize relevant science and information;
•	 increase understanding of what is known and 

not known;
•	 identify needs for information related to pre-

paring for climate variability and change and 
reducing climate impacts and vulnerability;

•	 evaluate progress of adaptation and mitiga-
tion activities;

•	 inform science priorities;
•	 build assessment capacity in regions and 

sectors;
•	 build societal understanding and skilled use of 

assessment findings; and
•	 recognize the global and international context 

of climate trends and connections between cli-
mate risk and impacts in the United States and 
elsewhere. 

The 2013 NCA differs from previous climate 
assessments in that it: (1) is a continuing effort 
rather than a periodic report-writing activity; (2) 
fosters partnerships with non-governmental en-
tities; and (3) provides web-based data and in-
formation. For a list of the U.S. assessments, see 
http://globalchange.gov/publications/reports.

Box 2.1

National Climate Assessment
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2.3 O ther Southwest Region Climate Assessments

Many other climate-change reports and assessments have been produced by federal 
and state agencies, non-governmental organizations, and municipalities. These docu-
ments (some of which are listed in Table 2.1) relate in whole or in part to the South-
west region. For instance, the U.S. Forest Service assessed the state of knowledge about 
climate-change trends and associated impacts on U.S. forests (Joyce and Birdsey 2000). 
The report focused on plant productivity in response to elevated atmospheric carbon 
dioxide levels, and the authors turned to models to explore potential changes to ecosys-
tem succession and forest productivity. The Southwest is included, implicitly, in maps 
and text on changes to forest ecosystems. In a more recent federal effort, the U.S. Bureau 
of Reclamation (2011) examined climate variability and trends and used projections of 
future climate and hydrology to assess risks to water resources in the Western United 
States. The assessment reported on selected river basins in the Southwest: Sacramento-
San Joaquin, Truckee-Carson, Colorado, and Upper Rio Grande.

Table 2.1 S elected climate change assessments and reports pertaining to the  
                 Southwest region

Year Institution Report Name

2000 USDA-Forest Service The Impact of Climate Change on America’s Forests: A Technical Docu-
ment Supporting the 2000 USDA Forest Service RPA Assessment (Joyce 
and Birdsey 2000)
http://www.fs.fed.us/rm/pubs/rmrs_gtr059.pdf

2006 The Nature Conservancy Ecoregion-Based Conservation Assessments of the Southwestern United 
States and Northwestern Mexico (Marshall, List, and Enquist 2006)
http://azconservation.org/dl/TNCAZ_Ecoregions_SW_Ecoregional_
Summary.pdf

2007 National Academy  
of Sciences

Colorado River Basin Water Management: Evaluating and Adjusting to 
Hydroclimatic Variability (NRC 2007)
http://www.nap.edu/catalog.php?record_id=11857

2007 City of Denver City of Denver Climate Action Plan (Mayor’s Greenprint Denver Advi-
sory Council 2007)
http://www.greenprintdenver.org/about/climate-action-plan-reports/

2008 Colorado Water 
Conservation Board

Climate Change in Colorado: A Synthesis to Support Water Resource 
Management and Adaptation (Ray et al. 2008)
http://cwcb.state.co.us/public-information/publications/Documents/
ReportsStudies/ClimateChangeReportFull.pdf
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States and cities have also produced climate change assessments for parts of the 
Southwest. A landmark executive order in California triggered a series of assessments 
and Climate Action Team reports to the governor (http://www.climatechange.ca.gov/
climate_action_team/reports/#2010), beginning in 2006. This extensive series of reports 
formed the basis for numerous implementation plans. Colorado’s Water Conservation 
Board commissioned a study (Ray et al. 2008) to determine the state of knowledge about 
Colorado’s climate and the implications of projected future variations on the state’s wa-
ter resources. Several Colorado cities and municipalities inventoried GHG emissions 
and existing programs for emissions reduction as a foundation for climate-change plan-
ning (e.g., Mayor’s Greenprint Denver Advisory Council 2007). Such assessments pro-
vide valuable local data and assessment at levels of analysis that regional and national 
reports cannot encompass. 

Finally, non-governmental organizations have produced assessment reports for 
the region. Many of these assess a combination of peer-reviewed materials, new and 

Table 2.1 S elected climate change assessments and reports pertaining to the  
                 Southwest region

Year Institution Report Name

2009 National Audubon  
Society

Birds and Climate Change: Ecological Disruption in Motion (National 
Audubon Society 2009)
http://birds.audubon.org/sites/default/files/documents/birds_and_
climate_report.pdf

2010 EPA Climate Change Indicators in the United States (EPA 2010)
http://www.epa.gov/climatechange/indicators/pdfs/ClimateIndicators_
full.pdf

2010 State of California 2010 Climate Action Team Report to Governor Schwarzenegger and the 
California Legislature (California Climate Action Team 2010)
http://www.energy.ca.gov/2010publications/CAT-1000-2010-005/
CAT-1000-2010-005.PDF

2011 NOAA State of the Climate in 2010 (Blunden, Arndt, and Beringer 2011)
http://www.ncdc.noaa.gov/bams-state-of-the-climate/2010.php

2011 Bureau of Reclamation SECURE Water Act Section 9503(c) - Reclamation Climate Change and 
Water 2011 (Reclamation 2011)
http://www.usbr.gov/climate/SECURE/docs/SECUREWaterReport.pdf

2011 National Wildlife  
Federation

Scanning the Conservation Horizon: A Guide to Climate Change Vulner-
ability Assessment (Glick, Stein, and Edelson 2011)
http://www.nwf.org/~/media/PDFs/Global-Warming/Climate-Smart-
Conservation/NWFScanningtheConservationHorizonFINAL92311.ashx

(Continued)
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existing data, and internal reports. For example, The Nature Conservancy aggregated 
and standardized data across multiple ecoregions (large areas of land and water that 
are characterized by plant and animal communities and other environmental factors) 
and assessed the status and condition of native species, ecological systems, and natural 
resources such as water (Marshall, List, and Enquist 2006). 

2.4  Sponsors and Authors of this Report

In July 2011, the Southwest Climate Alliance (SWCA)v submitted an expression of inter-
est (EOI)vi to produce this regional technical input report for the NCA.vii The SWCA 
institutions and their partners have individually contributed to previous national as-
sessments and to state-level assessments for California and Colorado. They also recently 
convened a Colorado River Basin workshop to assess regional capacity to perform ongo-
ing assessments. 

The SWCA team obtained funding from the National Oceanic and Atmospheric Ad-
ministration (NOAA) and the Department of the Interior to convene a workshop for 
potential regional assessment authors and hire temporary staff to coordinate production 
of the report. Experts in the report subject areas were recruited to serve as assessment 
chapter lead authors. Report authors are primarily from university and federal research 
labs, with some contributors from state agencies, non-governmental organizations, and 
the private sector (see Table 2.2 and Figure 2.1). They have donated their time to write 
this report. 

Table 2.2 A uthor affiliations for Assessment of Climate  
               Change in the Southwest United States

Sector Total Number Number of Unique Institutions

Federal 23 13

State 5 5

University 86** 25

NGO 3 2

Private 3 3

Tribal* 1 1

TOTAL 121 49

* Authors with only tribal affiliation. Some federal and university authors also  
   have tribal affiliations.
** Some authors with university affiliations also have affiliations with federal  
    agencies.
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Figure 2.1  Locations of authors and their institutions contributing to this report. �A total of 
121 authors volunteered their time to writing this report. Map by Christine Albano.
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2.5  Characterizing and Communicating Uncertainty 

While climate changes have effects on human populations, human activities likewise 
affect the atmosphere and climate. As mentioned earlier, predicting the effects of future 
climate changes on the environment and society will always require estimating a range 
of social realities, such as population growth, economic development, new technology 
development, and enactment of new laws and regulations. These and other factors ulti-
mately impact GHG concentrations in the atmosphere, for example, which in turn affect 
climate.

We also are limited by our present incomplete understanding of some biophysical 
processes that feed into global climate models to project an outcome. Consequently, 
these processes must be expressed mathematically in computer models and statistically 
in terms of ranges, with commentary on the confidence of the estimates. We refer to 
evaluation of the ranges of estimates of possible future climate and impacts—accounting 
for the scenarios used to drive the climate models, the information used to construct the 
models, and the interpretation and use of the models’ data for planning and decision 
making—as characterization of uncertainty. Scientific research and assessments can pro-
vide information and characterize uncertainty in a way that facilitates choices that are 
risk-based (see Box 2.2).

In this report, we have adopted guidance from the National Climate Assessment 
(http://www.globalchange.gov/images/NCA/Draft-Uncertainty-Guidance_2011-11-9.
pdf) to characterize and communicate uncertaintyviii. We have attempted to frame ques-
tions or problems to allow appraisal of the level of knowledge or understanding in the 
context of the question or problem. We review the range of scientific information for 
each question and describe the information used, the standards of evidence applied, 
and the confidence of the authors in their results. In reporting key findings, we have fol-
lowed these steps to communicate our level of confidence in key conclusions:

1.	 We framed a manageable number (three or four) of key questions or issues that ad-
dress the most important information needs of stakeholders. 

2.	 We evaluated the available information, considering the type, amount, quality, and 
consistency of evidence, summarizing the level of evidence as strong, fair, or weak. 

3.	 We formulated well-posed conclusions that can be confirmed or falsified. 
4.	 We identified key uncertainties and briefly describe what monitoring, research, or 

other work is needed to improve the information base. 
5.	 We assessed the levels of confidence (high, medium-high, medium-low, or low) by 

considering (a) the quality of the evidence and (b) the level of agreement among ex-
perts with relevant knowledge and experience. Confidence is a subjective judgment, 
but it is based on systematic evaluation of the type, amount, quality, and consistency 
of evidence, and the degree of agreement among experts (Table 2.3). 

6.	 Especially for findings that identify potential high-consequence outcomes, we es-
timated uncertainty probabilistically (i.e., provided a likelihood that the outcome 
could occur under a stipulated scenario or conditions). Likelihoods can be based on 
quantitative methods, such as model results or statistical sampling, or on expert judg-
ment. Some authors may use standardized ranges (<5% likely, <33% likely, 33–66% 
likely, >66% likely, or >95% likely).
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7.	 To ensure transparency in reporting uncertainty and confidence, we prepared brief 
traceable accounts that describe the main factors that contributed to a particular con-
clusion and level of confidence.ix

2.6  Accountability and Review 

To ensure transparency in developing this regional report’s conclusions and key find-
ings, we also have cited all sources of information, as is common peer-review practice, 
and sources of data for all graphics and tables.

For the key findings in each chapter’s Executive Summary, the respective au-
thors have submitted traceable accounts, as suggested in guidance from the National 

The National Climate Assessment and the As-
sessment of Climate Change in the Southwest United 
States use a risk-based management approach to 
describe statements about key vulnerabilities to 
climate change and how they may change over 
time. A key vulnerability has:
•	 a large magnitude;
•	 early onset of impacts;
•	 a high degree of persistence and irreversibility;
•	 a wide distribution (e.g., across levels of soci-

ety, or spatially);
•	 a high likelihood of occurrence; or 
•	 great importance (based on perceptions). 

The motivation for using this risk-based ap-
proach is based on research (IPCC 2007; NRC 
2010a, 2010b) and interaction with climate infor-
mation user communities, such as the Department 
of Defense. 

Risk is defined as the product of likelihood of 
occurrence of an event or condition and the conse-
quence of that occurrence, where:
•	 consequence ("importance") can be assessed 

using metrics ranging from physical impacts 
to vulnerability;

•	 vulnerability depends on exposure to a climate 

phenomenon or stimulus, sensitivity (the de-
gree to which a vulnerable system responds 
to the climate phenomenon or stimulus), and 
adaptive capacity, or ability to adapt, respond, 
or rebound to the climate phenomenon or 
stimulus;

•	 likelihood depends on sensitivity to the cli-
mate phenomenon or stimulus, and the associ-
ated climate variability.
Risk management can be based on either 

quantitative or qualitative representations of like-
lihood and consequence. For qualitative informa-
tion, the report authors use rigorous methods to 
describe likelihood and consequence. The authors 
have submitted traceable accounts of the sources 
used and the rationale behind the quantitative 
and qualitative judgments regarding risk. Quali-
tative techniques are useful in circumstances in 
which there may be a range of future likelihoods 
or consequences. This report focuses attention 
on highly likely impacts and vulnerabilities, but 
also on lower likelihood impacts and vulnerabili-
ties that carry high consequences. The latter is in 
recognition of stakeholder concerns about climate 
extremes and rare events that may have signifi-
cant impacts on infrastructure and investments.

Box 2.2

Risk-based Framing x
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Climate Assessment (http://www.globalchange.gov/what-we-do/assessment/nca-activities/
guidance).

In addition, the report received two independent reviews. The first review was by 
three experts, who were nominated in late 2011 by the chapter lead authors and the 
report editors. The second was at an open review in spring 2012. For both, independent 
review editors evaluated the review comments to ensure that authors adequately ad-
dressed the review comments.

2.7 O rganization of This Report

The report comprises twenty chapters:

Chapter 1: Summary for Decision Makers describes the key issues found in Chapters 
3–20.
Chapter 2: Overview describes the basis for, and methods used to create, this report.
Chapter 3: The Changing Southwest describes the important characteristics that affect 
exposure and sensitivity of the Southwest to climate change. Chapter 3 examines gener-
al socio-economic and land-use patterns and trends for the region. These include a brief 
examination of the physical context, human demographics and population trends, key 
laws relevant to resource management, and institutions conducting climate-assessment 
or policy initiatives.
Chapter 4: Present Weather and Climate: Average Conditions describes baseline 
characteristics of current climate and hydrologic parameters, such as temperature, 

Table 2.3 F actors contributing to assessment confidence associated with key findings

Confidence 
Level Examples of Combinations of Factors that Could Contribute to this Confidence Evaluation

High Strong evidence (established theory, multiple sources, consistent results, well documented and 
accepted methods, etc.), high consensus

Medium-High Moderate evidence (several sources, some consistency, methods vary and/or documentation 
limited, etc.), medium consensus

Medium-Low Suggestive evidence (a few sources, limited consistency, models incomplete, methods emerging, 
etc.), competing schools of thought

Low Inconclusive evidence (limited sources, extrapolations, inconsistent findings, poor documenta-
tion and/or methods not tested, etc.), disagreement or lack of opinions among experts

Source: Moss and Yohe (2011).  
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precipitation, and snowpack, as well as the factors that contribute to the unique climates 
of the region. Chapter 4 discusses the main factors contributing to regional climate vari-
ability, and describes important climate hazards and impacts, such as droughts, floods, 
wildland fires, air quality and extreme temperatures.
Chapter 5: Present Weather and Climate: Evolving Conditions assesses weather and 
climate variability and trends in the Southwest, using observed climate and paleocli-
mate records. Chapter 5 analyzes the last 100 years of climate variability in comparison 
to the last 1,000 years, and links the important features of evolving climate conditions 
to river flow variability in four of the region’s major drainage basins. The chapter closes 
with an assessment of the monitoring and scientific research needed to increase confi-
dence in understanding when climate episodes, events, and phenomena are attributable 
to human-caused climate change.
Chapter 6: Future Climate: Projected Average presents climate-model projections of 
future temperature, precipitation, and atmospheric circulation (long-term weather pat-
terns) for the Southwest. Chapter 6 also examines projections of hydrologic parameters, 
such as snow water equivalent, soil moisture, and runoff for a subset of basins in the 
region, including the Colorado River Basin.
Chapter 7: Future Climate: Projected Extremes summarizes current scientific under-
standing about how specific weather and climate extremes are expected to change in 
the Southwest as global and regional temperatures increase. Chapter 7 examines heat 
waves, cold snaps, drought, floods, and weather related to wildland fires. The chapter 
also examines possible changes in weather patterns associated with climate extremes, 
such as atmospheric rivers and Santa Ana winds.
Chapter 8: Natural Ecosystems addresses the observed changes in climate that are as-
sociated strongly with observed changes in geographic distributions and phenology (re-
curring phenomena of biological species such as timing of blossoms or migrations of 
birds) in Southwestern ecosystems. Chapter 8 also examines disturbances such as wild-
fires and outbreaks of forest pathogens and discusses issues associated with how carbon 
is stored and released in Southwestern ecosystems, in relation to climate-change threats.
Chapter 9: Coastal Issues examines climate-change threats to coastal ecosystems and 
human habitats, as well as available management and adaptation options such as in-
surance incentives. The chapter describes and evaluates key climate-induced impacts, 
including sea-level rise, erosion, storm surges, and oceanographic factors, including 
nutrient upwelling, ocean acidification, and oxygen-depleted zones. Chapter 9 also de-
scribes interactions between existing vulnerabilities (such as human development in 
coastal ecosystems). 
Chapter 10: Water: Impacts, Risks, and Adaptation focuses on societal vulnerabilities 
to impacts from changes in sources, timing, quantity, and quality of the Southwest’s 
water supply. The chapter addresses both vulnerabilities related to environmental fac-
tors (such as wildfire risk and increased stream temperatures) and issues related to wa-
ter management (such as water and energy demand, and reservoir operation). Chapter 
10 describes water management strategies for the coming century, including federal, 
regional, state, and municipal adaptation initiatives. (Note: Surface hydrology is ad-
dressed in Chapters 4–7.)
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Chapter 11: Agriculture and Ranching reviews the climate factors that influence crop 
production and agricultural water use. The chapter discusses modeling studies that use 
climate-change model projections to examine effects on agricultural water allocation and 
scenario studies that investigate economic impacts and the potential for using adapta-
tion strategies to accommodate changing water supplies, crop yields, and pricing. Chap-
ter 11 concludes with sections on ranching and drought and on disaster-relief programs. 
Chapter 12: Energy: Supply, Demand, and Impacts describes the potential effects of cli-
mate change on the production, demand, and delivery of energy. Chapter 12 describes 
climate effects on peak energy production and examines the vulnerability of infrastruc-
ture to climate change. The chapter describes direct and indirect climate effects on the 
generation of electricity, with analyses of different methods of generation, such as natu-
ral gas turbines, hydropower, and thermoelectric. The chapter concludes with an assess-
ment of the evolution of fuel mixes for energy generation and transportation, and offers 
mitigation strategies for the present and future.
Chapter 13: Urban Areas describes the unique characteristics of Southwest cities and 
the ways they will be affected by and contribute to future climate changes. The chapter 
draws particular attention to six large urban areas: Albuquerque, Denver, Las Vegas, 
Los Angeles, Phoenix, and Salt Lake City. Chapter 13 addresses ways in which cities 
may contribute to climate change through their urban metabolisms—flows of water, en-
ergy, materials, nutrients, air, water, and soil impacts. The chapter also examines key 
pathways through which cities will be affected, including fire, water resources, flooding, 
urban infrastructure, and sea-level rise. 
Chapter 14: Transportation examines climate change issues across a broad range of 
transportation sectors in the Southwest, including land transportation (passenger and 
freight), marine transportation, and air transportation, beginning with current trends. 
Chapter 14 analyzes possible direct and indirect impacts to transportation infrastructure 
and to the economy. The chapter concludes by examining vulnerabilities and uncertain-
ties with respect to potential disruptions to the transportation system.
Chapter 15: Human Health reviews the state of knowledge with regard to climate-relat-
ed public health threats, including those related to extreme heat, air quality (including 
respiratory ailments, dust, and fire-related particulate matter), and changes to disease 
vectors (such as mosquito populations). Chapter 15 examines factors that interact with 
and complicate disease transmission and risk. The chapter concludes by discussing pub-
lic health planning and adaptation planning.
Chapter 16: Climate Change and U.S.-Mexico Border Communities evaluates some 
factors unique to the U.S.-Mexico border that affect the vulnerability of human popula-
tions to climate change, including border demographic changes, urban expansion, and 
socio-economic issues. Chapter 16 also addresses border climate and ecosystem issues, 
such as climate extremes, wildfires, and potential climate effects on the Colorado River 
estuary. The chapter includes a discussion of border adaptation measures, with an em-
phasis on the role of cross-border collaboration.
Chapter 17: Unique Challenges Facing Southwestern Tribes evaluates observed cli-
mate effects on Native American lands, and discusses the intersection of climate and 
the unique cultural, socioeconomic, legal and governance contexts for addressing these 
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issues in Indian Country. Chapter 17 highlights some preparedness-, mitigation-, and 
adaptation-planning initiatives currently underway in the Southwest.
Chapter 18: Climate Choices for a Sustainable Southwest describes challenges to im-
plementing mitigation and adaptation plans, given specific governance issues related to 
states, municipalities, and regional institutions. The chapter discusses new environmen-
tal management initiatives in the region, and gives examples of current climate-change 
mitigation and adaptation initiatives and successes. Chapter 18 analyzes the barriers 
to implementing solutions, and highlights the practical opportunities afforded through 
maximizing the co-benefits of mitigation and adaptation, and minimizing costs and en-
vironmental and social harms.
Chapter 19: Moving Forward with Imperfect Information builds on information from 
previous chapters, focusing on uncertainties, monitoring deficiencies, and data chal-
lenges. Chapter 19 summarizes the scope of what we do and do not know about climate 
in the Southwestern United States, and outlines those uncertainties that hamper scien-
tific understanding of the climate system and potentially impede successful adaptation 
to the impacts of climate change. The chapter emphasizes issues related to climate and 
impact models, and scenarios of the future. 
Chapter 20: Research Strategies for Addressing Uncertainties builds on descriptions 
of research and research needs articulated in earlier chapters. The chapter describes cur-
rent research efforts and the challenges and opportunities for reducing uncertainties. 
It explores strategies to improve characterization of changes in climate and hydrology, 
and emphasizes the application of research strategies to decisions, including methods 
such as scenario planning. 
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Endnotes

i	 The phrase “climate variability and change” is used many times in this document. Climate vari-
ability refers to the inherent variability of climate, for instance, from year to year or decade to 
decade; climate change refers to ways in which systematic trends in some climate factors, such as 
increases in heat-trapping gases in the atmosphere (greenhouse gases) and associated increases 
in temperature, alter the climate system and its variations.

ii	 This section is based, in part, on remarks from Dr. David Stephenson (University of Exeter, UK) 
and text from the National Climate Assessment.

iii	 Taken together, the A2 and B1 scenarios provide reasonable estimates of what “high” and “low” 
global GHG emissions might be throughout the remainder of the twenty-first century. For ex-
ample, scenario A2 (referred to in this report as the “high-emissions scenario”) assumes a fu-
ture with a high global population growth rate, slow global economic development rate, slow 
global technological change, and global fossil fuels use at rates slightly lower than observed in 
historical records. This combination of conditions would result in relatively high GHG emissions 
that continue to rise throughout the twenty-first century at an increasing rate (to a concentra-
tion of approximately 900 parts per million (ppm) in 2100), and substantially increased global 
temperatures. In contrast, scenario B1 (referred to in this report as the “low-emissions scenario”) 
assumes a future in which global population peaks in the year 2050 and economies shift rapidly 
toward the introduction of clean and resource-efficient technologies, with an emphasis on global 
solutions to economic, social, and environmental sustainability. In the B1 scenario, greenhouse 
gas (GHG) emissions reach a peak in the mid-twenty-first century and then decline, resulting in 
carbon dioxide (CO2) concentration of approximately 540 ppm in 2100, and smaller increases in 
global temperatures than those resulting from the A2 scenario. As has been emphasized in the 
IPCC study results and in prior regional climate change assessments, the outcomes of different 
mitigation strategies (as expressed by the A2 and B1 scenarios), in terms of the cumulative GHG 
concentrations and resultant climate changes, do not become very clear until after the middle 
of the twenty-first century, when the warming and other impacts from the B1 low-emissions 
scenario begin to be clearly exceeded by those of the A2 (and other) high-emissions scenarios 
(Nakićenović and Swart 2000; Hayhoe et al. 2004; IPCC 2007; Cayan et al. 2008).

iv	 Stakeholders are natural resource managers whose decision making relies in part on understand-
ing how climate related variables impact their domains.

v 	 The Southwest Climate Alliance consists chiefly of three NOAA-funded Regional Integrated Sci-
ences and Assessments projects (California-Nevada Applications Program [http://meteora.ucsd.
edu/cap/], Climate Assessment for the Southwest [http://www.climas.arizona.edu/], and Western 
Water Assessment [http://wwa.colorado.edu/]) and the Department of the Interior-funded South-
west Climate Science Center (http://www.doi.gov/csc/southwest/index.cfm), as well as a number 
of partner universities and federal research laboratories.

vi	 Federal Register / Vol. 76, No. 134 / Wednesday, July 13, 2011 / Notices http://www.gpo.gov/
fdsys/pkg/FR-2011-07-13/pdf/2011-17379.pdf.

vii	 This technical report is only one of several for which EOIs were submitted. As far as the editors of 
this report know, this was the only EOI intending to produce a comprehensive regional report.

viii 	 These were the October 27, 2011, NCA pre-decisional draft guidelines, which were the guidelines  
  available to the authors of this report during the report draft and review periods.

ix	 Traceable accounts consist of (1) the reasoning behind the conclusion, (2) the sources of data and 
information contributing to the conclusion, (3) an assessment of the amount of evidence and 
degree of agreement among sources of evidence, (4) an assessment of confidence in the finding, 
and (5) an assessment of uncertainty associated with the finding.

x	 Many of the remarks here are drawn from National Climate Assessment guidance documents 
and insights from National Climate Assessment and Development Advisory Committee co-chair, 
Gary Yohe.
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Executive Summary

This chapter describes important geographical and socio-economic characteristics and 
trends in the Southwest—such as population and economic growth and changes in land 
ownership, land use, and land cover—that provide the context for how climate change 
will likely affect the Southwest. The chapter also describes key laws and institutions 
relevant to adaptive management of resources.

•	 The Southwest is home to a variety of unique, natural landscapes—mountains, 
valleys, plateaus, canyons, and plains—that are both important to the region’s 
climate and respond uniquely to changes in climate. Potential adaptation of hu-
man and natural systems will face challenges due to a complex pattern of land 
ownership, which crosses political and management jurisdictions and transvers-
es significant elevational gradients. This decreases the adaptive capacity of the 
region because it makes it more difficult to coordinate decision making across 
landscapes. (medium-low confidence)

Chapter citation: Theobald, D. M., W. R. Travis, M. A. Drummond, and E. S. Gordon. 2013. “The 
Changing Southwest.” In Assessment of Climate Change in the Southwest United States: A Report Pre-
pared for the National Climate Assessment, edited by G. Garfin, A. Jardine, R. Merideth, M. Black, and 
S. LeRoy, 37–55. A report by the Southwest Climate Alliance. Washington, DC: Island Press.
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•	 The Southwest has experienced rapid population increases and urban expansion 
for the past 150 years or so, and rapid population growth will likely continue to 
be an enduring feature, especially in urban areas. Indeed, the region will likely 
grow by an additional 19 million people by 2030 (from 2010). These changes will 
make it more difficult to manage natural resources because of the additional de-
mand for and reliance on natural resources (e.g., water supply). (medium-high 
confidence)

•	 The coordination of climate-change adaptation strategies will be challenging be-
cause environmental management decisions will be made at many geographic 
scales, over different time frames, and by multiple agencies pursuing numerous 
associated policies and management goals. Adaptive capacity may be bolstered 
through lessons learned from emerging assessment projects (see Chapter 18). 
(medium-high confidence)

3.1  Lay of the Land: Geographical Themes and Features

Regions can be defined in many ways, but an important lesson from decades of geo-
graphical research is that the definition depends on the theme or topic being studied, 
the manner in which it is being studied, and the intended outcome of such a study. 
An assemblage of states provides the National Climate Assessment a way to divide as-
sessment activities regionally. The “Southwest”—defined as the six contiguous states 
of Arizona, California, Colorado, Nevada, New Mexico, and Utah—rests on the certain 
logic of proximity and on the fact that states are important governmental units that must 
respond to the effects of climate variation and change. Beyond this basic political geog-
raphy are several “critical zones” that are important to highlight because of their vulner-
ability to climate change, such as the coastal zone (see Chapter 9), the wildland-urban 
interface (see Chapter 13), the U.S.-Mexico borderlands (see Chapter 16), and the lands 
of Native nations (see Chapter 17).

Natural features

Two common geographical features tie the six states together. First, the states collectively 
span the most extensive arid and semi-arid climates and lands in the United States. Each 
state also touches and makes use of the waters of the Colorado River Basin. On the other 
hand, the six-state region, covering nearly 700,000 square miles, encompasses a variety 
of topography and landscapes, from the highest mountains in the conterminous United 
States (Mt. Whitney at 14,505 feet in California and Mt. Elbert at 14,440 feet in Colorado) 
to the lowest terrestrial point in the western hemisphere (Bad Water Basin in Death Val-
ley at 282 feet below sea level). Significant physiographic and hydrologic features (Fig-
ure 3.1) include: a 3,400-mile shoreline along the Pacific Ocean that varies from cliff and 
rocky headlands to low-gradient coastal and brackish marshlands; the Central Valley of 
California; the Sierra Nevada; a southern reach of the Cascade Range; the extensive Ba-
sin and Range province; the Colorado Plateau; the Southern Rocky Mountains; and the 
western Great Plains (or “high plains”) that skirt the region’s eastern edge in Colorado 
and New Mexico (Hunt 1974). This natural landscape is also broken into hydrological 
basins, most notably the Sacramento-San Joaquin, Colorado, and Rio Grande, as well as 
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a large (260,000-square-mile) interior drainage—the Great Basin—which covers nearly 
one-fifth of the six-state region.

The juxtaposition of mountains, valleys, plateaus, canyons, and plains increases the 
degree to which the region will be affected by climate change. For example, the higher 
elevations produce the net annual runoff that provides water resources to the drier val-
leys, piedmonts, and plains where most of the region’s human settlements are located. 
As a result, important sources of water for many urban areas are often quite far away 
(Southern California partially relies on water from the Colorado River, for example). 
As a result, potential feedbacks in the water resources system (in this case between the 
water users and their water sources) may be fairly weak or even “decoupled.” Also, at 
a local scale the topographic variability of the Southwest is important because it may 
provide a buffer to climate change by conserving biodiversity (Ackerly et al. 2010). Yet 
many public and private land ownership boundaries occur in areas of steep elevation-
al changes (Travis 2007), coinciding with boundaries between ecological systems (i.e., 
ecotones). 

Figure 3.1 I mportant physiographic and ecoregional features of the Southwest. �Water basin 
names are in upper-case, ecoregional names in lower-case. Source: ESRI ArcDate v10.
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The land covers (Figures 3.2 and 3.3, and Table A3.1) draped on this topography are 
principally grassland and shrubland (55.3% of the region’s land cover), marked by Cali-
fornia chaparral and Great Plains grasslands as well as by extensive sagebrush and des-
ert shrub and cacti mixes (such as found in the Sonoran and Mojave Deserts). Nearly 
one-quarter of the Southwest is covered by forests in a diverse array of mountain and 
high-plateau settings, including: extensive lodgepole pine in the Southern Rockies (no-
table for experiencing a significant die-off in recent years; see Bentz et al. 2010); topo-
graphically controlled forest islands in otherwise desert landscapes (the “Sky Islands” 
of southern New Mexico and Arizona); moist coastal and redwood and inland sequoia 
forests in California; park-like forests of ponderosa pine skirting the southern Colorado 
Plateau and eastern slopes of the Southern Rockies; and extensive pinyon-juniper at 
middle elevations in the Colorado Plateau and Great Basin (with pinyon also experi-
encing a significant die-off early this century; see Chapter 8). At the highest elevations 
are mountain peaks and alpine tundra (0.7%). About 6.6% of the Southwest has been 
converted to cropland agriculture, and another 2.3% has been developed as urban areas.

Figure 3.2 Land cover types in the Southwest. �See Appendix Table A3.1 for classifications. 
Source: USGS (2010).
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Human geography

The human landscape of the Southwest is marked by a few large cities, some compris-
ing sprawling metropolitan swaths, embedded in a predominantly rural landscape and 
in some places wilderness (Theobald 2001; Lang and Nelson 2007). The most notable 
metropolitan footprints include the Southern California conurbation around Los Ange-
les and San Diego; the San Francisco Bay Area; the string of cities marking California’s 
Central Valley (from Redding to Bakersfield); Phoenix to Tucson; the Wasatch Front (an-
chored in Salt Lake City); and the Colorado Front Range centered on Denver. Smaller 
urban-suburban footprints in the region include Las Vegas, Reno, and Albuquerque. All 
told, there are thirty-nine metropolitan planning organizations centered on urban areas 
in the Southwest (these are described more fully in Chapter 13). Nearly all of these ur-
ban areas have grown significantly in the last few decades in both population and extent 
(Theobald 2001; Theobald 2005; Travis 2007) and many are surrounded by exurban de-
velopment, much of which can be described as the “wildland-urban interface” (Radeloff 
et al. 2005; Theobald and Romme 2007). Beyond the exurban fringe, the region’s ru-
ral landscapes include areas of dryland and irrigated agriculture, extensive rangelands 
(see Chapter 11), and isolated small towns and resorts. Although infrastructure is rather 
thinly dispersed across this rural landscape, areas of intense energy development and 
pockets of earth-transforming hard-rock mining also mark the landscapes. 

A dominant feature of the region’s rural geography is its extensive public lands, 
mostly federal, that encompass fully 59% of the six-state region’s land surface (Figures 
3.4 and 18.1). The federal lands are divided among agencies with different management 
mandates and goals, chiefly the Bureau of Land Management (BLM), Forest Service 

Figure 3.3 T he 
proportion of land 
cover types found 
in the Southwest. 
�See Appendix Table 
A3.1 for classifica-
tions. Source: USGS 
(2010).
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(USFS), National Park Service (NPS), and Fish and Wildlife Service (USFWS). Each agen-
cy has efforts underway to plan for and adapt to climate change (Smith and Travis 2010). 
The lands of Native nations occupy another 7% of the region. Nearly five million acres 
of privately owned lands have been conserved in the past decade through land trust 
conservation (a 65% increase over that period). Especially relevant to climate vulner-
ability and adaptation in the Southwest is the mixture of ownership that occurs along 
the elevational gradients (Figure 3.4), which hints at the complexities of managing and 
cooperating for possible latitudinal and upward shifts of climates and migration of spe-
cies. (For further discussion about the potential responses of plant and animal species to 
climate change, see Chapter 8).  

Public lands

The federal lands in the Southwest comprise 22 national parks, 74 national wildlife 
refuges, nearly 66 million acres of national forests, and 120 million acres under the ju-
risdiction of the BLM (see Figure 18.2). A patchwork of federal laws governs resource 
management policies on these lands (Table 3.1). For example, BLM policies are set under 
the Federal Land Policy and Management Act of 1976, which codified public ownership 
of BLM-managed lands and prescribed “multiple-use” management intended to direct 
resource use to “best meet the present and future needs of the American people” (Pub-
lic Law 94-579). BLM lands are often managed for grazing, mineral and hydrocarbon 
extraction, and recreation, among other uses. The Department of Agriculture’s USFS 
oversees National Forests through policies developed in accordance with the 1976 Na-
tional Forest Management Act. This law requires National Forest System managers to 
develop integrated management plans intended to balance multiple intended uses while 

Figure 3.4  Spatial patterns of ownership and land cover types, arrayed along elevation 
gradients, are two critical aspects that hint at the complexities of coordinating adaptation 
strategies in the Southwest. �All data up to 2010 taken from the US Census Bureau, with state specific 
projections from: AZ Dept. of Economic Security, CA Dept. of Finance, CO State Demographer’s Office, 
NV State Demographer’s Office, NM Bureau of Business and Economic Research, UT Governor’s 
Office of Planning and Budget, and UT State Demographer’s Office.
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maintaining forest resources for future generations. Primary uses of National Forests 
include timber harvesting, grazing, mineral extraction, and recreation. National Wildlife 
Refuges are administered by the USFWS, under the Department of the Interior. Refuges 
are managed under the National Wildlife Refuge System Administration Act of 1966 
with the stated goal of establishing a network of lands for conservation, management, 
and restoration of fish and wildlife resources. Although primarily managed for species 
conservation and restoration, refuges may also host extractive industries and recreation, 
including hunting and fishing. The NPS was created under the 1916 National Park Ser-
vice Act, which instructed NPS to manage scenery and natural and historic resources 
“unimpaired for the enjoyment of future generations.” Individual units are managed 
under the terms of specific laws establishing each park.

A number of federal laws prescribe policies relevant to federal and other lands. The 
Wilderness Act of 1964, the Antiquities Act of 1906, and the National Landscape Conser-
vation System Act of 2009 all provide additional legal authority to protect public lands. 
The National Environmental Policy Act of 1969 requires agencies to review environmen-
tal impacts of major environmental actions, while the Endangered Species Act of 1973 
prohibits government and private actors from destroying habitat critical to the survival 
of threatened and endangered species. 

Extractive resource use on federal lands is further guided by a number of laws, in-
cluding the Surface Mining Control and Reclamation Act of 1977 (regarding coal extrac-
tion), the General Mining Act of 1872 (regarding hardrock mining), the Mineral Leasing 
Act of 1920 (regarding oil and gas resources) and the Taylor Grazing Act of 1934 (regard-
ing sheep and cattle grazing).

A central difficulty of the patchwork of laws, policies, and regulatory agencies is that 
it poses a significant challenge to coordinate adaptation to climate change (although 
Landscape Conservation Cooperatives have recently been developed to address this is-
sue under the auspices of the USFWS). The problem is further compounded by the rela-
tively high levels of uncertainty associated with climate model predictions. A key is to 
develop proactive strategies to anticipate change and to adaptively manage resources 
throughout changing circumstances.

Population

The Southwest hosted a permanent resident population of 56.2 million in 2010 (Table 
3.2). It has been the fastest-growing region of the nation for several decades as part of 
the so-called Sun-Belt Migration that began in earnest in the 1970s. The Interior West 
topped the national charts of population growth over the last two decades (1990–2010), 
with Nevada, Arizona, Utah, and Colorado comprising the four fastest-growing states 
in the country. The Southwest grew by 37%, from 41.2 to 56.2 million residents, during 
1990–2010, compared to a national growth rate of 24% (1.2% annualized). 

Growth in the region is concentrated in the metropolitan areas, and several South-
western cities (most notably Las Vegas and Phoenix) have been among the fastest grow-
ing in the United States over the past two decades. The region is slightly more urbanized 
than much of the nation, with 82% of the population residing in urban areas compared 
to a national average of 78%. (See further discussion of the Southwest’s urban areas in 
Chapter 13.) 
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Table 3.1  Federal laws and policies relevant to federal and other lands in the Southwest

Federal Law  
(Year Enacted)

Land Base or  
Resource Covered Relevant Agency Overarching Goal

POLICIES GUIDING FEDERAL LAND MANAGEMENT AGENCIES

National Park Service 
Organic Act (1916)

National Parks and 
other park units

NPS “Conserve the scenery and natural 
and historic objects and wild life …
unimpaired for the enjoyment of 
future generations”

National Wildlife Refuge 
System Administration 
Act (1966)

National Wildlife 
Refuges

USFWS (on-shore 
resources); NOAA 
(offshore resources)

Conservation, management, and 
restoration of species

Federal Land Policy and 
Land Management Act 
(1976)

BLM Lands BLM Multiple use to best meet the 
present and future needs of the 
American people

National Forest Manage-
ment Act (1976)

National Forests USFS Integrated planning for sustained 
multiple uses of renewable 
resources

ADDITIONAL LAWS PROTECTING PUBLIC LANDS

Antiquities Act (1906) National Monuments Primarily NPS, also 
including USFS and 
BLM

Preservation of resources of 
“historic or scientific interest”

Wilderness Act (1964) Specified federal 
public lands

Primarily USFS, 
BLM, and NPS

Preservation of lands with wilder-
ness characteristics

National Landscape 
Conservation System  
Act (2009)

Specified federal 
public lands

NPS, USFS, and BLM Conservation, protection, and 
restoration of nationally signifi-
cant western public lands with 
outstanding natural, cultural, or 
scientific values

LAWS PROTECTING WILDLIFE AND RESOURCE MANAGEMENT POLICIES

National Environmental 
Policy Act (1969)

Any major federal 
action

All federal agencies Requires review of environmental 
impacts resulting from any major 
federal action

Endangered Species Act 
(1973)

Threatened and 
endangered species

USFWS, although 
applies to all federal 
agencies

Conservation, protection, and 
recovery of threatened and endan-
gered species
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Most analysts expect the West, and especially the Southwest, to continue growing in 
population faster than the nation as a whole for the foreseeable future (Travis 2007). This 
prediction is based on positive trends in all of the demographic components of popula-
tion change: natural growth (births over deaths), domestic net in-migration, and inter-
national net in-migration. The Census Bureau’s population projections to 2030 (Table 
3.2) reflect this scenario. Arizona and Utah likely will grow by about 50% of their 2010 
populations, and Colorado and New Mexico are expected to add another third to their 
populations (Figure 3.5). Even California, building on a large base (37.2 million in 2010), 
is projected to grow by nearly a third. In all, some 18.8 million more people likely will 
live in the West by 2030 than did in 2010. Most states extend their projections even fur-
ther in time; linear extrapolation to each state’s extended population projection suggests 
a regional population in 2050 of around 94.8 million, a 69% (1.37% annualized) increase 
over the 2010 census.

Natural resource economy

Two trends are clear with respect to the Southwest’s natural resource-based economy 
(Figure 3.6). First, the iconic Western economies of agriculture, ranching, fishing, hunt-
ing, and mining have lost ground, and now contribute only a small fraction of the over-
all gross domestic product or GDP of the region, averaging around 4.5% for the past 
three decades and never reaching higher than 7% per year during that period. Second, 

Table 3.1  Federal laws and policies relevant to federal and other lands in the Southwest

Federal Law  
(Year Enacted)

Land Base or  
Resource Covered Relevant Agency Overarching Goal

LAWS GOVERNING RESOURCE EXTRACTION AND GRAZING

General Mining Act (1872) Minerals found on 
federal lands

All federal land 
management 
agencies

Set policies for the discovery, claim, 
and recovery of hardrock resources 
under federal lands

Mineral Leasing Act (1920) Oil and gas extraction All federal land 
management 
agencies

Set policies for the extraction of oil, 
gas, phosphate, sodium, and coal on 
federal lands

Taylor Grazing Act (1934) Rangeland Federal agencies 
that manage grazing 
(primarily BLM and 
USFS)

Prevent overgrazing and provide for 
the permitting of grazing on public 
lands

Surface Mining Control 
and Reclamation Act 
(1977)

Coal on federal lands All federal land 
management 
agencies

Ensure appropriate regulation of 
mining and reclamation on federal 
lands

(Continued)
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after a period of relative stability or small increases from the 1970s to the mid-1980s 
(averaging 5.4% over that 15-year period), the contribution of these natural resource sec-
tors has declined by a third in the past 15 years (now averaging 2.9% per year). Finance, 
professional services, and the like now contribute a large majority of GDP, followed by 
construction and manufacturing.

3.2  Land Use and Land Cover

The pace and types of land-use and land-cover change (from one type of land use or 
land cover to another) from 1973 to 2000 varied across the Southwestern states (Fig-
ure 3.7, and Table A3.2). The average annual rate of the combined changes ranged from 
<0.1% of the total area of Nevada to 0.4% of neighboring California. Annual rates of 
change were consistently higher in Colorado and California, although the amount of 
change in New Mexico tripled beginning in the mid-1980s. Numerous factors contrib-
uted to the state-by-state variability, including the mix of land ownership, population 
changes, government policies and regulations, and climate variability. 

The arid states with extensive public lands that limit land use options—Arizona, 
Utah, and Nevada—have some of the lowest rates of land-use and land-cover change in 
the nation. These states and other areas of warm deserts (i.e., the Chihuahuan, Sonoran, 
and Mojave) also lack the large extent of agricultural land cover fluctuation (such as 
occurs in the Great Plains of eastern Colorado, New Mexico, and California’s Central 
Valley) and intensive forest harvesting that contribute to higher rates of land-use and 

Table 3.2 T rends in population growth in the Southwest (in thousands of people)

State 1990 2000 2010

Total 
Growth 

1990–2010
% Growth 
1990-2010

Projected 
Pop. 2030

% Growth 
2010–2030

Total 
Growth 

2010–2030

Arizona 3,665 5,130 6,392 2,726 74 9,480 48 3,088

California 29,760 33,871 37,253 7,493 25 48,380 30 11,127

Colorado 3,294 4,301 5,029 1,734 53 6,564 31 1,535

Nevada 1,201 1,998 2,700 1,498 125 3,363 25 663

New Mexico 1,515 1,819 2,059 544 36 2,825 37 767

Utah 1,722 2,233 2,763 1,041 60 4,394 59 1,631

TOTAL 41,159 49,353 56,198 15,039 37 75,010 33 18,811 

Sources: U.S. Census sources [for pre-2010] and state demographer’s projections [for 2010 and beyond].
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land-cover changes in other U.S. regions. However, lower rates of land-use change do 
not preclude important change-related effects, such as irreversible or slow recovery of 
disturbed lands. For example, in Nevada, although low rates of change occurred, dis-
turbed forested areas were slow to recover and grasslands/shrublands converted for ur-
ban development and mining contributed to the net decline of natural cover types. 

Other trends between 1973 and 2000 are notable. The extent of urban development, 
mining, fire, and other natural land disturbance increased across all Southwestern states. 
Urban land cover increased by an estimated 45%, affecting 0.5% of the total area. Most of 
the growth in urban and other developed lands occurred on grassland/shrubland (56%), 
although more than one-third of the expansion was at the expense of cropland agri-
culture and maintained pasture (34%). Nearly 90% of the agricultural land converted 
to urban areas was in California and Colorado. The loss of agriculture to development 
and other causes in California’s Central Valley is offset by expansion of new cultivated 
areas; however, other types of conversions cumulatively resulted in a small net loss of 
agricultural land cover in the state. California’s developed lands increased overall by an 
estimated 40% between 1973 and 2000. This increased land-use conversion and develop-
ment in the Southwest generates increased pressure and need for a coordinated land 
management approach for successful adaptation to climate change.

Figure 3.5  Rapid 
population growth 
in the Southwest is 
expected to continue. 
�The current (2010) 
population is 56 million, 
and an additional 19 million 
people are projected to be 
living in the region by 2030. 
Source: US Department 
of Commerce, Bureau of 
Economic Analysis (http://
www.bea.gov/regional/
index.htm).
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Forest cover declined in all states by a combined 2.2% (0.5% of the region) due pri-
marily to mechanical disturbance (e.g., timber harvest) and fire, although some of the 
decrease occurred on land with potential for eventual tree regrowth following fire or 
post-harvest replanting. The extent of mechanical disturbance was highest in the moun-
tains and foothills of California, central Arizona, and New Mexico. However, Colorado 
and other states may see an increase in timber harvest related to insect-related forest 
die-off exacerbated by changing climatic conditions. 

Figure 3.6 T he Southwestern economy grew rapidly from the 1970s through 2008, with a 
decline commencing with the recession. �The strongest economic sectors were finance, insurance, 
real estate, and services, followed by construction and manufacturing, trade, and government. The 
more traditional natural resource economies remain important but provide only a small portion of 
the GDP of the region (shown in millions of dollars). Note that previous to 1998 income by industry 
were defined using the Standard Industrial Classification, and in 1998 and after were defined using 
the North American Industry Classification System. This definitional change resulted in a slight down-
tick in Construction and manufacturing, Agriculture, forestry, and fishing, and Transportation and public 
utilities, and the up-tick in Finance, insurance, real estate, and services. Longer-term trends (>5-10 
years) remain robust to this definitional change. Source: U.S. Department of Commerce, Bureau of 
Economic Analysis (http://www.bea.gov/regional/index.htm).
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Changes in agricultural land cover, which declined by 3.5% (0.2% of the region), 
often show a reciprocal relationship with grassland/shrubland changes (0.6% decline, 
0.4% of the region), although the extent of exchange between the two types of cover 
is often uneven. Conversions from grassland and shrubland to agriculture were more 
extensive in Colorado, Arizona, and Nevada, resulting in small net increases in agri-
culture. A substantial net decline in agricultural land cover occurred in New Mexico, 
where a significant amount of cropland was returned to grassland cover in response to 
incentives of the Conservation Reserve Program to set aside environmentally sensitive 
land. The overall decline in grassland/shrubland (except in New Mexico) is tied to agri-
cultural expansion, as well as to urban growth and development, expansion of mining, 
and other disturbance. 

Trends for urban and exurban development

Associated with rapid population growth in the Southwest, the extent of urban land 
(housing density greater than one unit per 2.5 acres) and exurban land (one unit per 
2.5–40 acres) will continue to increase (Figure 3.8; Table 3.3). The extent of urban land is 
forecast to double (from 4.1 to 8.1–9.3 million acres) by 2050, while lower-density exur-
ban lands will expand by 33% to 41% (from 13.6 to 18.2–19.1 million acres) (Bierwagen 
et al. 2010).

Figure 3.7  Percent of total state area affected by net change in land use and land cover 
types from 1973 to 2000 for the six Southwestern states. �See Appendix Table A3.2 for class 
descriptions. Source: USGS land cover trends project (http://landcovertrends.usgs.gov); Loveland et al. 
(2002).
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Both the rapid pace and patterns of population growth and ensuing land use change 
provide both challenges and opportunities for adapting to climate change. A near-dou-
bling of population from 2000 to 2050 will increase already stressed water resources in 
particular. Although most of the population in the Southwest lives in urban areas, the 
footprint of these areas is likely to more than double, from about 4 million acres to 8–9 
million acres. An additional 10–11 million acres of low-density (exurban) housing den-
sity (see Table 3.3) is likely to contribute significantly to the number of miles travelled in 
vehicles. 

Figure 3.8 T he pattern of 
urban, exurban, and rural 
residential development 
for 2000 and forecast for 
2050. �Source: Bierwagen et 
al. (2010).
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Table 3.3 H istorical, current, and forecasted expansion of urban and exurban lands in the    
                 Southwest (data expressed as thousands of acres [kac])

Geography

Historical (1950) Current (~2000) Forecast (~2050)

Urban  
developed 

(kac)

Exurban 
developed 

(kac)

Urban  
developed 

(kac)

Exurban 
developed 

(kac)

Urban  
developed 

(kac)

Exurban 
developed 

(kac)

STATES

Arizona 30 224 544 1,441 1,255
1,448
1,054
1,163

1,967
1,818
1,928
1,884

California 597 2,334 2,516 7,962 4,995
5,349
4,874
5,058

11,727
11,374
10,555
10,384

Colorado 68 355 402 1,690 1,024
1,003

785
766

2,204
2,202
2,311
2,333

New Mexico 24 237 191 1,328 324
348
277
287

1,730
1,812
1,841
1,925

Nevada 8 65 179 428 562
500
463
419

510
521
516
521

Utah 33 235 224 655 696
580
599
485

863
965
938

1058

Southwest 767 3,477 4,083 13,563 8,894
9,270
8,092
8,218

19,074
18,762
18,158
18,174

Water resource regions

 Rio Grande 21 208 161 1,035 291
314
241
250

1,361
1,386
1,407
1,456
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A remaining question of importance for this region is how well emerging “green 
design” strategies will be able to diminish or reduce resource demands for energy 
and water. Much of the development of alternative resources such as wind and solar 
energy has occurred remotely from the urban areas to be served, as has water-supply 
infrastructure. This geographical decoupling can be useful in some settings, but fur-
ther removes social systems from natural system feedbacks. This can be a positive 
thing, but also can hinder the development of adaptive strategies because of a per-
ceived lack of need to change behavior.

With environmental management decisions taking place at many geographic 
scales, over different time frames, and by multiple agencies, the coordination of cli-
mate change adaptation strategies will be a particular challenge.

Table 3.3 H istorical, current, and forecasted expansion of urban and exurban lands in the    
                 Southwest (data expressed as thousands of acres [kac])

Geography

Historical (1950) Current (~2000) Forecast (~2050)

Urban  
developed 

(kac)

Exurban 
developed 

(kac)

Urban  
developed 

(kac)

Exurban 
developed 

(kac)

Urban  
developed 

(kac)

Exurban 
developed 

(kac)

Upper  
Colorado

7 112 79 889 150
144
118
114

1,118
1,146
1,183
1,198

Lower  
Colorado

34 269 677 1,665 1,691
1,879
1,393
1,496

2,161
2,006
2,182
2,144

Great Basin 37 259 283 835 899
738
769
629

1,199
1,306
1,222
1,335

California 596 2311 2495 7874 4908
5250
4818
4991

11,582
11,248
10,413
10,254

Source: Bierwagen et al. (2010).
Note: These reflect the storylines used in the IPCC’s Special Report on Emissions Scenarios (Nakićenović and  
           Swart 2000): A1, A2, B1, and B2, from top to bottom.

(Continued)
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Table A3.1 L ist of ecological systems and groups, modified from USGS   
                 Southwest region

Group (L1) Ecological systems

Alpine Alpine sparse/barren
Alpine grassland

Cliff-canyon-talus Cliff, canyon and talus

Developed Urban/built-up
Cropland

Disturbed Mining
Recently burned
Introduced vegetation
Other disturbed or modified

Forest Deciduous-dominated forest and woodland
Mixed deciduous/coniferous forest and woodland
Conifer-dominated forest and woodland

Grassland Montane grassland
Lowland grassland and prairie
Sand prairie, coastal grasslands and lomas
Wet meadow or prairie

Shrubland Scrub shrubland
Steppe
Chaparral
Deciduous-dominated savanna and glade
Conifer-dominated savanna
Sagebrush-dominated shrubland
Deciduous-dominated shrubland

Sparse-barren Beach, shore and sand
Bluff and badland
Other sparse and barren

Water Rivers, lakes, reservoirs

Wetland-riparian Playa, wash, and mudflat
Salt, brackish & estuary wetland
Freshwater herbaceous marsh
Freshwater forested marsh or swamp
Bog or fen
Depressional wetland
Floodplain and riparian

Source: USGS (2010).
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Table A3.2 L ist of USGS land cover trends class descriptions

Land Cover Class Description

Agriculture (cropland and 
pasture)

Land in either a vegetated or unvegetated state used for the production of food and 
fiber, including cultivated and uncultivated croplands, hay lands, pasture, orchards, 
vineyards, and confined livestock operations. Forest plantations are considered 
forests regardless of their use for wood products.

Barren Land comprised of soils, sand, or rocks where <10% of the area is vegetated. Does not 
include land in transition recently cleared by disturbance.

Developed (urban and 
built-up)

Intensive use where much of the land is covered by structures or human-made 
impervious surfaces (residential, commercial, industrial, roads, etc.) and less-
intensive use where the land-cover matrix includes both vegetation and structures 
(low-density residential, recreational facilities, cemeteries, utility corridors, etc.), and 
including any land functionally related to urban or built-up environments (parks, 
golf courses, etc.).

Forest and Woodland Non-developed land where the tree-cover density is >10%. Note cleared forest land 
(i.e. clear-cuts) is mapped according to current cover (e.g. mechanically disturbed or 
grassland/shrubland).

Grassland/Shrubland 
(including rangeland)

Non-developed land where cover by grasses, forbs, or shrubs is >10%.

Mechanically Disturbed Land in an altered, often unvegetated transitional state caused by disturbance from 
mechanical means, including forest clear-cutting, earthmoving, scraping, chaining, 
reservoir drawdown, and other human-induced clearance.

Mines and Quarries Extractive mining activities with surface expression, including mining buildings, 
quarry pits, overburden, leach, evaporative features, and tailings.

Non-mechanically 
Disturbed

Land in an altered, often unvegetated transitional state caused by disturbance from 
non-mechanical means, including fire, wind, flood, and animals.

Open Water Persistently covered with water, including streams, canals, lakes, reservoirs, bays, 
and ocean

Wetland Land where water saturation is the determining factor in soil characteristics, 
vegetation types, and animal communities. Wetlands can contain both water and 
vegetated cover.

Source: USGS (2010).
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Executive Summary

This chapter describes the weather and climate of the Southwest, which straddles the 
mid- and subtropical latitudes and includes the greatest range of topographic relief in 
the contiguous United States. The key findings are as follows:
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•	 The climate of the Southwest United States is highly varied and strongly influ-
enced by topographic and land-surface contrasts, the mid-latitude storm track, 
the North American monsoon, and proximity to the Pacific Ocean, Gulf of Cali-
fornia, and Gulf of Mexico. (high confidence)

•	 The low-elevation Mojave and Sonoran Deserts of Southern California, Nevada, 
and Arizona are the hottest (based on July maximum temperatures), driest re-
gions of the contiguous United States. The mountain and upper-elevation re-
gions of the Southwest are much cooler, with the Sierra Nevada and mountains 
of Utah and Colorado receiving more than 60% of their annual precipitation in 
the form of snow. (high confidence)

•	 Storms originating over the Pacific Ocean produce most of the cool-season 
(November to April) precipitation, generating a mountain snowpack that pro-
vides much of the surface-water resources for the region as spring runoff. (high 
confidence)

•	 Persistent cold pools, also known as inversions, form in valleys and basins dur-
ing quiescent wintertime weather periods, leading to a buildup of pollution in 
some areas. (high confidence)

•	 The North American monsoon is important during the warm season and is most 
prominent in Arizona and New Mexico where it produces up to half of the aver-
age annual precipitation from July to September. (high confidence)

•	 The Madden-Julian Oscillation (MJO), El Niño-Southern Oscillation (ENSO), Pa-
cific Quasi-Decadal Oscillation (QDO), and Pacific Decadal Oscillation (PDO) 
contribute to but do not fully explain month-to-month, year-to-year, and de-
cade-to-decade climate variability within the region. (medium-high confidence)

4.1 I ntroduction

The Southwest straddles the mid- and subtropical latitudes, with mountains, land-
surface contrasts, and proximity to the Pacific Ocean, Gulf of California, and Gulf of 
Mexico having substantial impacts on climatic conditions (Sheppard et al. 2002). Much 
of California has a Mediterranean-like climate characterized by hot, dry summers and 
mild winters with episodic, but occasionally intense rainstorms. The interior, southern, 
low-elevation portion of the region, which includes the Mojave and Sonoran Deserts 
(see Chapter 3 for a geographic overview of the Southwest), contains the hottest (based 
on summertime maximum temperatures) and driest locations in the United States, a 
result of persistent subtropical high pressure and topographic effects. Interior northern 
and eastern portions of the Southwest have lower mean annual temperatures and see a 
larger seasonal temperature range, greater weather variability, and more frequent intru-
sions of cold air from the higher latitudes due to increased elevation and distance from 
the Pacific Ocean and Gulf of Mexico. 

During winter, the mid-latitude storm track influences the region (Hoskins and 
Hodges 2002; Lareau and Horel 2012). Average cool-season precipitation is greatest in 
the coastal ranges and Sierra Nevada of California by virtue of their position as the first 
mountain barriers in the path of Pacific storms. Interior ranges receive less precipitation 
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on average, but seasonal snow accumulations can still be quite large and are an essential 
source of water for the region. During the summer, a notable feature of the climate of the 
interior Southwest is a peak in precipitation caused by the North American monsoon, 
a shift in the large-scale atmospheric circulation that brings moisture originating from 
the Gulf of Mexico, Gulf of California, and Pacific Ocean into the Southwest (Adams and 
Comrie 1997; Higgins, Yao, and Wang 1997). The influence of the North American mon-
soon is strongest in Arizona and New Mexico, where up to 50% of the average annual 
precipitation falls from July to September (Douglas et al. 1993). 

4.2  General Climate Characteristics

Surface-air temperature

The surface-air temperature (hereafter temperature) climatology of the Southwest varies 
with latitude, distance from large bodies of water, and altitude. The average annual tem-
perature is highest (greater than 70°F) in the Mojave and Sonoran Deserts of southwest-
ern Arizona, southeastern California, and extreme southern Nevada, including Death 
Valley and the lower Colorado River valley, and greater than 55°F in a swath extending 
from central California to southern New Mexico (Figure 4.1a). The highest average an-
nual temperatures in the interior Southwest (greater than 50°F) occur in lower altitude 
regions of southern and western Nevada, the Great Salt Lake Basin, the Colorado Pla-
teau, and the high plains of Colorado and New Mexico. Throughout the Southwest, the 
average annual temperature decreases with altitude and is lowest (less than 32°F) over 
the upper elevations of the Uinta Mountains of Utah and the Rocky Mountains of Colo-
rado. The total spatial range in average annual temperature is very large and exceeds 
40°F, which contributes to large ecosystem variations (see Chapter 8). 

During July, climatologically the warmest month of the year across most of the re-
gion, average maximum temperatures exceed 100°F in the low basins and valleys of 
southeastern California, southern Nevada, and southern and western Arizona and ex-
ceed 85°F in lower altitude valleys, basins, and plains throughout the Southwest region 
(Figure 4.1b). Much lower average maximum temperatures are found along and near the 
California coast due to the influence of the Pacific Ocean, and at the upper elevations. 

During January—climatologically the coldest month of the year across most of the 
region—average minimum temperatures are highest and above freezing (greater than 
32°F) across lower-altitude regions of California, including the Pacific coast and Cen-
tral Valley, southern Nevada, southern and western Arizona, and southern New Mexico 
(Figure 4.1c). Elsewhere, January minimum temperatures are below freezing. Although 
there is a tendency for temperature to decrease with increasing altitude, this relationship 
is weaker in the winter than in summer because of the tendency of cold-air pools to de-
velop and persist over mountain valleys and basins (Wolyn and McKee 1989; Whiteman, 
Bian, and Zhong 1999; Reeves and Stensrud 2009). For example, the average minimum 
temperatures in the Uinta Basin of northeast Utah and the San Luis Valley of Colorado 
and New Mexico are comparable to those found in the surrounding higher terrain. Simi-
lar cold-air pools occur in valleys and basins throughout the Southwest region. 

The difference between the average July maximum temperature and average Janu-
ary minimum temperature is smallest (less than 40°F) along and near the Pacific coast 
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and generally smaller over much of California than the interior Southwest due to the 
moderating influence of the Pacific Ocean (Figure 4.1d). The largest annual temperature 
ranges are found in the interior mountain valleys and basins of Utah and Colorado that 
are prone to wintertime cold pools. Throughout the region, including California, the an-
nual temperature range is generally larger in valleys and basins than in the surrounding 
higher topography. 

Figure 4.1 T emperature climatology of the Southwest (°F, 1971–2000). �Source: PRISM 
Climate Group, Oregon State University (http://prism.oregonstate.edu).
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Precipitation

Average annual precipitation varies from less than 5 inches in the lower valleys and 
basins of southwestern Arizona, southeastern California, and extreme southern and 
western Nevada to more than 90 inches in portions of the coastal mountains, southern 
Cascade Mountains, and northern Sierra Nevada of Northern California (Figure 4.2). 
Large variations in precipitation exist throughout the region due to the influence of to-
pography (Daly, Neilson, and Phillips 1994). 

The seasonality of precipitation varies substantially across the Southwest depending 
on exposure to the mid-latitude westerly storm track during the cool season, the mon-
soon circulation during the warm season, and elevation. Most of California and portions 
of Nevada, Utah, and Colorado are strongly influenced by the mid-latitude storm track, 
with most precipitation falling during the cool season when the mid-latitude storm track 
is most active (Figure 4.3a). Monsoon precipitation in these areas is less abundant. Most 
of Arizona, western New Mexico, and portions of extreme southeast California, southern 
Nevada, southern Utah, and southwest Colorado observe a pronounced peak in precipi-
tation in late summer due to the influence of the monsoon (Figure 4.3b). Since monsoon 
precipitation is produced primarily by thunderstorms, large spatial contrasts in season-
al precipitation can be found within these areas during individual summers. The high 
plains and tablelands of New Mexico and Colorado also observe a summer maximum, 
but with a broader peak due to frequent spring storms prior to the development of the 

Figure 4.2  Annual 
average precipitation 
in the Southwest, 
1971–2000 (in inches). 
�Source: PRISM Climate 
Group, Oregon State 
University (http://prism.
oregonstate.edu).
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monsoon (Figure 4.3c). This region also receives less wintertime precipitation due to 
the predominant westerly flow and drying influence of upstream mountain ranges. In 
central Nevada, Utah, and western Colorado, the seasonal cycle of precipitation is not as 
pronounced, but generally peaks from March to May (Figure 4.3d). Areas not identified 
in Figure 4.3 do not have strong seasonal precipitation variations. 

Figure 4.3  Major 
spatial patterns of 
monthly varying 
precipitation over the 
Southwest, 1901–
2010. �Source: PRISM 
Climate Group, Oregon 
State University (http://
prism.oregonstate.edu).
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Snowfall, snowpack, and water resources

A large fraction of the precipitation in the upper-elevations of the Southwest falls as 
snow, which serves as the primary source of water for the region and enables a win-
ter tourism economy involving skiing, snowboarding, snowmobiling, and other recre-
ational activities. In the Sierra Nevada and mountains of Utah and Colorado, more than 
60% of the annual precipitation falls as snow (Serreze et al. 1999). Snowier locations in 
the Sierra Nevada, Wasatch Mountains, and Colorado Rockies average over thirty feet 
of snow annually, with lesser amounts in other ranges of the Southwest (Steenburgh 
and Alcott 2008). Snowfall provides a smaller fraction of the annual precipitation in the 
mountains of Arizona and southern New Mexico where winter storms are less frequent 
and the monsoon dominates in the summer (Serreze et al. 1999; Stewart, Cayan, and Det-
tinger 2004). 

The mountain snowpack that develops during the winter serves as a natural water 
reservoir for the western United States. Snowmelt and runoff during the spring and 
summer provide most of the surface water resources for the region, with 50% to 90% of 
the total runoff occurring during the April to July snowmelt runoff season in most South-
west drainage basins (Serreze et al. 1999; Stewart, Cayan, and Dettinger 2004, 2005). 

4.3  Major Climate and Weather Events

The Southwest is susceptible to hazardous and costly weather and climate events. The 
greatest social and environmental impacts come from drought, winter storms, floods, 
thunderstorms, temperature extremes, and air pollution. 

Drought

The Southwest is susceptible to periods of dryness that can span months to years. The 
most significant and severe droughts persist for multiple years and result from a dimin-
ished frequency or intensity of winter storms (Cayan et al. 2010; Woodhouse et al. 2010). 
Although water storage and delivery infrastructure (such as dams, reservoirs, canals, 
and pipelines) helps stabilize municipal water supplies during these droughts, rural, ag-
ricultural, and recreational impacts are still sometimes substantial. Seasonal and multi-
year droughts also affect wildfire severity (Westerling et al. 2003). Parts of the Southwest 
experienced relatively wet conditions during the 1980s and 1990s followed by reduced 
precipitation beginning around 2000 (Cayan et al. 2010). This, in combination with wild-
fire suppression and land management practices (Allen et al. 2002), contributed to wild-
fires of unprecedented size, with five states (Arizona in 2002 and 2011; Colorado in 2002; 
Utah in 2007; California in 2003; and New Mexico in 2011 and 2012) experiencing their 
largest fires on record at least once during the last decade. Past climatic conditions, re-
constructed from tree rings, suggest that droughts lasting up to several decades have 
occurred in the Colorado River Basin approximately once or twice per century during 
the last 500 to 1,000 years (Figure 4.5) (Grissino-Mayer and Swetnam 2000; Woodhouse 
2003; Meko et al. 2007; Woodhouse et al. 2010). 

Drought characteristics vary across the Southwest. For example, Colorado, which has 
multiple sources of precipitation throughout the year, is less prone to lengthy droughts 
(Redmond 2003). Droughts in Arizona and New Mexico tend to be strongly related to 
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large-scale shifts in the atmospheric circulation associated with the El Niño-Southern 
Oscillation (ENSO). ENSO refers collectively to episodes of warming and cooling of the 
equatorial Pacific Ocean and their related atmospheric circulation changes. Warm and 
cool ENSO episodes are known as El Niño and La Niña, respectively. La Niña years are 
associated with reduced cool-season precipitation over southern portions of the South-
west region (Redmond and Koch 1991; Cayan, Redmond, and Riddle 1999). 

Winter storms

Winter storms in the Southwest can produce heavy snowfall, heavy rainfall, flooding, 
high winds, and large, abrupt temperature drops (Marwitz 1986; Marwitz and Toth 
1993; Poulos et al. 2002; Schultz et al. 2002; Steenburgh 2003; White et al. 2003; Neiman 
et al. 2008; Shafer and Steenburgh 2008). With their close proximity to the Pacific Ocean, 

How dust affects the timing and intensity of snow-
melt and runoff in the Southwest is an area of 
emerging understanding. During the winter and 
spring, wind-blown dust from lowland regions 
can accumulate in the mountain snowpack (Fig-
ure 4.4) (Painter et al. 2007; Steenburgh, Massey, 
and Painter 2012). Because dust is 
darker than snow, this increases 
the amount of sunlight absorbed 
by the snow, leading to an earlier, 
more rapid snowmelt. Studies in 
Colorado’s San Juan Mountains, 
for example, indicate that the du-
ration of snowcover in the spring 
and summer can be shortened by 
several weeks in years with large 
dust accumulations (Painter et al. 
2007; Painter et al. 2012; Skiles et 
al. 2012). Modeling studies suggest 
that this results in a runoff with a 
more rapid increase, earlier peak, 
and reduced volume in the upper 
Colorado River Basin (Painter et al. 
2010). 

Efforts to better understand 
the spatial and year-to-year varia-
tions in dust accumulation and 

characteristics in the mountains of the Southwest 
are ongoing. Better understanding of these varia-
tions will help improve the prediction of spring 
runoff timing and volume, as well as projections 
of the impacts of climate change on mountain 
snowpack and ecosystems.

Box 4.1

Dust and Snow

Figure 4.4 D ust-covered snow in the Dolores River head- 
waters, San Juan Mountains, Colorado, 19 May 2009. �Photo 
courtesy of T. H. Painter, Snow Optics Laboratory, JPL/Caltech.
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the coastal ranges and the Sierra Nevada of California experience episodes of heavy 
precipitation as impressive as any in the United States (Dettinger, Ralph, Das et al. 2011). 
Narrow corridors of moisture known as atmospheric rivers, which are typically found 
near or ahead of cold fronts, contribute to many of these episodes (Neiman et al. 2008). 
Mountains throughout the Southwest, as well as lowlands in the Southwest interior, can 
experience large, multiday snowstorms that produce hazardous travel and avalanche 
conditions and play an important role in the regional precipitation, runoff, and water 
balance (Poulos et al. 2002; Steenburgh 2003). Arctic outbreaks can produce large snow 
accumulations and blizzard conditions over the high plains and Front Range of eastern 
Colorado and New Mexico (Marwitz and Toth 1993; Rasmussen et al. 1995; Poulos et al. 
2002). 

Strong winds, which in some areas are enhanced by coastal and topographic ef-
fects, also occur throughout the region. Severe downslope winds occur along several 
mountain ranges in the Southwest including the Sierra Nevada, Wasatch Mountains, 
and Front Range of Colorado. These events can produce severe aircraft turbulence and 
surface wind gusts that exceed 100 miles per hour (Lilly and Zipser 1972; Clark et al. 
2000; Grubišić et al. 2008). In Southern California, the Santa Ana winds can produce 
extreme wildfire behavior and have played important roles in recent megafires in the 
region (Keeley et al. 2009). 

Floods

Several mechanisms contribute to flooding in the Southwest (Hirschboeck 1988; Mi-
chaud, Hirshboeck, and Winchell 2001). During the winter, heavy precipitation asso-
ciated with landfalling mid-latitude cyclones and concomitant atmospheric rivers can 

Figure 4.5  25-year running mean of reconstructed (thin line) and observed (thick line) 
flows at Lees Ferry, Arizona. �Adapted from Meko et al. (2007) with permission from the American 
Geophysical Union.
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produce widespread flooding in California, Arizona, Nevada, Utah, and New Mexico. 
Because of its proximity to the Pacific Ocean, proclivity for slow moving, multi-day 
storms that tap into moisture from the tropics and subtropics, and high mountains with 
extensive cool-season snow cover, California is especially vulnerable to this type of 
flooding (Ralph et al. 2006; Dettinger 2011; Dettinger, Ralph, Das et al. 2011). 

Climatologists have recently recognized that gigantic cool-season flooding events 
such as the California Flood of 1861–62 (Null and Hubert 2007; Porter et al. 2011) can 
be identified in paleoclimate evidence (such as tree rings and sediment layers), with 
an approximate average recurrence interval of about 300 years. California was sparsely 
populated during the 1861–62 winter, but recent exercises by the emergency response 
community suggest that damages and expenses from such a several-week sequence of 
major storms could today reach $0.5 trillion to $1.0 trillion (Dettinger, Ralph, Hughes et 
al. 2011; Porter et al. 2011).

Flooding can also occur during the spring runoff, especially in years in which the 
snowpack persists into the late spring and is followed by an early summer heat wave or 
rain-on-snow event. Such flooding occurred in Utah during the spring and summer of 
2011 (FEMA 2011). 

Flash floods associated with thunderstorms occur throughout the Southwest, many 
during the months of the North American monsoon (Hirschboeck 1987; Maddox, Cano-
va, and Hoxit 1980). In some instances, moisture associated with the remnants of decay-
ing tropical cyclones from the eastern Pacific contributes to the flooding (Ritchie et al. 
2011). Because of heavy precipitation rates, topographic channeling, and the impervi-
ous nature of the land surface in some urban and desert areas, the flooding produced 
by these thunderstorms can be abrupt and severe. Along the Colorado Front Range, 
extensive complexes of nearly stationary heavy thunderstorms have produced very de-
structive flash floods, including the 1976 Big Thompson Flood that killed more than 125 
people and the 1997 Fort Collins Flood that produced more than $250 million in proper-
ty damage (Maddox et al. 1978; Caracena et al. 1979; Weaver, Gruntfest, and Levy 2000). 
Given the localized nature of the rainfall produced by these thunderstorms, however, 
flooding is rarely severe in larger drainage basins. 

Thunderstorms 

Hazardous weather produced by thunderstorms does occur in the Southwest. Lightning, 
a primary concern for public safety, killed 49 people in the Southwest from 2001–2010, 
including 26 in Colorado (NWS 2012). Lightning also ignites wildfires and contributes 
to the regional wildfire climatology (Swetnam and Betancourt 1998). Although damag-
ing hail is rare in most of the Southwest, the hail intensity in eastern Colorado and New 
Mexico is among the highest in North America (Changnon 1977). In Colorado, the Rocky 
Mountain Insurance Information Association reported $3 billion in hail damage during 
the past 10 years (RMIIA 2012). Strong winds can also accompany thunderstorms and, 
in some instances, generate severe dust storms (Brazel and Nickling 1986), known as 
haboobs in Arizona. The dry, low-level environment commonly found over the South-
west during thunderstorms can contribute to the development of microbursts, localized 
areas of sinking air that generate strong straight-line winds at the surface and are a con-
cern for public safety and aviation. Tornadoes are rare in California, Nevada, Utah, and 
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Arizona, but have been reported in all four states (NCDC 2012). The frequency of days 
with tornadoes is, however, much higher in eastern Colorado and New Mexico, which 
lie on the western edge of “Tornado Alley.” In particular, the frequency of tornado days 
in northeast Colorado is among the highest in the United States (Brooks, Doswell, and 
Kay 2003). 

Temperature extremes

Cold and heat waves occur in the Southwest (Golden et al. 2008; Grotjahn and Faure 
2008; Gershunov, Cayan, and Iacobellis 2009). Much of California and portions of south-
ern Nevada, southwest Utah, southern Arizona, and southern New Mexico experience 
generally mild winters, but are susceptible to hard freezes when the storm track plunges 
far to the south of its average position. Hard freezes damage agricultural crops, orna-
mental plants, and (through frozen pipes) public and household utilities. Hard freezes 
causing in excess of $1 billion in damages and losses in California occurred in December 
1990, December 1997, and January 2006 (NCDC 2011). Although net losses are not as 
great as those in California, early growing-season freezes can also produce agricultural 
damage in interior regions of the Southwest. 

The Southwest also experiences episodes of extended high temperatures that affect 
ecosystems, hydrology, agriculture and livestock, and human comfort, health, and mor-
tality (Gershunov, Cayan, and Iacobellis 2009; see also Chapter 15). For example, a 2006 
California heat wave contributed to more than 140 deaths, 16,000 excess emergency de-
partment visits, and 1,000 excess hospitalizations (Knowlton et al. 2009). Such human 
health impacts are greatly exacerbated by high humidity and high nighttime tempera-
tures (Golden et al. 2008; Gershunov, Cayan, and Iacobellis 2009). (See also the discus-
sions of past and projected extreme climate events in the Southwest in Chapters 5 and 7.)

Air quality

As of August 2011, the Environmental Protection Agency had designated at least one 
county in each Southwest state as being in nonattainment for the National Ambient Air 
Quality Standards for one or more pollutants (Figure 4.6; see also EPA 2012). During the 
cool season, persistent cold-air pools that form in mountain valleys and basins can trap 
emissions (from motor vehicles, wood-burning stoves, industry, etc.) that lead to the 
formation of secondary particulate matter. During multi-day events, elevated particu-
late matter levels can develop in large urban areas (such as Salt Lake City, Utah). Even 
smaller cities in relatively confined valleys (such as Logan, Utah) may experience el-
evated particulate levels from urban and agricultural emissions (Malek et al. 2006; Silva 
et al. 2007; Gillies, Wang, and Booth 2010). 

Elevated wintertime ozone levels have also been reported during intense tempera-
ture inversions in the vicinity of rural natural gas fields (Schnell et al. 2009). In the warm 
season, quiescent weather conditions, high temperatures, and intense solar radiation 
can lead to elevated ozone levels. In portions of coastal California, pollutants are often 
trapped beneath the marine inversion, which is a climatological feature over the east-
ern Pacific Ocean. Emissions from wildfires can also contribute to particulate matter or 
ozone production and wind-blown dust can produce elevated particulate matter levels 
in some areas (Pheleria et al. 2005; Steenburgh, Massey, and Painter 2012). 



Present Weather and Climate: Average Conditions                67

4.4  Climate Variability

The general climate characteristics of the Southwest described in section 4.2 reflect aver-
ages over a period of roughly 30 years. There is, however, considerable variability in the 
climate of the Southwest that occurs from month-to-month (intraseasonal), year-to-year 
(interannual), and decade-to-decade (interdecadal). In portions of the region, especially 
California, Nevada, and Arizona, this variability leads to the largest fluctuations relative 
to the mean in annual precipitation and streamflow in the contiguous United States, 
posing challenges for water-resource management and drought and flood mitigation 
(Dettinger, Ralph, Das et al. 2011).  

Interannual and interdecadal climate variations in the Southwest are demonstrably 
related to fluctuations in Pacific sea-surface temperatures (SST) over periods of years 
to decades, such as the 2- to 7-year ENSO (Dettinger et al. 1998; Higgins and Shi 2001), 
the Pacific Quasi-Decadal Oscillation (QDO) (Tourre et al. 2001; Wang et al. 2009, 2010), 
and the Pacific Decadal Oscillation (PDO) (Mantua et al. 1997; Zhang, Wallace, and Bat-
tisti 1997). The occurrence and transition from long-lasting droughts to periods of above 

Figure  4.6 C ounties 
designated by the 
Environmental Protection 
Agency as nonattainment 
areas for National Ambient 
Air Quality Standards in 
April 2010. �Source: EPA (n.d.).
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normal rainfall have been linked to these very slow changes in the Pacific Ocean (San-
goyomi 1993; Gershunov and Barnett 1998; Brown and Comrie 2004; Zhang and Mann 
2005; Wang et al. 2010). 

The impact of ENSO on precipitation and drought anomalies over western North 
America has been studied extensively. It is now well established that ENSO tends to 
produce the so-called North American dipole, a situation in which relative conditions of 
precipitation and temperature (high vs. low) occur in opposition simultaneously for the 
Pacific Northwest and for the Southern California-Arizona-New Mexico area (Dettinger 
at al. 1998), with marginal influence on conditions for areas in between (Rajagopalan and 
Lall 1998). This yields a tendency for above-average precipitation and temperatures over 
the southern Southwest during El Niño winters and below-average precipitation during 
La Niña winters. Despite these shifts relative to average, extreme episodic precipitation 
events can occur in either El Niño and La Niña winters (Feldl and Roe 2010, 2011). 

Intraseasonal (that is, time scales beyond a few days and shorter than a season) varia-
tions in precipitation have been examined for the summer North American monsoon 
and winter season precipitation (Mo 1999, 2000; Higgins and Shi 2001; Mo and Nogues-
Paegle 2005; Becker, Berbery, and Higgins 2011). Over California during winter, these 
variations have been linked to the Madden-Julian Oscillation (MJO), an atmospheric 
phenomenon that contributes to cyclical outbreaks of convection near the equator that in 
turn affect atmospheric circulations over the midlatitude Pacific Ocean (Mo 1999; Beck-
er, Berbery, and Higgins 2011; Guan et al. 2012).   
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Executive Summary

This chapter assesses weather and climate variability and trends in the Southwest, using 
observed climate and paleoclimate records. It analyzes the last 100 years of climate vari-
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climate conditions to river flow variability in four of the region’s major drainage basins. 
The chapter closes with an assessment of the monitoring and scientific research needed 
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are attributable to human-caused climate change.
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•	 The decade 2001–2010 was the warmest and the fourth driest in the Southwest of 
all decades from 1901 to 2010. (high confidence)

•	 Average annual temperature increased 1.6°F (+/- 0.5°F) over the Southwest 
during 1901–2010, while annual precipitation experienced little change. (high 
confidence)

•	 Fewer cold waves and more heat waves occurred over the Southwest during 
2001–2010 compared to their average occurrences in the twentieth century. (high 
confidence)

•	 The growing season for the Southwest increased about 7% (seventeen days) dur-
ing 2001–2010 compared to the average season length for the twentieth century. 
(high confidence)

•	 The frequency of extreme daily precipitation events over the Southwest dur-
ing 2001–2010 showed little change compared to the twentieth-century average. 
(medium-high confidence)

•	 The areal extent of drought over the Southwest during 2001–2010 was the second 
largest observed for any decade from 1901 to 2010. (medium-high confidence)

•	 Streamflow totals in the four major drainage basins of the Southwest were 5% to 
37% lower during 2001–2010 than their average flows in the twentieth century. 
(medium-high confidence)

•	 Streamflow and snowmelt in many snowmelt-fed streams of the Southwest 
trended towards earlier arrivals from 1950–1999, and climate science has attrib-
uted up to 60% of these trends to the influence of increasing greenhouse gas 
concentrations in the atmosphere. (high confidence)

•	 Streamflow and snowmelt in many of those same streams continued these ear-
lier arrivals during 2001–2010, likely in response to warm temperatures. (high 
confidence)

•	 The period since 1950 has been warmer in the Southwest than any comparable 
period in at least 600 years, based on paleoclimatic reconstructions of past tem-
peratures. (medium-high confidence)

•	 The most severe and sustained droughts during 1901–2010 were exceeded in 
severity and duration by several drought events in the preceding 2,000 years, 
based on paleoclimatic reconstructions of past droughts. (high confidence)

5.1 I ntroduction

Wallace Stegner (1987) expressed a sentiment held by many familiar with the Southwest: 
“If there is such a thing as being conditioned by climate and geography, and I think 
there is, it is the West that has conditioned me.”

As the twenty-first century unfolds, two principal concerns make it important to take 
stock of the region’s climate. One concern is that the annual demand for water in the 
Southwest—especially from the Colorado River, which supplies water to each of the 
region’s states—has risen to an amount that nearly matches the natural annual flow in 
the Colorado River. With only a small margin between supply and demand—both of 
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which are sensitive to climate variability and change—the importance of reservoirs in 
the Colorado River Basin increases (Barnett and Pierce 2008, 2009; Rajagopalan et al. 
2009). Droughts, whose periodic occurrences in the Southwest have tested the resilience 
of the region’s indigenous populations (Liverman and Merideth 2002), have increas-
ingly significant effects. In particular, excess (unconsumed) water supply capacity has 
been diminishing, virtually vanishing, as was especially evident during the region’s 
drought that began in 2000 (Fulp 2005). The second concern is the expectation, based on 
a growing body of scientific evidence, that climate change in the Southwest will most 
likely reduce water resources, including a decline in the annual flow of the Colorado 
River (Milly, Dunne, and Vecchia 2005; Christensen and Lettenmaier 2007; McCabe and 
Wolock 2008; see also the discussion of the effects of climate change on the water sup-
plies of the Southwest in Chapter 10.)

This chapter reviews the nature of weather and climate variability in the Southwest-
ern United States based on recorded observations and measurements that span the last 
century. The chapter links how changing climate conditions affect the variability of river 
flows specifically in four of the region’s major drainage basins: Sacramento-San Joa-
quin, Humboldt (in the Great Basin), Upper Colorado, and Rio Grande. To place current 
climatic conditions in a longer-term context, the chapter looks at the indirect evidence 
(paleoclimatic reconstruction, as from tree rings, pollen, sediment layers, and so on) of 
climatic conditions over the last thousand years, showing the variations that occurred 
before humans substantially increased emissions of greenhouse gases. The chapter con-
cludes by appraising the data gaps and needs for monitoring the evolving climate and 
hydrological conditions in the Southwest. 

5.2  Climate of the First Decade of the Twenty-first Century

“Exceptionally warm” aptly describes temperatures in the Southwest during the first de-
cade of the twenty-first century. Annual temperatures for 2001–2010 were warmer than 
during any prior decade of the twentieth century, both for the Southwest as a whole 
and for each state in the region (Table 5.1).i Annual averaged temperatures for 2001
–2010 were 1.4°F (0.8°C) warmer than the 1901–2000 average. The intensity of warming 
is related to changes in temperatures at particular times of the day and in particular 
seasons. For example, greater warming has occurred due to increases in daily minimum 
temperatures than to increases in daily maximum temperatures, though the reasons for 
this difference are not well-known and may be related to local effects and to adjustments 
applied to station data (as discussed further below; see also Fall et al. 2011). The key fea-
tures of a warming Southwest appear robustly across various data sets and methods of 
analysis, as shown further in Appendix Table A5.1.

With respect to the seasons, when looking at average seasonal temperatures for the 
period 2001–2010 versus those for the twentieth century, greater warming (i.e., larger 
differences) occurred during the spring and summer than occurred during the other sea-
sons, especially winter. Based on results of a rigorous detection and attribution study, 
the recent rapid increase in late winter/early spring minimum temperatures are very un-
likely due to natural variability alone, but are consistent with a regional sensitivity to 
increased greenhouse gases and aerosols (Bonfils et al. 2008). During winter, maximum 
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Table 5.1 C omparison of Southwest annual and seasonal surface temperatures  
               averaged for 2001–2010

Average Temperature

1901–2000 6-State Avg. 2001–2010 Decadal

Season Mean  
oF (oC)

Std.Dev. 
oF (oC)

Mean  
oF (oC)

Anom  
oF (oC) Rank AZ CA CO NV NM UT

DJF 35.1 (1.7) 0.7 (0.4) 36 (2.2) +0.9 (0.5) 2 3 2 3 2 3 2

MAM 50.0 (10.0) 0.9 (0.5) 51.8 (11) +1.8 (1.0) 1 1 1 1 1 1 1

JJA 70.0 (21.1) 0.9 (0.5) 72 (22.2) +2.0 (1.1) 1 1 1 1 1 1 1

SON 53.2 (11.8) 0.7 (0.4) 54.7 (12.6) +1.4 (0.8) 1 1 1 1 1 1 1

Annual 52.2 (11.2) 0.7 (0.4) 53.6 (12) +1.4 (0.8) 1 1 1 1 1 1 1

Maximum Temperature

1901–2000 6-State Avg. 2001–2010 Decadal

Season Mean  
oF (oC)

Std.Dev. 
oF (oC)

Mean  
oF (oC)

Anom  
oF (oC) Rank AZ CA CO NV NM UT

DJF 47.7 (8.7) 0.7 (0.4) 47.8 (8.8) +0.2 (0.1) 5 4 3 8 6 3 4

MAM 64.6 (18.1) 0.9 (0.5) 66.2 (19) +1.6 (0.9) 1 1 2 1 2 1 1

JJA 86.0 (30.0) 0.7 (0.4) 87.4 (30.8) +1.4 (0.8) 1 1 1 2 1 2 1

SON 68.2 (20.1) 0.7 (0.4) 68.9 (20.5) +0.7 (0.4) 3 2 3 5 3 2 4

Annual 66.6 (19.2) 0.7 (0.4) 67.6 (19.8) +1.1 (0.6) 1 1 1 2 1 1 1

MINIMUM Temperature

1901–2000 6-State Avg. 2001–2010 Decadal

Season Mean  
oF (oC)

Std.Dev. 
oF (oC)

Mean  
oF (oC)

Anom  
oF (oC) Rank AZ CA CO NV NM UT

DJF 22.5 (-5.3) 0.9 (0.5) 24.1 (-4.4) +1.6 (0.9) 2 2 2 2 1 2 2

MAM 35.6 (2.0) 0.9 (0.5) 37.4 (3.0) +1.8 (1.0) 1 1 2 1 1 1 1

JJA 54.1 (12.3) 0.9 (0.5) 56.5 (13.6) +2.3 (1.3) 1 1 1 1 1 1 1

SON 38.3 (3.5) 0.9 (0.5) 40.6 (4.8) +2.3 (1.3) 1 1 1 1 1 1 1

Annual 37.6 (3.1) 0.9 (0.5) 39.7 (4.3) +2.2 (1.2) 1 1 1 1 1 1 1

Note: Comparison of annual and seasonal surface temperatures for the six Southwestern states, averaged for  
           2001–2010 versus 1901–2000, and a ranking of the 2001–2010 decadal averages relative to the ten individual  
          decades of the twentieth century. Results shown for daily averaged, maximum, and minimum temperatures. 
Source: PRISM monthly gridded analysis for 1901–2010 (PRISM Climate Group, Oregon State University,  
              http://prism.oregonstate.edu).
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temperature changes have been muted, being only 0.2°F (0.1°C) above the twentieth-
century average for the Southwest. These data further indicate that the winter maximum 
temperatures for 2001–2010 averaged over Colorado were actually colder than during 
the majority of decades in the twentieth century.

“Unusually dry” best describes Southwest moisture conditions during the first de-
cade of the twenty-first century (Table 5.2). Annual precipitation, averaged across the 
entire Southwest, ranked 2001–2010 the fourth driest of all decades since 1901, a condi-
tion that is found to be robust across various data sets (see Appendix Table A5.2). The 
departure of -0.59 inches (-15 mm) represents a reduction of 4% of the twentieth-century 
average annual total. Much of the deficit was accumulated in the early half of the decade 
in association with one of the most severe droughts on (instrumental) record (Hoerling 
and Kumar 2003; Pielke et al. 2005). It is likely that most of recent dryness over the South-
west is associated with a natural, decadal coolness in tropical Pacific sea-surface temper-
atures, and is mostly unrelated to influences of increased greenhouse gases and aerosols 
(Hoerling, Eischeid, and Perlwitz 2010). The strongest percentage declines occurred dur-
ing spring and summer, which were 11% and 8% below normal,ii respectively. The win-
ter season, when the bulk of the region’s precipitation is delivered, actually experienced 
a small increase relative to twentieth-century averages. Precipitation conditions during 
2001–2010 varied considerably among the six Southwestern states, with Arizona experi-
encing its driest decade since 1901 and Utah experiencing one of its wetter decades. 

Table 5.2 C omparison of Southwest annual and seasonal precipitation totals  
               averaged for 2001–2010

Precipitation

1901–2000 6-State Avg. 2001–2010 Decadal

Season
Mean 
inches 
(mm)

Std.Dev.
inches 
(mm)

Mean 
inches 
(mm)

Anom 
inches 
(mm)

Rank AZ CA CO NV NM UT

DJF 5.1 (129.3) 0.38 (9.6) 5.2 (133.3) +0.16 (4.0) 5 7 5 2 4 2 3

MAM 3.8 (96.6) 0.32 (8.2) 3.4 (86.8) -0.39 (9.8) 10 11 9 10 5 7 9

JJA 3.3 (83.4) 0.26 (6.7) 3.0 (77.1) -0.25 (6.3) 9 10 9 7 10 6 9

SON 3.4 (85.3) 0.39 (9.9) 3.2 (82.3) -0.12 (3.0) 6 11 7 3 5 7 3

Annual 15.5 (394.6) 0.8 (20.2) 15.0 (381.0) -0.60 (15.1) 8 11 7 6 5 5 3

Note: Comparison of annual and seasonal precipitation totals for the six Southwestern states, averaged for 2001– 
           2010 versus 1901–2000, and a ranking of the 2001–2010 decadal averages relative to the ten individual   
           decades of the twentieth century.
Source: PRISM monthly gridded analysis for 1901–2010 (PRISM Climate Group, Oregon State University,  
              http://prism.oregonstate.edu).
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5.3  Climate Trends for 1901–2010 

The trend in surface temperature during 1901–2010 was upward over all of the stations 
in the Southwest that have long-term climate records (Figure 5.1, upper panel). Average 
annual temperature increased 1.6°F (0.9°C) over the Southwest during 1901–2010, with a 
range of magnitudes from 1.4°F to 2.0°F (+0.8°C to +1.1°C) based on analyses conducted 
with other data sets (see Appendix). The 95% confidence interval for the linear trend is 
+/- 0.5°F (0.3°C).

The linear warming trend continued in the first decade of the twenty-first century, 
the warmest over the region during the 110-year period of record (see Table 5.1). In-
creases have been more than 1.8°F (1°C) in many parts of the Southwest over the last 110 
years, with isolated 3.6°F (2°C) increases occurring in southwestern portions of the re-
gion. Both daytime high temperatures (Figure 5.1, second panel) and nighttime low tem-
peratures (Figure 5.1, third panel) have exhibited widespread warming trends. In this 
data set, which has been homogenized, minimum temperatures are found to increase at 
about the same rate as the maximum temperatures for the Southwest as a whole, though 
there is considerable variability from one station to another. Note that the trends in un-
adjusted raw data show somewhat higher minimum temperatures (Figure A5.1). 

In light of the warming over the Southwest in all seasons, it is not surprising that the 
growing season duration has increased over the last century. Figure 5.2 shows the grow-
ing season departures for each year during 1901–2010, based on a 32°F (0°C) threshold, 
for some sixty Southwest stations that form part of the National Weather Service Coop-
erative Observing Network (COOP) (see Kunkel et al. 2004). The average growing sea-
son over the Southwest during 2001–2010 was seventeen days longer (about 7% longer) 
than the twentieth-century average and one month longer than that of the first decade of 
the twentieth century.iii 

The trend in annual precipitation during 1901–2010 (expressed as percent of annual 
precipitation climatology) is shown for individual stations in Figure 5.1 (bottom panel). 
Plotted atop the regional map of precipitation trend are outlines of four major drain-
age basins in the Southwest (clockwise from upper left: Sacramento-San Joaquin, Great 
Basin, Upper Colorado, and the Rio Grande). A summary of the climate conditions and 
river runoff characteristics for these hydrologic regions will be subsequently provided. 

Although the decade 2001–2010 has been relatively dry for the Southwest as a whole 
(Table 5.1), the trend in annual precipitation computed for the entire 1901–2010 period 
reveals little change over the 110-year period (Figure 5.1, bottom panel). Some signifi-
cant local trends (filled colored circles) can be discerned, however, including wet trends 
at select stations in the Great Basin. It should be noted that the bulk of the region’s pre-
cipitation falls at high elevations, areas not well observed. Although water supplies for 
the region’s major drainage basins are especially dependent on the precipitation falling 
in these remote areas, the long-term trends in such resources are not well known. 

5.4 E xtreme Weather Variability During 1901–2010 

Further indicators of a warming Southwest climate are provided by indices for oc-
currences of cold waves and heat waves, shown in Figure 5.3. Cold waves (defined as 
four-day periods colder than the threshold of a one-in-five-year frequency) have been 
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Figure 5.1 T rends in temperature and precipitation, 1901–2010. �Shown in the first three (upper) 
panels are the pattern and intensity of 110-year trends in the Southwest in annually averaged daily 
temperature (TAVG), and daily maximum temperature (TMAX) and daily minimum temperature (TMIN), 
respectively, as estimated from station data for which there are at least 90 years of available data during 
the period. The magnitude of trends is indicated by a station circle’s size, with warming (cooling) trends 
denoted by red (blue) shades. Bottom panel shows trend in annual averaged precipitation for 1901-
2010, showing data for individual stations plotted with outlines of four major basins in the Southwest 
(Sacramento-San Joaquin, Great Basin, Upper Colorado, and Rio Grande). Units are the total change 
expressed as percent of annual climatology, and positive (negative) trends are shown in green (orange). 
Larger circle sizes denote greater magnitude trends. Filled stations denote statistically significant trends 
at 95% confidence based on a parametric t-statistic. Stations with temperature (precipitation) changes 
less than 0.5°C (5%) are denoted with a + symbol. The figure uses so-called “homogenized” data, in 
which adjustments to remove artificial temperature changes at a station are made by using the method 
of pairwise difference comparisons between monthly temperatures from a network of reporting 
stations. The trends calculated from the raw data that preserve various inhomogeneities in the original 
time series are provided in Appendix Figure A5.1. Results from both the raw and the homogenized data 
show substantial warming. Source: Menne and Williams (2009).
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especially rare since about 1990, while the frequency of heat waves (defined similarly to 
cold waves) increased.iv Heat-wave frequency during 2001–2010, however, is not appre-
ciably different from that occurring during the 1930s. Both periods were characterized 
by drought, and the feedback from dry soils and clear skies likely enhanced the severity 
of summertime heat during both decades. The increase in heat waves in tandem with 
a decrease in cold waves is consistent with other research findings that showed an in-
crease in record high maximum temperatures relative to record low minimum tempera-
tures over the entire United States since 1950 (Meehl et al. 2009). 

COOP station data have also been used to derive an extreme precipitation index 
(Kunkel et al. 2003); Figure 5.4 shows an index time series of five-day rainfall extremes 
(events wetter than a threshold for a one-in-five year-frequency). There is no discernible 
trend in this statistic of heavy precipitation events, with the time series characterized 
by appreciable decadal variability. Nor is there evidence for trends in precipitation ex-
tremes using other indices such as for extreme daily precipitation totals (not shown). 
Bonnin, Maitaria, and Yekta (2011) diagnosed trends in rainfall exceedences (exceeding 
precipitation thresholds over multiple timescales as defined in the NOAA Atlas 14) for 
the semiarid Southwest encompassing much of our six-state region but excluding Colo-
rado and central and Northern California. For their 1908−2007 period of analysis, they 
found negative trends in rainfall exceedences for the semi-arid Southwest for all multi-
day durations, though only the one-day duration negative trends were statistically 

Figure 5.2  Growing season anomalies for 1900 to 2010. �Departure from the normal number 
of days in the growing season are shown as number of days per year. Length of the growing season 
is defined as the period between the last freeze in spring and the first freeze in the subsequent fall. 
Source: NOAA National Climatic Data Center for the Cooperative Observer Network (http://www.ncdc.
noaa.gov/land-based-station-data/cooperative-observer-network-coop).
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significant. This means that in recent years there were fewer events exceeding high pre-
cipitation thresholds for multi-day episodes than during earlier in the period of analysis. 
The Southwest is thus unlike some other areas of the United States, such as the Great 
Lakes and Ohio Valley regions, where significant upward trends in very heavy daily 
precipitation (during 1908–2000) have been noted (Groisman et al. 2004).

5.5  Summertime Drought During 1901–2010

To quantify variability in drought across the region, the Palmer Drought Severity Index 
(PDSI) was used, based on data from the NOAA National Climate Data Center (NCDC). 
The PDSI is a widely used indicator of dryness, representing the balance of water inputs 

Figure 5.3 O ccurrence of 
cold waves and heat waves, 
1901–2010. �Cold waves (top) are 
defined as four-day periods that are 
colder than the threshold of a one-
in-five-year occurrence; heat waves 
(bottom) are four-day periods 
warmer than the same threshold. 
The thresholds are computed 
for the entire 1901–2010 period. 
Source: NOAA National Climatic 
Data Center for the Cooperative 
Observer Network (http://www.
ncdc.noaa.gov/land-based-station-
data/cooperative-observer-network-
coop).
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to the soil (based on observed monthly precipitation) and water losses from the soil 
(based on observed monthly temperature). This soil-moisture balance calculation incor-
porates the water-holding ability of soil, and thus PDSI for a given month or season 
actually reflects the previous nine to twelve months of weather conditions (Palmer 1965; 
Alley 1984). Thus, while summer PDSI captures moisture anomalies that peak during 
three months of summer, it also incorporates conditions from the previous fall, win-
ter, and spring. For this assessment, the divisional monthly data were averaged by area 
across the six Southwest states, then summer (June, July, August) PDSI was averaged to 
represent drought conditions during the height of the growing season.

Figure 5.5 shows variations in the areal extent of droughtv in the Southwest from 
1901 to 2010. Over that period, there is a trend towards increasing drought extent, in 
large part due to widespread drought during the 2001–2010 decade, which had the 
second-largest area affected by drought (after 1951–1960) and the most severe average 
drought conditions (average summer PDSI = -1.3) of any decade. The severity of drought 
in 2001–2010 reflects both the decade’s low precipitation and high temperatures, since 
both affect the surface water balance that enter into the calculation of PDSI (see Table 
5.2). An analysis of PDSI trends over the globe by Dai (2011) indicates that the warmer 
temperatures across the Southwest in recent decades are at least partly responsible for 
the increasing drought coverage. Widespread and severe drought also occurred in the 
Southwest from 1950 to 1956, whereas the Dust Bowl conditions of the 1930s (though 
having a severe impact on the eastern portions of the region and the rest of the Great 
Plains) did not extend significantly into the Southwest except in 1934.

Figure 5.4 O ccurrence of extreme precipitation events, 1900–2010. �Extreme precipitation 
events are defined as five-day totals that are wetter than the threshold of a one-in-five-year occurrence. 
Source: NOAA National Climatic Data Center for the Cooperative Observer Network (http://www.ncdc.
noaa.gov/land-based-station-data/cooperative-observer-network-coop).
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PDSI is a useful indicator of local-to-regional meteorological drought (low precipita-
tion) and agricultural drought (low soil moisture). It is less useful for indicating hydro-
logic drought (low water supply), especially if the PDSI measurements do not adequately 
capture the specific locations where the water supply for a given area originates—often 
in mountain headwaters remote from the point of use. Also, while PDSI can be closely 
correlated with annual streamflow in basins where runoff is mainly from the melting 
of the winter snowpack, this is not the case in basins where streamflow mainly derives 
from infrequent large rainfall events or from groundwater discharge. The most consis-
tently useful indicator of hydrologic drought across the Southwest is streamflow itself, 
which is the subject of the next section. 

5.6 H ydroclimatic Variability During 1901–2010

The water resources of the Southwest, and especially its rivers, reflect variations of pre-
cipitation, evaporation, and transpiration (the uptake of water by plants) over the re-
gion, with evaporation and transpiration strongly modulated by temperature. They also 
reflect human interventions into the hydrologic system—dams, diversions, and water 
uses such as irrigation. The climatic conditions of the 2001–2010 period described pre-
viously thus resulted in significant deviations of the flows of rivers in the region from 
twentieth-century norms. Here we will focus on naturalized or near-natural flows in 
four major hydrologic basins—the Sacramento-San Joaquin system, central Great Ba-
sin (represented by the Humboldt River at Palisade), Upper Colorado River, and Rio 
Grande (see Figure 5.1, bottom panel)—to represent recent hydrologic variations. Natu-
ralized flows are best estimates of the total streamflow that would have reached the 

Figure 5.5  Areal coverage of drought in the Southwest United States, 1900–2010. �Data is 
for drought during summer (June through August). Graph based on the Palmer Drought Severity Index 
(PDSI) and monthly data from the NOAA National Climatic Data Center for 1901–2010.
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outlet of the river system in the absence of human actions and are based on historic 
measured flows, corrected for human influences including diversions and other uses. 

As noted earlier, the 2001–2010 period was unusually warm in the Southwest, with 
many areas also drier than normal (Table 5.2). The four river systems analyzed here all 
responded to those climatic conditions with lower-than-normal measured flows (and, 
where available, lower-than-normal naturalized flows) (Table 5.3). Naturalized flows in 
the Sacramento-San Joaquin Rivers system reflected drier than normal conditions, with 
a 2001–2010 average daily flow of 6.8 million acre-feet/year compared to the 1931–2000 
average flow of 10.8 million acre-feet/year. This 37% overall deficit ranked 2001–2010 as 
the lowest-flow decade since 1931 in the Sacramento-San Joaquin system. Flows in the 
Humboldt River at Palisade during 2001–2010 averaged 134,000 acre-feet/year during 
the 2001–2010 period, or 5% below the 141,000 acre-feet/year average of the 1921–2000 
period, ranking that decade as the sixth driest in nine decades of record. Warm tem-
peratures and dry conditions reduced average naturalized flows in the Colorado River 
(measured at Lees Ferry) to 12.6 million acre-feet/year, compared to the 1901–2000 av-
erage of 15.0 million acre-feet/year (Cayan et al. 2010). This 16% decadal deficit (Table 
5.3) made 2001–2010 the second-lowest-flow decade at Lees Ferry (among eleven) since 
1901. Observed flows for 2001–2010 in the Rio Grande at El Paso (where the river leaves 
the Southwest region) were about 23% lower than the period from 1941 to 2000, even 
though overall precipitation in the basin was 3% above normal. 

Overall, then, the 2001–2010 climatic conditions contributed to unusually low annual 
flows in major drainage systems across the Southwest (Table 5.3). The low flows resulted 
from less precipitation, warm temperatures, and, to some extent, water-management 
impacts that have not been completely accounted for in the naturalized records. The 
influences of these various factors are known to differ from basin to basin. The extent to 
which the warmth and dryness of the decade might be attributable to greenhouse-gas-
fueled climate change is not currently known, as no formal detection-and-attribution 
study has been conducted for temperature, precipitation, or runoff of this most recent 
decade, nor for individual basins. Generally, though, these lower flows for the decade 
are beyond what would be expected from the reduced precipitation; they could be 
symptomatic of the Southwest hydroclimates that are projected for the latter decades 
of this century under scenarios of continued warming (Cayan et al. 2010). Annual peak 
streamflow rates declined from 1901 to 2008 in the interior Southwest, the only region in 
the continental U.S. that has experienced a regional-scale significant decline (Hirsch and 
Rhyberg 2011).

Various other hydrologic changes in the Southwest symptomatic of a warmer cli-
mate occurred between 1950 and 1999 (Barnett et al. 2008). These include declines in the 
late-winter snowpack in the northern Sierra Nevada (Roos 1991), trends toward earlier 
snowmelt runoff in California and across the West (Dettinger and Cayan 1995; Stewart, 
Cayan, and Dettinger 2005), earlier spring onset in the western United States as indicat-
ed by changes in the timing of plant blooms and spring snowmelt-runoff pulses (Cayan 
et al. 2001), declines in mountain snowpack over Western North America (Mote et al. 
2005), general shifts in western hydroclimatic seasons (Regonda et al. 2005), and trends 
toward more precipitation falling as rain instead of snow over the West (Knowles, Det-
tinger, and Cayan 2006).



86	 assessment of climate change in the southwest united states

These various indicators have recently been studied in an integrated program of hy-
droclimatic trends assessment for the period 1950–1999. The research findings for a re-
gion of the Western United Statesvi demonstrated that during this period human-induced 
greenhouse gases began to impact: (a) wintertime minimum temperatures (Bonfils et al. 
2008); (b) April 1 snowpack water content as a fraction of total precipitation (Pierce et al. 
2008); (c) snow-fed streamflow timing (Hidalgo et al. 2009), and (d) a combination of (a), 
(b), and (c) (Barnett et al. 2008). These evaluations also indicated, with high levels of sta-
tistical confidence, that as much as 60% of the climate-related trends in these indicators 
were human-induced and that the changes—all of which reflect temperature influences 
more than precipitation effects—first rose to levels that allowed confident detection in 
the mid-1980s.

Analyses of differences between the average ratios of rain-to-snow in precipitation, 
snowpack water contents, and snowmelt-fed streamflow-timing indicators in the 2001–
2010 period and available twentieth-century baselines indicate that the anomalous con-
ditions in these indicators seen at the end of the twentieth century (Barnett et al. 2008) 
have persisted through the first decade of the present century. Differences between the 
averages of the central date of water-year hydrographs in snowmelt-fed rivers (i.e., the 
date when half of the annual streamflow has occurred) in the 2001–2010 period com-
pared to twentieth-century baselines at 130 stream gauges across the Western states are 
shown in Figure 5.6, which corroborates recent findings of Fritze, Stewart, and Pebesma 
(2011). The pattern that has emerged (see Figure 5.6) is that snow-fed streamflows ar-
rived five to twenty days earlier in the recent decade compared to twentieth-century 

Table 5.3 D ifferences between 2001–2010 and twentieth-century averages of  
               basin-mean precipitation, average temperature, and streamflow for   
               four major hydrologic basins in the Southwest

River Basin Periods Compared
Precipitation 
Difference

Temperature 
Difference

Streamflow 
Difference

Colorado River at Lees Ferry 
(naturalized) 2001–2010 vs 1901–2000 -4% +0.7°C -16%

Sacramento-San Joaquin Rivers 
(naturalized) 2001–2010 vs 1931–2000 -7% +0.7°C -37%

Humboldt River at Palisade, NV 2001–2010 vs 1921–2000 -3% +0.7°C -5%

Rio Grande at El Paso 2001–2010 vs 1941–2000 +3% +0.6°C -23%

Note: Different baselines reflect different periods of streamflow record.
Source: PRISM monthly gridded analysis for 1901–2010 (PRISM Climate Group, Oregon State University,  
              http://prism.oregonstate.edu).
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averages across broad areas of the West. These most recent changes in snowmelt timing 
cannot yet be formally attributed to climate change because the necessary formal detec-
tion-and-attribution studies have not been extended to the most recent decade. 

Indeed, we must consider how temperature and precipitation have naturally var-
ied over the region, since an important change in an apparently natural climate pattern 
bracketed the 2001–2010 period. There was a decisive switch from the negative to the 
positive PDO phase (more El Niño-like conditions) in the mid-1970s that may have fa-
vored subsequent wet and warm conditions in parts of the Southwest in the 1980s and 
1990s (Gershunov and Barnett 1998). Yet, there was a transition back to negative PDO 
(more La Niña-like) conditions just prior to the turn of the century, which in turn might 

Figure 5.6 C hanging streamflow 
timing 2001–2010 compared to 
1950–2000. �Differences between 
2001–2010 and 1950–2000 average 
date when half of the annual 
streamflow has been discharged 
(center of mass) for snowmelt-
dominated streams (Stewart, Cayan 
and Dettinger 2005).
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have favored a drier and cooler Southwest in 2001–2010 (Ropelewski and Halpert 1986; 
Yarnal and Diaz 1986; Redmond and Koch 1991; Kahya and Dracup 1993). These inter-
annual and decadal variations in oceanic conditions to which Southwest precipitation, 
snowpack, and hydrology are quite sensitive are mainly the result of the natural vari-
ability in the climate system (see also Hoerling, Eischeid, and Perlwitz 2010). These natu-
ral variations could readily explain the dryness of the past decade, but its exceptional 
warmth would seem, for now, to run counter to the temperature changes that might be 
expected from the natural variations alone.

Thus far, the temperature-driven changes in snowpack volumes and streamflow 
timing in the Southwest have not risen to levels that have disrupted water supplies; 
however, continuation of such trends—to be expected if recent warming in the region 
continues or accelerates—would eventually challenge water-resource systems that have 
historically relied on the (now) delicate pairing of manmade structures for storage of 
runoff with seasonal storage of water in natural snowpacks to meet warm-season water 
demands (Rajagopalan et al. 2009). 

5.7  Paleoclimate of the Southwest United States

Since the relatively brief instrumental climate records in the Southwest (covering about 
100 years) are unlikely to capture the full range of natural hydroclimatic variability, en-
vironmental proxies are used to reconstruct the pre-instrumental climate, or paleoclimate. 
The most broadly useful proxies for reconstructing the past one-to-two millennia of cli-
mate in the Southwest are tree rings, which can record either temperature or moisture 
variability, depending on the species, elevation, and location. Many other proxies—ice 
cores, glacier size and movement, sand dunes, lake sediments, cave speleothems (e.g., 
stalactites)—provide information that complements the tree-ring data. We assess here 
the evidence of past Southwest hydroclimate from these paleorecords.

Paleotemperature

There are far fewer high-resolution paleotemperature records for the past 1,000 to 2,000 
years for the Southwest than paleodrought records (described below). But there are suf-
ficient data, mainly from tree rings, to broadly describe the long-term variability in re-
gional temperature, and place the observed temperatures in the Southwest since 1900 
into a much longer context (Figure 5.7).

All paleotemperature records for the region indicate that the modern period (since 
about 1950) has been warmer than at any time in the past 600 years. Most of these re-
cords agree that the modern period was also warmer than the Medieval Climate Anom-
aly (MCA, a period of warm climate in the Northern Hemisphere from ca. AD 900–1350) 
or any other period in the past 2,000 years (Salzer and Kipfmueller 2005; Ababneh 2008; 
Salzer et al. 2009). Results of global climate model (GCM) experiments using estimates of 
past solar variability and volcanic activity also suggest that recent warmth in the South-
west exceeds MCA conditions (Stevens, González-Rouco, and Beltrami 2008; Wood-
house et al. 2010). However, other studies point to warmer conditions in the Southwest 
during some (Graumlich 1993) or all (Millar et al. 2006) of the MCA compared to the 
past fifty years. 
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Regardless of how warm the MCA was, it is clear that the reconstructed warmest 
periods during the MCA were associated with widespread severe drought in the South-
west (MacDonald et al. 2008; Woodhouse et al. 2010; Woodhouse, Pederson, and Gray 
2011), as indicated by the paleodrought records described below. More generally, the 
paleorecord indicates that warmer periods of the past 2,000 years have often been associ-
ated with increased aridity (Woodhouse, Pederson, and Gray 2011). 

Paleodrought

The Southwest contains one of the greatest concentrations in the world of yearly paleo-
drought records, in the form of hundreds of highly moisture-sensitive tree-ring records. 
These site-level tree-ring data have been calibrated with observed records at regional to 
sub-regional scales to reconstruct summer and winter PDSI (see Figure 5.8; Woodhouse 

Figure 5.7  Proxy and modeled data for the past 2000 years. �(A) Solar variability (solar irradiance) 
shown in watts per square meter (Bard et al. 2000), (B) Multi-proxy reconstructions of Northern 
Hemisphere temperatures, two estimates (Mann et al. 2008), (C) ECHO-G GCM simulations of 
temperatures for the U.S. Southwest-Intermountain region (Stevens, Gonzalez-Ruico and Beltrani 
2008), (D) Temperature reconstruction for the Colorado Plateau from tree rings (Salzer and Kipfmueller 
2005). The lighter shading indicates the period of the Medieval Climate Anomaly and the darker shading 
indicates the mid-12th century megadrought in the Colorado River Basin. Adapted from Woodhouse et 
al. (2010).
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and Brown 2001; Cook et al. 2004; Cook et al. 2009; MacDonald 2007; MacDonald and 
Tingstad 2007), seasonal and annual precipitation (Grissino-Mayer 1996; Ni et al. 2002; 
Touchan et al. 2010), April 1 snow-water equivalent (Woodhouse 2003; Tingstad and 
MacDonald 2010; Pederson et al. 2011), as well as annual streamflow in many basins 
(see below). All of these reconstructions extend back at least 350 years, and some up to 
2,200 years. The annual paleodrought information from tree rings is complemented by 
coarser-resolution information derived from oxygen isotopes in lake sediments (Benson 
1999; Anderson 2011), renewed movement of sand-dune fields (Muhs et al. 1997), low 
stands of lakes (Stine 1994), and speleothems (Asmerom et al. 2007). 

Collectively, these paleodrought records for the Southwest provide unequivocal evi-
dence that the most severe multi-year droughts observed during the past 110 years in the 
Southwest, such as in the 1950s and the early 2000s, were exceeded in severity and dura-
tion multiple times by droughts during the preceding 2,000 years. The most severe and 
sustained paleodroughts (sometimes called “megadroughts”) occurred during the MCA 
from AD 900–1350, were associated with high temperatures in the Southwest, and were 

Figure 5.8  History of drought in the West. �Percent area affected by drought (PDSI <–1) across 
the western United States, as reconstructed from tree-ring data. Modified from Cook et al. (2004), 
reprinted with permission from the American Association for the Advancement of Science.
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likely caused by persistently cool La Niña-like conditions in the tropical Pacific Ocean 
(MacDonald 2007; MacDonald et al. 2008; Seager et al. 2008). Severe paleodroughts also 
occurred during other times, most prominently the late 1500s megadrought (Stahle et al. 
2000) and the early second-century drought (Routson, Woodhouse, and Overpeck 2011). 
The Southwest paleorecords also clearly indicate that overall the twentieth century ex-
perienced less drought than most of the preceding four to twenty centuries (Barnett and 
Pierce 2009). The reconstructed Drought Area Index (DAI) for the Western United States 
since AD 800 (Cook et al 2004; Figure 5.8) nicely illustrates the conclusions drawn from 
the broader set of paleodrought records.vi

Paleostreamflow

Information recorded in the growth rings of moisture-sensitive trees has been used to 
reconstruct annual streamflows in three of the four major Southwest river basins de-
scribed in section 5.6: the Sacramento-San Joaquin (since AD 901; Meko 2001; Meko and 
Woodhouse 2005; MacDonald, Kremenetski, and Hidalgo 2008), the Colorado (since AD 
762; Meko et al. 2007; MacDonald, Kremenetski, and Hidalgo 2008), and the Rio Grande 
(since AD 1450; Meko 2008). As with the other records of paleodrought, all of these 
streamflow reconstructions indicate periods of hydrologic drought prior to 1900 that 
were more severe and sustained than any since 1900. During the regional droughts in 
the mid-1100s and in the late 1500s, the Sacramento-San Joaquin basin experienced sus-
tained drought simultaneously with the Colorado and Rio Grande basins. This simulta-
neity apparently did not occur again until the regional drought that began in 1999–2000.

5.8  Future Monitoring and Science Needs

This chapter offered an account of how weather, climate, and hydrology varied over 
the Southwestern United States during the last century and in the paleoclimate record. 
The chapter focused on conditions during the first decade of the new millennium and 
compared those to conditions of the twentieth century. Emphasis was also given to cli-
mate-hydrology links in recognition that growing human populations in the Southwest 
are placing greater demands on water resources, demands that may create new vulner-
abilities in the face of a varying climate. This hydroclimate assessment is also cognizant 
of concerns regarding human-induced climate change. Human-induced climate change 
for some variables (especially temperature) has already been detected on global to con-
tinental scales, and a human-induced change appears to now be emerging in the South-
west for some hydrology-sensitive variables (such as late wintertime elevated minimum 
temperatures, which accelerate runoff timing). Human-induced climate change since 
1950 has also been detected at a regional scale over the greater western United States. 
These include detectable effects on hydrology as a consequence of warmer tempera-
tures, reduced spring snowpack, and earlier runoff for a region that includes the Colo-
rado Rocky Mountains and Sierra Nevada, but also the Cascades, Blue Mountains of 
Oregon, and the northern Rockies of Idaho and Montana. However, a scientific study, 
using advanced methods of detection and attribution, focused directly on the particular 
six-state Southwest region of this report, and including data updated through 2010, has 
not yet been conducted.
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This assessment offers a reliable broad-scale view of meteorological and hydrological 
conditions over the Southwest as a whole, but the reader should be aware that confi-
dence is considerably lower with respect to how local conditions have varied. This is a 
consequence of sparse observational networks (in time and space), poor monitoring of 
some key physical processes that connect climate and hydrology (such as high-elevation 
conditions, soil-moisture conditions, and groundwater variation), and a limited under-
standing of how weather, climate, and hydrology link at such scales. 

If increasing confidence in quantifying how local conditions have varied is desirable, 
then there is a need for enhanced and especially more abundant observations to better 
monitor these processes at scales that are informative with respect to terrain. Enhanced 
monitoring is needed throughout the Southwest, particularly with respect to the water 
cycle. Augmented capabilities would address the occurrence of heavy precipitation dur-
ing winter storms and summer convection (thunderstorms), precipitation falling as rain 
versus snow, rain-on-snow events, snowpack formation and melt off, and basin-scale 
runoff efficiency (the ratio of precipitation that infiltrates as groundwater as compared 
to runoff). 

In addition to such enhanced data collection efforts, ongoing scientific assessments 
are needed that connect these data through physically based attribution studies. These 
would require improved climate and hydrological modeling at scales consistent with 
resolving the effects of terrain on weather and climate patterns throughout the South-
west. They would also require improved representation of physical processes such as 
atmospheric convection, evapotranspiration, snowpack formation, and runoff produc-
tion. Efforts to improve monitoring must be complemented by improvements in our 
ability to detect and attribute changes in climate conditions and hydrology throughout 
the Southwest for years to decades.  Attention to variations and changes in the region’s 
water cycle, informed by these more precise and extensive science, modeling, and moni-
toring efforts, will allow us to create better early warning systems for the region and to 
also identify effective adaptation and mitigation strategies to address climate-change 
impacts (e.g. Ralph et al. 2011). 
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Appendix

Table A5.1 C omparison of annual surface temperatures in the Southwest

NCDC Average Temperature

1901–2000 6-State Avg. 2001–2010 Decadal

Season Mean oF (oC) Std.Dev. oF (oC) Mean oF (oC) Anom oF (oC) Rank

DJF 36.0 (2.2) 0.7 (0.4) 36.7 (2.6) +0.7 (0.4) 2

MAM 51.3 (10.7) 0.9 (0.5) 52.9 (11.6) +1.6 (0.9) 1

JJA 70.9 (21.6) 0.7 (0.4) 72.9 (22.7) +2.0 (1.1) 1

SON 54.1 (12.3) 0.5 (0.3) 55.4 (13.0) +1.3 (0.7) 1

Annual 53.0 (11.7) 0.7 (0.4) 54.5 (12.5) +1.4 (0.8) 1

Station-adjusted Average Temperature

1901–2000 6-State Avg. 2001–2010 Decadal

Season Mean oF (oC) Std.Dev. oF (oC) Mean oF (oC) Anom oF (oC) Rank

DJF 36.7 (2.6) 0.7 (0.4) 37.2 (2.9) +0.5 (0.3) 2

MAM 52.2 (11.2) 0.9 (0.5) 53.6 (12) +1.4 (0.8) 1

JJA 71.2 (21.8) 0.7 (0.4) 72.7 (22.6) +1.4 (0.8) 1

SON 55.0 (12.8) 0.5 (0.3) 55.9 (13.3) +0.9 (0.5) 1

Annual 53.8 (12.1) 0.5 (0.3) 54.9 (12.7) +1.1 (0.6) 2

Station-unadjusted Average Temperature

1901–2000 6-State Avg. 2001–2010 Decadal

Season Mean oF (oC) Std.Dev. oF (oC) Mean oF (oC) Anom oF (oC) Rank

DJF 37.2 (2.9) 0.5 (0.3) 37.4 (3) +0.2 (0.1) 4

MAM 52.9 (11.6) 0.7 (0.4) 54.0 (12.2) +1.1 (0.6) 1

JJA 71.8 (22.1) 0.7 (0.4) 73.0 (22.8) +1.3 (0.7) 1

SON 55.6 (13.1) 0.4 (0.2) 56.3 (13.5) +0.7 (0.4) 1

Annual 54.3 (12.4) 0.5 (0.3) 55.2 (12.9) +0.9 (0.5) 2

Note: Temperatures are averaged for the decade 2001–2010 versus 1901–2000; there is also a ranking of the 2001– 
           2010 decadal averages relative to the ten individual decades of the twentieth century. The Southwest is  
           comprised of Arizona, California, Colorado, Nevada, New Mexico, and Utah. 
Sources: National Climatic Data Center, climate division, station-based adjusted, and station-based unadjusted  
               data (http://www.ncdc.noaa.gov/oa/ncdc.html).
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Table A5.2 C omparison of annual precipitation in the Southwest

PRISM Precipitation

1901–2000 6-State Avg. 2001–2010 Decadal

Season Mean inches (mm) Std.Dev.inches (mm) Mean inches (mm) Anom inches (mm) Rank

DJF 5.1 (129) 0.4 (10) 5.2 (133) +0.2 (4) 5

MAM 3.8 (97) 0.3 (8) 3.4 (87) -0.4 (10) 10

JJA 3.3 (83) 0.3 (7) 3.0 (77) -0.2 (6) 9

SON 3.3 (85) 0.4 (10) 3.2 (82) -0.1 (3) 6

Annual 15.6 (395) 0.8 (20) 15.0 (380) -0.6 (15) 8

NCDC CLIMATE DIVISION PRECIPITATION

1901–2000 6-State Avg. 2001–2010 Decadal

Season Mean inches (mm) Std.Dev.inches (mm) Mean inches (mm) Anom inches (mm) Rank

DJF 4.7 (120) 0.4 (11) 4.8 (122) +0.04 (1) 5

MAM 3.5 (90) 0.3(8) 3.0 (77) -0.5 (13) 10

JJA 3.3 (85) 0.3 (7) 3.0 (77) -0.3 (8) 9

SON 3.2 (82) 0.4 (10) 3.0 (76) -0.2 (6) 9

Annual 14.8 (377) 0.8 (21) 14.1 (359) -0.7 (18) 10

NCDC STATION PRECIPITATION

1901–2000 6-State Avg. 2001–2010 Decadal

Season Mean inches (mm) Std.Dev.inches (mm) Mean inches (mm) Anom inches (mm) Rank

DJF 6.0 (153) 0.5 (13) 6.1 (154) +0.04 (1) 6

MAM 4.1 (104) 0.4 (9) 3.6 (91) -0.6 (14) 10

JJA 3.3 (85) 0.4 (9) 3.0 (76) -0.4 (9) 8

SON 3.5 (90) 0.5 (12) 3.3 (84) -0.2 (6) 8

Annual 16.9 (429) 0.8 (20) 16.4 (417) -0.5 (13) 7

Note: Precipitation is averaged for the decade 2001–2010 versus 1901–2000 along with a ranking of the 2001–2010  
           decadal averages relative to the ten individual decades of the twentieth century. 
Sources: PRISM (PRISM Climate Group, Oregon State University, http://prism.oregonstate.edu); National Climatic  
               Data Center (NCDC), climate division, and station-based data (http://www.ncdc.noaa.gov/oa/ncdc.html).
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Figure A5.1 � The 1901–2010 trends in annual averaged daily temperature (TAVG, top), daily maximum temperature (TMAX, 
second panel), and daily minimum temperature (TMIN, third panel). Units are the change in °C/110yrs, and stronger positive 
(negative) trends shown in red (blue). Bottom panel is the 1901–2010 trend in annual averaged precipitation. Units are 
the total change expressed as percent of annual climatology, and positive (negative) trends are shown in green (orange). 
Larger circle sizes denote greater magnitude trends. Trends are computed at station locations using the GHCN (Version 
3) raw monthly (unadjusted) data.  Results are shown only for locations having at least 90 years of available data. Filled 
stations denote statistically significant trends at 95% confidence based on a parametric t-statistic. Stations with temperature 
(precipitation) changes less than 0.5°C (5%) are denoted with a + symbol. The fraction of stations with significant trends is 
61%, 40%, and 63% for TAVG, TMAX, and TMIN respectively. The fraction of stations with significant trends in precipitation 
is 16%. Source: Menne and Williams (2009).
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Endnotes

i	 Tables 5.1 and 5.2 present temperature and precipitation conditions for the first decade of the 
twenty-first century, respectively, and compare those conditions against 100-year averages of the 
previous century. Shown also are the rankings of the recent decadal conditions relative to the ten 
decades of the twentieth century, both for the Southwest as a whole and for the six individual 
states comprising the region. The tables assess average temperature, maximum temperature, 
minimum temperature, and precipitation. The data are based on the monthly PRISM analysis 
(Daly 2006) which incorporates physiographic features (e.g., complex topography and coastal 
zones) in the process of generating climate grids from available in situ data, the consequence of 
which is to substantially improve analyses in the Western United States relative to other climate 
analyses (Daly et al. 2008).

ii	 Data used in Tables 5.1 and 5.2 are based on 2.5 mile (4km) resolution PRISM analyses (data avail-
able at: http://www.prism.oregonstate.edu/products/matrix.phtml?view=data). For purposes of 
long period trend estimates, we present diagnoses conducted at station locations, rather than 
from gridded data, and examine those sites that possess historical observations spanning most of 
the 1901–2010 period. 

iii	 The trends were calculated at station locations based on Global Historical Climate Network 
(GHCN) Version 3 (Menne and Williams 2009; data available at http://www.ncdc.noaa.gov/
ghcnm/v3.php).

iv	 Another measure of heat and cold waves is discussed in Chapter 7, Sections 7.2 and 7.3.
v	 Drought is defined here as having at least a -1 (or lower) PDSI intensity.
vi	 These included the Southwest as well as drainage basins in the Cascades, Blue Mountains of 

Oregon, and the northern Rockies of Idaho and Montana.
vii	 Analysis of a subset of the Cook et al. dataset, covering only the Southwest region, shows DAI 

variability across the Southwest over the last 1,200 years to be very similar to that across the 
larger area depicted in Figure 5.7.
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Executive Summary

This chapter describes possible climate changes projected to evolve during the twenty-
first century for the Southwest United States, as compared to recent historical climate. 
It focuses on how climate change might affect longer-term aspects of the climate in the 
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Southwest and is closely related to Chapter 7, which is concerned with the implica-
tions of climate change on shorter period phenomena, especially extreme events. The 
projections derive from the outcomes of several global climate models, and associated 
“downscaled” regional climate simulations, using two emissions scenarios (“A2” or 
“high-emissions,” and “B1” or “low-emissions”) developed by the Intergovernmental 
Panel on Climate Change (IPCC) Special Report on Emissions Scenarios (SRES; Nakićenović 
and Swart 2000). The key findings are:

•	 Temperatures at the earth’s surface in the Southwest will rise substantially (by 
more than 3°F [1.7°C] over recent historical averages) over the twenty-first cen-
tury from 2001–2100. (high confidence)

•	 The amount of temperature rise at the earth’s surface in the Southwest will be 
higher in summer and fall than winter and spring. (medium-high confidence)

•	 Climate variations of temperature and precipitation over short periods (year-
to-year and decade-to-decade) will continue to be a prominent feature of the 
Southwest climate. (high confidence)

•	 There will be lower precipitation in the southern portion of the Southwest region 
and little change or increasing precipitation in the northern portion. (medium-
low confidence)

•	 There will be a reduction of Southwest mountain snowpack during February 
through May from 2001 through 2100, mostly because of the effects of warmer 
temperature. (high confidence)

•	 Substantial parts of the Southwest region will experience reductions in runoff 
and streamflow from the middle to the end of the twenty-first century. (medium- 
high confidence)

6.1  Global Climate Models: Statistical and Dynamical 
Downscaling 

Global climate models (GCMs) are the fundamental drivers of regional climate-change 
projections (IPCC 2007). GCMs allow us to characterize changes in atmospheric circula-
tion associated with human causes at global and continental scales. However, because of 
the planetary scope of the GCMs, their resolution, or level of detail, is somewhat coarse. 
A typical GCM grid spacing is about 62 miles (100 km) or greater, which is inadequate 
for creating projections and evaluating impacts of climate change at a regional scale. 
Thus, a “downscaling” procedure is needed to provide finer spatial detail of the model 
results. 

Downscaling is done in two ways—statistical (or empirical) downscaling and dy-
namical downscaling—each with its inherent strengths and weaknesses. Statistical 
downscaling relates historical observations of local variables to large-scale measures. 
For climate modeling, this means taking the observed relationship of atmospheric cir-
culation and regional-scale surface data of interest (temperature and precipitation) and 
applying those empirical relationships to GCM data for some future period (Wilby et 
al. 2004; Maurer et al. 2010). Many of the results shown here, involving projected tem-
perature and precipitation, are based upon a “bias correction and spatial downscaling” 
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(BCSD) method (Maurer et al. 2010).i “Bias” is a statistical term reflecting systematic er-
ror. The main advantage of statistical downscaling is that it is computationally simple, 
so a relatively large number of GCMs and greenhouse gas emission scenarios may be 
considered for a more robust characterization of statistical uncertainty (Maurer et al. 
2010).ii 

In contrast, dynamical downscaling produces climate information by use of a lim-
ited-area, regional climate model (RCM) driven by the output from a global climate 
model (Mearns et al. 2003; Laprise et al. 2008).  Dynamical RCMs, similar to GCMs, are 
numerical representations of the governing set of equations that describe the climate 
system and its evolution through time over a particular region. Though use of a physi-
cally based process model at a grid spacing of tens (rather than hundreds) of kilometers 
is substantially more computationally expensive, the method has two advantages over 
statistical downscaling. Climate stationarity (the concept that past climatic patterns are 
a reasonable representation of those in the future) is not assumed and the influence of 
complex terrain on the climate of the western United States is better represented (Mearns 
et al. 2003), improving the simulation of precipitation from winter storms (Ikeda et al. 
2010) and thunderstorms during the summer monsoon (Gutzler et al. 2005). However, 
because of their cost, long runs (lengthy computer processing) of regional climate simu-
lations generally are not undertaken. In addition, each regional model contains some 
degree of bias, so statistical adjustments are almost always required. In other words, 
regardless of whether statistical or dynamical downscaling is pursued, bias-correction 
of GCM or GCM-RCM output is a necessary part of the process. 

In this chapter, we use the “variable infiltration capacity” (VIC) model (Liang et al. 
1994) to derive land-surface hydrological variables that are consistent with the down-
scaled forcing data.iii The VIC model has been applied in many studies of hydrologic 
impacts of climate variability and change (e.g. Wood et al. 2004; Das et al. 2009). 

6.2  Climate Scenarios

Following the lead of the U.S. National Climate Assessment, the Special Report on Emis-
sions Scenarios A2 (“high emissions”) and B1 (“low emissions”) scenarios (IPCC 2007) are 
employed here (see endnote iii in Chapter 2).

The choice of the high (A2) and low (B1) emissions scenarios was also guided by the 
need to span a range of GHG emissions and the availability of a reasonably large num-
ber of GCM simulations. GCMs, to varying degrees, capture average recent historical 
climate and a statistical representation of its variability over the Southwest (Ruff, Kush-
nir, and Seager 2012) and to some extent key regions such as the tropical Pacific that are 
known to drive important climate variations in the Southwest region (Dai 2006; IPCC 
2007; Cayan et al. 2009). Many applications employ multiple model simulations, made 
for one or more GHG emissions scenario using one or more GCMs, which are generally 
referred to as an ensemble. Beyond this, however, it has been shown (Pierce et al. 2009; 
Santer et al. 2009) that a model’s performance in simulating characteristics of observed 
climate is not a very useful measure of how well it will simulate future climate under 
climate change. Because of this, it is better to draw upon a number of simulations to 
construct a possible distribution of climate change; i.e., it is important to consider results 
from several climate models rather than to rely on just a few.
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6.3  Data Sources

Projected climate for the Assessment of Climate Change in the Southwest United States is 
based on a series of GCM and downscaled projection data sets. A set of CMIP3iv GCM 
outputs, from fifteen GCMs (used in an initial set of experiments) and sixteen GCMs 
(used in later experiments) that were identified in the 2009 NCA report, provided a core 
set of thirty and thirty-two climate simulations, respectively. Each GCM simulated one 
high- and one low-emissions scenario. Only one simulation for each individual GCM-
emissions scenario pairing was included. The GCMs provide historical simulations in 
addition to projected twenty-first-century climate simulations based on the high- and 
low-emissions scenarios. 

Statistical downscaled monthly temperature and precipitation data from the sixteen 
GCMs using the BCSD method were employed. These data are at a horizontal resolution 
of 1/8° (roughly 7.5-mile [12-km] resolution), covering the period of 1950–2099 (Maurer, 
Brekke et al. 2007; Gangopadhyay et al. 2011). 

Dynamical downscaled simulations from the multi-institutional North American 
Regional Climate Change Assessment Program (NARCCAP; Mearns et al. 2009) were 
used. At this time, there are nine high-emissions simulations available using different 
combinations of a regional climate model driven by a global climate model. Each simu-
lation includes the periods of 1971–2000 and 2041–2070 for the high-emissions scenario 
only, and is at a horizontal resolution of approximately 31 miles (50 km).

Peer-reviewed and publicly available hydrologic projections (Gangopadhyay et al. 
2011) are associated with the same BCSD CMIP3 climate projections that are supporting 
evaluations in this chapter. Hydrologic simulations using the VIC model from each of 
the sixteen historical BCSD simulations, sixteen high-emissions BCSD simulations, and 
sixteen low-emissions BCSD simulations were employed. 

6.4  Temperature Projections 

There is high confidence that climate will warm substantially over the twenty-first 
century, as all of the projected GCM and associated downscaled simulations exhibit 
progressive warming over the Southwest United States. Within the modeled histori-
cal simulations, the model warming begins to become distinguished from the range of 
natural variability in the 1970s; similar warming is also found in observed records and 
appears, partially, to be a response to the effects of GHG increases (Barnett et al. 2008; 
Bonfils et al. 2008). Concerning the projected climate, in the early part of the twenty-first 
century, the warming produced by the high-emissions scenario is not much greater than 
that of the low-emissions scenario; there is considerable overlap between the high- and  
low-emissions scenario results. But by the mid-2000s, as GHG concentrations under the 
high-emissions scenario become considerably higher than those in the low-emissions 
scenario, warming in the high-emissions simulations becomes increasingly greater than 
those from the low-emissions scenario. The projected rate of warming is substantially 
greater than the historical rates estimated from observed temperature records in Califor-
nia (Bonfils et al. 2008).

Maps showing the sixteen CMIP3 ensemble mean annual temperature changes for 
three future time periods (2035, 2055, 2085) and two emissions scenarios (high and low) 
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are shown in Figure 6.1. The three periods show successively higher temperatures than 
the model-simulated historical mean for 1971–2000. Spatial variations are relatively 
small, especially for the low-emissions scenario. Changes along the coastal zone are no-
ticeably smaller than inland areas (see also Cayan et al. 2009; Pierce et al. 2012). Also, 
the warming tends to be slightly greater in the north, especially in the states of Ne-
vada, Utah, and Colorado. Warming increases over time, and also increases between the 
high- and low-emissions scenarios for each respective period as shown in the thirty-year 
early-, mid-, and late-twenty-first century plots in Figure 6.2 for the aggregated six-state 
region that defines the Southwest. Figure 6.3 shows the mean seasonal changes for each 
future time period for the high-emissions scenario, averaged over the entire Southwest 
region for fifteen CMIP3 models. For the low-emissions scenario, the amount of annual 
warming ranges between 1°F and 3°F (0.6°C to 1.7°C) for the period, 2021–2050; over 1°F 

Figure 6.1  Projected temperature 
changes for the high (A2) and 
low (B1) GHG emission scenario 
models. �Annual temperature change 
(oF) from historical (1971–2000) for 
early- (2021–2050; top), mid- (2041–
2070; middle) and late- (2070–2099; 
bottom) twenty-first century periods. 
Results are the average of the 
sixteen statistically downscaled 
CMIP3 climate models. Source: 
Nakicenovic and Swart (2000), 
Mearns et al. (2009).



106	 assessment of climate change in the southwest united states

to 4°F (0.6°C to 2.2°C) for 2041–2070; and 2°F to 6°F (1.1°C to 3.3°C) for 2070–2099. For 
the high-emissions scenario, values range slightly higher, from about 2°F to 4°F (1.1°C 
to 2.2°C) for 2021–2050; 2°F to 6°F (1.1°C to 3.3°C) for 2041–2070; and are much higher, a 
5°F to 9°F (2.8°C to 5°C) range, by 2070–2099. For 2055, the average temperature change 
simulated by the NARCCAP models (4.5°F, or 2.5°C) is close to the mean of the CMIP3 
GCMs for the high-emissions scenario. 

The warming, as it emerges from the variability within and across model simula-
tions, is shown for each of three subregions in the Southwest by the ensemble time series 
in Figure 6.4. Temperature increases are largest in summer, with means around 3.5°F 
(1.9°C) in 2021–2050, 5.5°F (3.1°C) in 2041–2070, and 9°F (5°C) in 2070–2099. The least 
warming is in winter, starting at 2.5°F (1.4°C) in 2021–2050 and building to almost 7°F 
(3.9°C) in 2070–2099. However, it is important to note that differences between indi-
vidual model temperature changes are relatively large. Within a given emissions sce-
nario, differences in the resultant mean temperature of the simulations can be attributed 
to differences in the models (for example, the way they represent and calculate key 
physical processes) and from differences across simulations resulting from the inherent 

Figure 6.2  Mean annual temperature changes (°F; left) and precipitation changes (%; 
right) for early-, mid- and late-twenty-first-century time periods. �Temperature changes and 
precipitation changes are with respect to the simulations’ reference period of 1971–2000 for 15 CMIP3 
models, averaged over the entire Southwest region for the high (A2) and low (B1) emissions scenarios. 
Also shown are results for the NARCCAP simulations for 2041–2070 and the four GCMs used in the 
NARCCAP experiment (A2 only). The small plus signs are values for each individual model and the 
circles depict the overall means. Source: Nakicenovic and Swart (2000), Mearns et al. (2009).
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variability of shorter-period climate fluctuations (Hawkins and Sutton 2009). The mag-
nitude of the differences between models using the same emissions scenario is large 
compared to the difference in the change between seasons and to the difference between 
high- and low-emissions scenarios, and is comparable to that of the mean differences 
between the projections for the early- and late-twenty-first century.

6.5  Projections of Other Temperature Variables

The projected length of the annual freeze-free season increases across the region, which 
historically has exhibited a freeze-free season ranging from 50 to 300 days, depending 
on location (Figure 6.5, top). By the mid-twenty-first century (Figure 6.5, bottom, from 
NARCCAP simulations), the entire region exhibits increases of at least 17 additional 
freeze-free days, excepting parts of the California coast, which show increases of 10 to 17 
days. The largest increases, more than 38 days, are in the interior far West. The freeze-
free season in eastern parts of Colorado and New Mexico increases by 17 to 24 days, 
while in some areas along the Rocky Mountains it increases up to 30 days. 

Figure 6.3  Projected change in average seasonal temperatures (°F, left) and precipitation (% 
change, right) for the Southwest region for the high-emissions (A2) scenario. �A fifteen-model 
average of mean seasonal temperature and precipitation changes for early-, mid-, and late-twenty-first 
century with respect to the simulations’ reference period of 1971–2000. Changes in precipitation also 
show the averaged 2041–2070 NARCCAP four global climate model simulations. The seasons are 
December–February (winter), March–May (spring), June–August (summer), and September–November 
(fall). Plus signs are projected values for each individual model and circles depict overall means. Source: 
Mearns et al. (2009).
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Figure 6.4  January (left) and July (right) BCSD average temperature for California 
(top), the Great Basin (middle), and Colorado (bottom). �The maps show the three regions 
over which the temperatures were averaged. Source: Bias Corrected and Downscaled World 
Climate Research Programme's CMIP3 Climate Projections archive at http://gdo-dcp.ucllnl.org/
downscaled_cmip3_projections/#Projections:%20Complete%20Archives.
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Heating degree days (a measurement that reflects the amount of energy needed to 
heat a home or structure) decrease substantially. In general, by the mid-twenty-first cen-
tury as gauged from the mean of NARCCAP simulations, the entire region is projected 
to experience a decrease of at least 500 heating degree days per year, using a heating 
degree day baseline of 65°F.v The largest changes occur in higher-elevation areas, where 
the decreases are up to 1,900 heating degree days. Areas along the coast, along with 
southern Arizona, are projected to experience the smallest decreases in heating degree 
days per year. 

On the other hand, cooling degree days increase over the entire Southwest region, 
with the warmest areas showing the largest increases and vice versa for the coolest ar-
eas. The hottest areas, such as Southern California and southern Arizona, are simulated 
to have the largest increase of cooling degree days per year, up to 1,000, using a 65°F 

Figure 6.5 N ARCCAP multi-
model mean change in the 
length of the freeze-free season 
between 2041–2070 and 
1971–2000 (top) and simulated 
NARCCAP climatology of the 
length of the freeze-free season 
(bottom). �Source: Mearns et al. 
(2009).
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baseline. Areas east of the Rocky Mountains, as well as the California coast, show in-
creases of 400 to 800 cooling degree days per year. Areas with the highest elevations, 
including the Rocky Mountains and the Sierra Nevada, have the smallest simulated 
increases, around 200 days or fewer. Cooling and heating requirements become acute 
during extreme conditions that fall into the tail of the temperature distribution—heat 
waves and cool outbreaks—whose future occurrences and intensity are affected by the 
underlying changes in the center of the distribution as described in Chapter 7. 

6.6  Precipitation Projections

The precipitation climatology in the Southwest is marked by a large amount of spatial 
and temporal variability. Observed variability over time in parts of the Southwest, as 
scaled by mean precipitation, is greater than that in other regions of the United States 
(Dettinger et al. 2011), from few-day events (see Chapter 7) to scales of months, years, 
and decades (Cook et al. 2004; Woodhouse et al. 2010). The climate-model-projected 
simulations indicate that a high degree of variability of annual precipitation will con-
tinue during the coming century, as illustrated by the ensemble time series of annual 
total precipitation in inches shown in Figure 6.6. This suggests that the Southwest will 
remain susceptible to unusually wet spells and, on the other hand, will remain prone to 
occasional drought episodes. 

To some degree, the model simulations also contain trends over the twenty-first cen-
tury, as presented in Table 6.1. It is emphasized that these results have medium-low con-
fidence, however, because the trends are generally small in comparison to the high level 
of shorter-period variability and the considerable variability that occurs among model 
simulations. As with the temperature projections, the difference in mean precipitation 
over a given epoch between simulations is due to internal variability, differences be-
tween model formations, and between emissions scenarios (Hawkins and Sutton 2009). 
The distribution of the CMIP3 multi-model median changes in annual precipitation, as 
a fraction of the modeled historical (1971–2000) annual mean, is shown in Figure 6.7 for 
the three future periods: 2021–2050 (referred to as “2035”), 2041–2070 (or “2055”), and 
2070–2099 (or “2085”) and for the low-emissions and high-emissions scenarios. Gener-
ally, the median changes shift from drier conditions (than historical climatology) in the 
south to somewhat wetter in the north. In the high-emissions simulations these changes 
increase in magnitude through the twenty-first century, but in the low-emissions scenar-
io the differences over time are not as great and peak near the mid-twenty-first century, 
as seen in Figure 6.7 and at the right in Figure 6.2. The largest north-south percentage 
differences are for the high-emissions scenario in 2085, varying from an increase of 2% 
in the far north of the Southwest region to a decrease of 12% in the far south of the 
Southwest. The smallest difference occurs for the high-emissions scenario in 2035, with 
increases of 2% in the Nevada-Utah area, and a decrease of about 4% to 6% in areas such 
as Colorado, New Mexico, and California. However, in the high-emissions scenario in 
the late twenty-first century, weak increases are found in median precipitation in south-
eastern California and southern Nevada.

Figure 6.2, right panel, shows the mean annual changes in precipitation for each fu-
ture time period and both emissions scenarios, averaged over the entire Southwest region 
for fifteen CMIP3 models. In addition, averages for the nine NARCCAP simulations and 
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Figure 6.6  Water year precipitation (in 
inches) averaged over California (top), 
Great Basin (middle) and Colorado  
(bottom). �Source: Bias Corrected and Down-
scaled World Climate Research Programme's 
CMIP3 Climate Projections archive at http://
gdo-dcp.ucllnl.org/downscaled_cmip3_
projections/#Projections:%20Complete%20
Archives.
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the four GCMs used in the NARCCAP experiment are shown for 2055 (high-emissions 
scenario only). All the mean changes are negative, although the values are rather small 
overall. For the high-emissions scenario, the CMIP3 models project average decreases 
of around 2% in 2035, 4% by 2055, and about 5% by 2085. The decreases for the low-
emissions scenario are only slightly smaller; in 2085 the decrease is 2%, compared to 5% 
for high-emissions. The mean of the NARCCAP simulations is more negative than the 
mean of the CMIP3 GCMs or the mean of the four GCMs used in the NARCCAP experi-
ment, although the differences are small. The range of individual model changes is large 
compared to the differences in the ensemble means, as also illustrated by the spread of 

Figure 6.7  Annual precipitation change (in inches) from the historical simulation for the 
low-emissions scenario (left), the high-emissions scenario (middle), and percentage of 
historical simulation compared to the high-emissions scenario (right). �Early- (2021–2050), 
mid- (2041–2070) and late- (2070–2099) twenty-first century periods shown in top, middle and bottom 
panels. Values shown are the median of sixteen simulations downscaled via BCSD. Source: Bias 
Corrected and Downscaled World Climate Research Programme's CMIP3 Climate Projections archive 
at http://gdo-dcp.ucllnl.org/downscaled_cmip3_projections/#Projections:%20Complete%20Archives.
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changes shown in Table 6.1. In fact, for all three future periods and for the two scenarios, 
the individual model range is larger than the differences in the CMIP3 ensemble mean 
changes, relative to the historical mean precipitation. 

The distribution of changes in the Southwest region’s mean annual precipitation for 
each future time period and both emissions scenarios across the fifteen CMIP3 models 
is shown in Figure 6.2, right panel, and in Table 6.1, which also shows the distribution 
of the NARCCAP simulations (for 2055, high-emissions scenario only) for comparison. 
For all periods and both scenarios, the CMIP3 model simulations include both increases 
and decreases in precipitation. For the region as a whole, most of the median values are 
negative, but not by much, with change values having magnitudes of 3.1% or less. The 
range of changes is between 15% and 30%. For example, in the high-emissions scenario, 
the precipitation change for 2055 varies from a low of -17% to a high of +7%. The NARC-
CAP range of changes varies from -13% to -2%. 

Annual precipitation changes over individual regions are stronger or weaker than 
the aggregate Southwest, as exhibited by the median of the ensemble high-emissions 
and low-emissions simulations for California, the Great Basin, and the Colorado Basin 
regions in Figure 6.6. These reinforce the evidence from the mapped median changes 
in Figure 6.7, showing that the California region exhibits the greatest reduction in pre-
cipitation, while the Colorado Basin remains nearly the same as historical levels. The 
ensemble swarms in Figure 6.6 emphasize the importance of individual wet years in 
affecting longer term climatological values; at least for a few models, the wettest years 
grow wetter during the last half of the twenty-first century.

Considering the Southwest as a whole, a majority of the models contain different 
levels and even directions of change in different seasons, as shown in Table 6.2 and Fig-
ure 6.3, right panel. These include increases in winter precipitation, while for the other 
three seasons, most of the models simulate decreases. In the spring, all but one model 

Table 6.1 D istribution of changes in mean annual precipitation (%) for the  
               Southwest region for the 15 CMIP3 models

Scenario Period Low 25%ile Median 75%ile High

A2 2021-2050 -10 -3 -2 2 5

2041-2070 -17 -6 -3 1 7

2070-2099 -20 -10 -3 3 8

NARCCAP -13 -7 -3 -3 -2

B1 2021-2050 -10 -2 1 2 6

2041-2070 -10 -3 -2 0 3

2070-2099 -10 -5 -1 1 10
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simulate decreases. In both the summer and fall, a few models produced sizeable in-
creases in precipitation. In the low-emissions scenario, the range of changes is generally 
smaller, with a tendency toward somewhat wetter conditions. For example, a majority 
of the low-emissions models simulate wetter conditions, as compared to the drier major-
ity for the high-emissions scenario. A central feature of the results shown in Table 6.2 
is the tendency for greatest precipitation reductions in spring months, albeit with large 
uncertainty in the seasonal changes (as expressed by the range of results across the en-
semble of model simulations).

6.7  Atmospheric Circulation Changes

Climate changes in the Southwest are governed overwhelmingly by global influences. 
The IPCC Fourth Assessment Report indicated that several climate models project that 
the mid-latitude storm tracks in both the Southern and Northern Hemispheres will mi-
grate poleward over the twenty-first century (e.g. Meehl et al. 2007). This result was 
reinforced by analyses by Salathé (2006) and Cayan et al. (2009), who showed a north-
ward shift in the North Pacific winter storm track over the mid- and late-twenty-first 
century. This result is consistent with the findings of Favre and Gershunov (2009), 
who examined paths of mid-latitude cyclones and anticyclonesvi in the North Pacific 
impinging on the North American West Coast in observations and in the CNRM-CM3 
modelvii high-emissions projection. Wintertime statistics of these trajectories indicate 
that the flow pattern will become less stormy in the Gulf of Alaska, with more northerly 
flow along the West Coast of North America. This projected trend is on par with interan-
nual variability in this region and indicates future conditions somewhat reminiscent of 
today’s La Niña phase of the El Niño-Southern Oscillation (ENSO) and negative-phase 

Table 6.2 D istribution of changes in mean seasonal precipitation (%) for the  
               Southwest region for the 15 CMIP3 models

Scenario Period Season Low 25%ile Median 75%ile High

A2 2070-2099 DJF -19 -8 3 8 30

MAM -36 -29 -12 -10 2

JJA -44 -13 -9 3 20

SON -21 -8 -1 0 38

B1 2070-2099 DJF -12 -6 2 5 17

MAM -27 -9 -7 -1 11

JJA -16 -7 0 3 18

SON -24 -4 -1 6 13



Future Climate: Projected Average               115

Pacific Decadal Oscillation (PDO) winters. These projected circulation changes would 
result in less frequent winter precipitation in the Southwest United States and north-
western Mexico, and more frequent, albeit less intense, cold outbreaks moderating av-
erage wintertime warming, especially in California’s low-lying valleys and east of the 
Front Range of the Rocky Mountains (see Chapter 7). 

The shift of the mid-latitude northeastern Pacific storm track poleward may be a re-
sult of uneven warming over the earth’s surface. Warming is projected to be lower at the 
low latitudes than the high latitudes, causing a diminished gradient of temperature from 
the equator to the North and South Poles (Lambert 1995; Lambert and Fyfe 2006; IPCC 
2007). In a warming atmosphere, the models also predict increasing humidity. Enhanced 
evaporation from the ocean’s surface and the resulting heating of the atmosphere from 
condensation of water vapor aloft could reinforce the deepest cyclones, making deep 
low pressure systems (cyclonic storms) more numerous while moderate events decline 
in frequency (Lambert 1995; Lambert and Fyfe 2006). 

The storm track displacement is also consistent with the projected enhancement 
and poleward extension of the large descending limb of the tropical atmospheric cir-
culation—the Hadley Cell, which impels the trade winds and jet stream in the trop-
ics and subtropics (see, for example, Lu, Vecchi, and Reichler 2007). The enhancement 
and broadening of subsiding air in the subtropics and low middle latitudes of the east-
ern North Pacific could also result in an increase and seasonal expansion of the low-
level coastal clouds, the “marine layer” along the California coast, especially in spring 
and summer. This important potential impact on coastal climate has so far not been 
investigated. 

6.8 N orth American Monsoon

Representing the North American monsoon (see Chapter 4) in an atmospheric model is 
extremely challenging because it is governed by multiple factors at different spatial and 
temporal scales (Douglas and Englehart 2007; Bieda et al. 2009). Most important, the 
initiation of convection over mountains during the day and thunderstorm organization 
and growth must be appropriately addressed (Janowiak et al. 2007; Lang et al. 2007; 
Nesbitt, Gochis, and Lang 2008). GCMs cannot resolve the North American monsoon as 
a distinct climatological feature because they cannot resolve several key regional pro-
cesses (Liang et al. 2008; Dominguez, Cañon, and Valdes 2009). Dynamical downscal-
ing using RCMs (at a grid spacing of tens of kilometers) has simulated well at least the 
start of the convective process over mountains and improved the climatology of mon-
soon precipitation (Gutzler et al. 2005; Castro, Pielke, and Adegoke 2007). Very high 
resolution (1.2 mile, or 2-km grid spacing or less) is required to simulate the evolution 
of organized convection so that individual thunderstorms can be explicitly represented 
(Gao, Li, and Sorooshian 2007). Interannual variability of monsoon precipitation in the 
Southwest United States is related in part to ENSO and PDO variability (Dominguez, 
Kumar, and Vivoni 2008). How this natural variability may potentially change in the 
future is not clear in the GCMs and is a source of large uncertainty (Castro et al. 2007). 
The evolving pattern of sea-surface temperature is generally important for models to 
properly simulate key changes in surface temperature and precipitation on a regional 
scale (Barsugli, Shin, and Sardeshmukh 2006). Moreover, enhanced subsidence of air 
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in the subtropical region (as described in Lu, Vecchi, and Reichler 2007) can potentially 
impact convection and therefore moderate the monsoon, but this possible mechanism 
of monsoonal change has so far been unexplored. In general, future expectations of the 
North American monsoon suffer from uncertainties currently common to monsoon sys-
tems around the world. 

Figure 6.8 shows the simulated changes in warm-season (June through September) 
temperature and precipitation in the NARCCAP high-emissions simulations, shad-
ed according to the level of model agreement. The ensemble mean change in model 
temperatures shows summer warming that ranges between +2°F and +6°F throughout 
most of the western United States by the middle of the twenty-first century (2041–2069), 
with the largest temperature increases in the central Rocky Mountains. Precipitation is 
projected to decrease overall in the Southwest by about 10% to 20%, consistent with 
an overall drying trend in subtropical regions. This projected precipitation decrease is 
relatively smaller in eastern Arizona and western New Mexico, with relatively weaker 
agreement among the individual models. Though NARCCAP models strongly agree as 
to the amount of warming during the warm season, the weak level of consensus about 
changes in the monsoon circulation reflects the enormous challenges of representing 
the monsoon in an atmospheric model. In summary, how monsoon precipitation may 
change is not yet clear, especially in those areas where monsoon precipitation accounts 
for a greater proportion of total annual precipitation. 

Figure 6.8 N ARCCAP precipitation and temperature difference, June–September, 2041–
2069 relative to simulated historical means 1971-1999. �The degree of change is indicated by 
the color, whereas the degree of agreement among the nine RCMs is indicated by the intensity of the 
color. For precipitation (left), the color intensity shows the agreement among the RCMs on the direction 
of change (i.e., positive or negative percent change in future precipitation); for temperature (right), the 
color intensity shows agreement among the RCMs on areas where future temperature is projected to 
be at least 2°C (3.6°F) higher than the 1971-1999 average. Source: Mearns et al. (2009).
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6.9  Changes in Precipitation-related Measures

The escalating effect of warming, coupled with a tendency in parts of the Southwest 
toward annual precipitation decreases, would amplify recent observed trends of lower 
spring snowpack across much of the western United States (Mote et al. 2005; Knowles, 
Dettinger, and Cayan 2006; Pierce et al. 2008). Additionally, the Southwest straddles 
both a region to the north where precipitation is projected to increase and a region to the 
south where precipitation is projected to decrease—as shown by a consensus of global 
model simulations (IPCC 2007; Seager and Vecchi 2010). The GCM projections, down-
scaled and run through the VIC hydrological model, show changes in hydrological 
measures that are consistent with the warming trend. They indicate a marked reduction 
in spring snow accumulation in mountain watersheds across the Southwestern United 
States (Figure 6.9 top panel) that becomes more pronounced over the decades of the 
twenty-first century. The relatively gradual decline for the California, Colorado, and Rio 
Grande basins shown in Figure 6.10 (top row) is consistent with several other studies 
(e.g. Knowles and Cayan 2002; Christensen and Lettenmaier 2007; Ray et al. 2008; Cayan 
et al. 2009; Das et al. 2009; Wi et al. 2012). More rain and less snow, earlier snowmelt, 
and, to some extent, drying tendencies cause a reduction in late-spring and summer 
runoff (Figure 6.9, middle panel, and 6.10, middle row). Together these effects, along 
with increases in evaporation, result in lower soil moisture by early summer (Figure 6.9, 
bottom panel, and 6.10, bottom row). 

Recent studies have projected Colorado River flows to show possible reductions 
from climate-change impacts, ranging from about -5% to about -20% by mid-century 
(Hoerling and Eischeid 2007; Das et al. 2011; Reclamation 2011a; Vano, Das, and Letten-
maier 2012). Changes in streamflow are driven by changes in precipitation and also by 
increases in temperature. Recent estimates, from several hydrological models, suggest 
reductions in annual Colorado River flow at Lees Ferry, Arizona, which is the location 
established by the Colorado River Compact in 1922 as the dividing point between the 
Upper Colorado River Basin and the Lower Colorado River Basin. Estimates of the re-
ductions in Colorado River flow range from approximately 3% to 16% decrease per 1°F 
(0.6°C) warming and a reduction of 1% to 2% of flow per 1% reduction of precipita-
tion (Hoerling et al. 2009; Reclamation 2011b; Vano, Das, and Lettenmaier 2012). As es-
timated by the VIC hydrological model, runoff and streamflow are more sensitive to 
warming in the Colorado Basin than in the Columbia River watershed and are much 
greater than in the northern and southern drainages of the Sierra Nevada in California 
(Das et al. 2011). Figure 6.11, based on the ensemble of sixteen VIC simulations under 
the high-emissions scenario, shows the median tendency for reductions in total annual 
runoff over the Southwest in the mid-twenty-first century. Over the Colorado Basin, the 
composite of simulations from the VIC simulations exhibits reductions of runoff of ap-
proximately 5% to 18% by the middle portion of the twenty-first century, consistent with 
the estimates described above. 

The early twenty-first-century drought in the Southwest (see Chapters 4 and 5) un-
derscores that the Southwest climate is prone to dry spells. Such droughts have a ten-
dency to take on large areal footprints, although both observations and climate model 
simulations indicate different degrees of dryness in California, the Great Basin, and the 
Colorado Basin. As quantified by the VIC hydrological model, the most extreme drought 
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years throughout the instrumental record have tended to build up and finally abate over 
an extended multiyear period. Historically, and especially during the early twenty-first 
century, Southwestern droughts have been exacerbated by unusually warm summer 
temperatures. This tendency could worsen in future decades: several twenty-first-cen-
tury climate model simulations suggest that dry years will include anomalously warm 
summer temperatures even above and beyond the warming trend in the Southwest 
(Cayan et al. 2010). During extreme droughts, the deficit in soil moisture grows larger, 
and also grows in comparison to the deficit in precipitation. Although projected precipi-
tation anomalies during dry spells do not change markedly from observed past condi-
tions, other hydrologic measures—including soil moisture—become more depleted. 

Human-induced climate change impacts on temperature, snowpack, and the timing 
of streamflow over the western United States have already been detected (Maurer, Stew-
art et al. 2007; Barnett et al. 2008; Bonfils et al. 2008; Pierce et al. 2008; Hidalgo et al. 2009), 

Figure 6.9  Predicted changes in the water cycle.  
�Mid-century (2041–2070) percent changes from the 
simulated historical median values from 1971-2000 for 
April 1 snow water equivalent (SWE, top), April–July runoff 
(middle) and June 1 soil moisture content (bottom), as 
obtained from median of sixteen VIC simulations under 
the high-emissions (A2) scenario. Source: Bias Corrected 
and Downscaled World Climate Research Programme's 
CMIP3 Climate Projections archive at http://gdo-dcp.ucllnl.
org/downscaled_cmip3_projections/#Projections:%20
Complete%20Archives.
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and as climate continues to warm there will be serious impacts on the hydrological cycle 
and water resources of the Southwest United States (Barnett et al. 2004; Seager et al. 
2007). Water resource implications are described in Chapter 10. Downscaled tempera-
ture, precipitation, and modeled hydrologic measures already provide sufficient spatial 
detail to assess hydroclimatic effects that will be critical in planning for risks to water 
resources and ecosystems, risk of wildfire, and other key issues in the Southwest. A 
strong consensus among the model projections across the Southwest for substantially 
lower spring snowpack, lower spring-summer runoff, and drier summers underscores 
that traditional planning practices can no longer be supported (see Milly et al. 2008) or 
that the past can be assumed to be a reasonable representation of the future. Thus, past 
hydrological observations cannot sufficiently frame the risks of unfavorable future out-
comes, such as an inability to meet demands for water. 

Figure 6.10  Spatially averaged values (in inches) for April 1 snow water equivalent (top), 
April–July runoff (middle) and June 1 soil moisture content (bottom). �Averages are shown 
for California (left), Colorado (middle) and Rio Grande (right). Source: Bias Corrected and Downscaled 
World Climate Research Programme's CMIP3 Climate Projections archive at http://gdo-dcp.ucllnl.org/
downscaled_cmip3_projections/#Projections:%20Complete%20Archives.
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Endnotes

i	 The BCSD method removes bias in the climate model output by mapping from the probability 
distribution of a current climate simulation to the probability distribution of observations on a 
monthly basis.

ii	 For downscaling simulated surface temperature from the GCMs, the BCSD methodology pre-
serves GCM (large-scale) trends by removing them initially and adding them back after the 
downscaling is implemented. For downscaling simulated precipitation, no explicit step is in-
cluded in BCSD to preserve the GCM trends, because trends are not so obviously present. Other 
inherent weaknesses of the BCSD approach are the assumption of climate “stationarity”—the 
idea that statistical relationships developed in a historical period are applicable to a future pe-
riod—and the underestimation of variability (Wilby et al. 2004; Milly et al. 2008). 

iii	 VIC is a macroscale, distributed, physically based hydrologic model that balances both surface 
energy and water over a grid mesh. For this report, VIC simulations, run from BCSD downscaled 
precipitation and temperature data, were employed.

iv	 CMIP3 is phase 3 of the World Climate Research Programme’s Coupled Model Intercomparison 
Project.

v	 With a baseline of 65°F, heating degree days are the sum of the temperature differences of the 
daily mean temperature subtracted from 65°F, for all days when the mean temperature is less 
than 65°F. Cooling degree days are calculated similarly, but for when the mean temperature ex-
ceeds 65°F.
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vi	 Cyclones are the rapid circulation of winds around a low pressure center, traveling counter-
clockwise in the Northern Hemisphere and clockwise in the Southern Hemisphere. Anticyclones 
spiral out from a high pressure area and travel clockwise in the Northern Hemisphere and coun-
terclockwise in the Southern Hemisphere.

vii	 CNRM-C3 is the third version of a global ocean-atmosphere model originally developed at the 
Centre National de Recherches Meteorologiques, France.
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Executive Summary 
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Summertime heat waves and wintertime cold snaps are among the extremes most 
directly affected by climate change as well as the ones with the greatest impacts. 
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•	 Heat waves, as defined relative to current climate, are projected to increase in 
frequency, intensity, duration, and spatial extent. (high confidence)

•	 Heat waves are projected to become more humid and therefore expressed rela-
tively more strongly in nighttime rather than daytime temperatures, with associ-
ated stronger impacts on public health, agriculture, ecosystems, and the energy 
sector. (medium-low confidence)

•	 Wintertime cold snaps are projected to diminish in their frequency, but not 
necessarily in their intensity, into the late twenty-first century. (medium-high 
confidence)

Precipitation extremes are projected to become more frequent and more intense in 
the wintertime. Summertime precipitation extremes have not been adequately studied. 

•	 Enhanced precipitation extremes are generally expected due to greater moisture 
availability in a warming atmosphere, even if average precipitation declines. 
(medium-low confidence). 

•	 Enhanced precipitation specifically associated with atmospheric rivers, a winter-
time phenomenon typically yielding extreme precipitation, is projected by most 
current climate models. (medium-low confidence)

Flooding is expected to change in timing, frequency, and intensity, depending on 
season, flood type, and location. 

•	 Floods from winter storms on the western slopes of the Sierra Nevada have been 
projected to increase in intensity in winter by all climate models that have been 
analyzed thus far, including models that otherwise project drier conditions. (me-
dium-high confidence) 

•	 Snowmelt-driven spring and summertime floods are expected to diminish in 
both frequency and intensity. (high confidence)

•	 Transition from hail to rain on the Front Range of the Rocky Mountains is ex-
pected to result in higher flash-flood risk specifically in eastern Colorado. (me-
dium-low confidence) 

Drought is generally expected to intensify in a warming climate, but some variation 
across basins can be expected, although few basins have been analyzed. 

•	 Drought, as expressed in Colorado River flow, is projected to become more fre-
quent, more intense, and longer-lasting, resulting in water deficits not seen dur-
ing the instrumental record. (high confidence)

•	 Northern Sierra Nevada watersheds may become wetter, and in terms of flow, 
somewhat less drought-prone with climate change. (medium-low confidence)

•	 In terms of soil moisture, drought is expected to generally intensify in the dry 
season due to warming. (high confidence)

Extreme fire weather can be associated with a combination of factors, none of which 
need be particularly extreme. For example, dry and commonly warm Santa Ana winds 
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(which are not necessarily themselves extreme) are frequently associated with extreme 
fire potential in Southern California. 

•	 Santa Ana winds are expected to diminish in frequency, but at the same time 
become drier and hotter. (medium-low confidence)  However, the combined ef-
fect of decreased winds and increased temperatures and dryness on Southern 
California’s fire risk is not clear. 

Beyond these projections, the region is fraught with important uncertainties regard-
ing future extremes, as many have yet to be projected. 

7.1 I ntroduction

Extreme events can be defined in many ways. Typical definitions of weather and cli-
mate extremes consider either the maximum value during a specified time interval 
(such as season or year) or exceedance of a threshold (the “peaks-over-threshold” [POT] 
approach), in which universal rather than local thresholds are frequently applied. For 
example, temperatures above 95°F (35°C) are often considered extreme in most loca-
tions across the United States, except in areas such as the low-lying deserts of Arizona 
and California, where such temperatures are typical in the summer. Temperatures at 
these levels are obviously extreme for living organisms from a non-adapted, physio-
logical perspective, and technological adaptation for humans is required for day-to-day 
functioning in such temperatures. But such temperatures are not necessarily extreme 
from the statistical or local climate perspectives. In statistics, extremes are considered 
low-probability events that differ greatly from typical occurrences. The IPCC defines 
extremes as 1% to 10% of the largest or smallest values of a distribution (Trenberth et 
al. 2007). Studies over large or complex regions marked by significant climatic variation 
require definitions that are relevant to local climate. Across the Southwest, location-spe-
cific definitions of extreme temperature, precipitation, humidity, and wind are required 
if a meaningful region-wide perspective is desired. 

In spite of common claims that climate change will result in past extremes becoming 
more commonplace, only a few scientific studies have actually considered future projec-
tions of extremes (e.g., Meehl et al. 2000; Tebaldi, Hayhoe, and Arblaster 2006; Parry et 
al. 2007; Trenberth et al. 2007). Even fewer have focused on regional extremes, usually in 
response to specific events such as the European heat wave of 2003. Studies examining 
projections of temperature, precipitation, and hydrological extremes typically resolve 
the Southwest as part of a much larger spatial domain. Hydrological drought research 
is the exception, as it naturally focuses on river basins. Drought in the Colorado River 
Basin, which encompasses a large swath of the Southwest and channels a large part of 
its water supply, was the focus of a recent drought projection study (Cayan et al. 2010). 
As a state, California has probably been the focus of more climate-change research than 
any other in the United States―research that has translated to state policy action. Not 
surprisingly, some of the first regional extreme climate projections in the nation have 
been carried out for some of California’s weather and climate extremes (e.g. Das et al. 
2011; Mastrandrea et al. 2011; Gershunov and Guirguis 2012). Results of these and other 
relevant studies are described in the Southwestern context below. 
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For climate science to inform impact assessment and policy research, it is important 
to define the most relevant impact-based indices of environmental extremes. This im-
pact-driven (or “bottom-up”) approach represents the current thrust of climate science 
striving to be relevant to society. To accomplish this goal, close collaborations among 
science and the public-private policy sectors must be initiated and maintained. This pro-
cess is perhaps further along in the Southwest than in other regions of the nation; but 
even for the Southwest, the necessary cross-sector relationships are still in their infancy. 
One of the future goals of the Southwest Climate Alliance (SWCA) is to define extremes 
by first understanding their impacts in key sectors. But for now, while keeping mindful 
of their impacts, we define extremes based solely on climate records and models.

For meaningful projections of extremes, models must be validated with respect to the 
mechanisms (such as heat waves or atmospheric rivers) that produce specific extremes. 
Without careful validation, a multi-model approach can introduce more uncertainties 
into projection of extremes than when multi-model projections are averaged to study 
mean climate trends, an approach that is typically assumed to increase certainty. In con-
trast to average climate, changes in extremes cannot be assumed to be more adequately 
diagnosed from averaging across a set of models, or ensemble members. The rare nature 
of extremes demands that they be carefully analyzed in each realization of modeled 
climate. 

7.2 H eat Waves

Background climate warming can be expected to result in increased heat wave activity 
as long as the thresholds used to define heat waves remain unchanged. Multi-model 
and downscaled projections are clear on this, globally and specifically for the Southwest 
United States (see, for example, Diffenbaugh and Ashfaq 2010). 

Gershunov, Cayan, and Iacobellis (2009) showed that heat waves over California and 
Nevada are not simply increasing in frequency and intensity but are also changing their 
character: they are becoming more humid and therefore are expressed more strongly 
in nighttime rather than daytime temperatures (i.e., in minimum [Tmin] rather than 
maximum [Tmax] daily temperatures). These changes started in the 1980s and appear 
to have accelerated since 2000. Moreover, the seasonal average humidity levels have 
not increased; rather, rare synoptic circulations (regional pressure patterns and their as-
sociated surface winds) that bring hot air to the extreme Southwest tend to also bring 
increased humidity. The trend in humid heat waves was shown to be due to the warm-
ing of the Pacific Ocean surface west of Baja California, a regionally intensified part of 
the global ocean warming trend. Following up on these observational results, Gers-
hunov and Guirguis (2012) first identified a global climate model (GCM) from which 
daily data were available and which was able to simulate both the synoptic causes of 
California heat waves (i.e., the observed pressure and humidity patterns associated with 
regional heat waves) as well as the observed trend in the flavor of regional heat waves 
disproportionately intensifying at night compared to the daytime. They then consid-
ered downscaled projectionsi over California and its subregions. Given the lack of heat 
wave projections studies for the entire Southwest and the potentially disproportionate 
impacts of humid heat on a region where life is acclimatized to dry heat, in the section 
below we expand the observational diagnosis of Gershunov, Cayan, and Iacobillis (2009) 
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and then follow the approach of Gershunov and Guirguis (2012), extending their heat 
wave projections to the entire Southwest. 

Heat wave index

Heat waves are hereby defined locally, but are described over the entire Southwest as a 
period lasting at least one day when daily temperature exceeds the 95th percentile of the 
local daily May-to-September climatology of maximum or minimum temperatures for 
1971−2000. In other words, a local heat wave is registered when temperature rises to the 
level of the hottest 5% of summer days or nights.ii The local magnitude of the heat wave 
(the heat wave index, or HWI) is the difference between the actual Tmax or Tmin and its 
corresponding 95th percentile threshold, summed over the consecutive days of the heat 
wave, or over the entire season if a measure of summertime heat wave activity is desired. 
This measure is similar to the familiar degree days, except that the threshold temperature 
is defined relative to local climatology, as opposed to an absolute threshold, making 
the HWI consistent and comparable for all locations representing a region. The regional 
HWI is then constructed by taking the regional average of the local values. HWI reflects 
the frequency, intensity, duration, and spatial extent of heat waves across the Southwest 
(Figure 7.1). 

Projections

Observations and modeling indicate that Southwestern heat wave activity is increasing 
as expected with climate change, however as in California, it is increasing dispropor-
tionately relative to minimum versus maximum temperatures (Figure 7.1). The Tmin 
trend is clearly visible during the historical period and it is comparable to the modeled 
trend (inset on panel B), in contrast, the historical modeled Tmax trend has not yet been 
observed. For the future, heat waves are projected to increase at an accelerating rate, 
with nighttime heat waves projected to increase at a faster rate than daytime heat waves. 
Much of the projected increase in Southwestern heat wave activity is to be expected 
simply from average seasonal warming driving temperatures to exceed the stationary 
local 95th percentile thresholds—by larger margins, more often, for more consecutive 
days, and over larger parts of the Southwest—driving this cumulative heat wave index 
dramatically upward. 

Mastrandrea and others (2011) adopted a multi-model view on California heat waves 
to examine 100-year events.iii Their results also suggested higher minimum tempera-
tures are projected to increase more than maximum temperatures, but their modeling 
results were not as clear on this point as those from the well-validated CNRM-CM3 
model or from observations. The main result from multi-model heat wave projections is 
that observed 100-year return period heat waves become heat waves with a 10-year or 
even shorter return period during the last half of the twenty-first century. 

The disproportionate increase in nighttime versus daytime projected heat wave oc-
currence is consistent with observations and is indicative of enhanced future impacts 
on health (of humans, animals, and ecosystems), agriculture, and energy infrastructure, 
due to the elevated humidity and diminished nighttime respite from heat. The intensify-
ing heat thus becomes more difficult for the biota of the Southwest to tolerate, acclima-
tized as they are to dry daytime heat and cool nights. Given the high correspondence of 
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observed and modeled trends, we consider this to be a medium-low confidence result. 
Agreement from additional models, if validated to produce realistic heat waves, will 
likely increase the confidence of this conclusion into the “high-confidence” category. 

Sub-regional variation of heat wave trends is possible. For example, working with 
BCCA-downscaled data for California, Gershunov and Guirguis (2012) found intriguing 
patterns of change in the magnitude of coastal heat waves relative to median summer-
time warming of coastal regions. Although average warming is projected to be weaker at 
the coast than over inland areas in summer (see Chapter 6), a trend in heat waves of pro-
gressively enhanced magnitude through the twenty-first century is projected along the 

Figure 7.1 T he summertime (May–
September) Heat Wave Index (HWI) 
for Tmax (a) and Tmin (b) for the 
Southwest region. �Solid line is the 
5-year running mean. HWI values show °C 
above the local 95th historical percentile. 
Inset shows the same data on a scale 
appropriate for the historical period (1950-
1999). Historical observed and modeled data 
as well as twenty-first century projections 
(according to the SRES-A2 “high-emissions” 
scenario) are shown from observations as 
well as from a GCM (CNRM-CM3) historical 
simulation and projection averaged over 
the Southwest. Adapted for the Southwest 
based on the work of Gershunov and 
Guirguis (2012) for California. Data source: 
Salas-Mélia et al. (2005); see also http://
www.ipcc-data.org/ar4/model-CNRM-CM3-
change.html.
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coast―the most highly populated and least heat-adapted of all California sub-regions. 
This trend is already observed over coastal Northern California. 

7.3 W intertime Cold Outbreaks

A diminishing trend in cold spell frequency and intensity has been observed over the 
Northern Hemisphere and its continental sub-regions (Guirguis et al. 2011). Within re-
gions, cold outbreaks are most intense in low-lying topography that channels the cold 
dense air. Their frequency also responds to changes in atmospheric circulation patterns, 
in particular to transient high pressure systems that cause cold air outbreaks. As the sub-
tropical high-pressure zones intensify and expand poleward (Lu, Vecchi, and Reichler 
2007; Lu, Deser, and Reichler 2009) and the storm track contracts towards the pole (IPCC 
2007), fewer cyclones and more anticyclones are expected to reach the Southwest United 
States and northwestern Mexico, resulting in less-frequent precipitation but increased 
frequency of atmospheric circulation conditions leading to cold outbreaks (Favre and 
Gershunov 2009; Chapter 6). Considered with regional seasonal warming trends, this 
change may affect the frequency of future cold extremes. However, because of the top-
ographic complexity of the Southwestern United States (Chapter 3, Section 3.1), this 
would apply only to cold extremes in coastal low-lying valleys west of the Sierra Ne-
vada. Winter cold outbreaks in much of the rest of the mountainous Southwest are not 
affected by transient anticyclones arriving from the North Pacific (see Favre and Gers-
hunov 2009, Figure 14). 

Following the heat wave index definition provided above and the approach of Guir-
guis and others (2011), cold outbreaks are here defined as the coldest five percent of 
the wintertime daily temperature distribution, aggregating degree days below the local 
5th percentile thresholds over the cold season (November–March), and averaging over 
the region. In other words, cold outbreaks occur when temperature drops below the 
local levels defining the coldest 5% of winter days or nights, and are measured by how 
far they drop below those levels over the entire region.iv The resulting cold spell index 
(CSI), derived from observations and the CNRM-CM3 model, is presented in Figure 7.2. 
It reflects frequency, intensity, duration, and spatial extent of wintertime cold spells over 
the entire Southwest. Cold spells are clearly projected to diminish in both maximum 
and minimum temperatures. The trend is not projected to be steady, as the influence of 
natural interannual and interdecadal variability on the occurrence of cold extremes is 
projected to continue to strongly modulate cold outbreaks in the future. Kodra, Stein-
hauser, and Ganguly (2011) project that occasional extreme cold events are likely to per-
sist across each continent under twenty-first century warming scenarios, however, and 
this agrees with recent results for California using multi-model downscaled projections 
(Pierce et al. 2012). In the states of California and Northern Baja California, the more 
frequent occurrence of mid-latitude anticyclones that produce the cold snaps (Favre and 
Gershunov 2009) may be elevating the probability that some of the future cold snaps 
will be nearly as cold as those in the past. However, as warming continues into the late 
twenty-first century while the local thresholds used to define cold extremes remain stat-
ic, this probability should diminish over the entire Southwest, leading to generally less 
frequent if not always less severe cold outbreaks by the end of the century. 
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7.4  Precipitation

General results and key uncertainties

Models project that there will be augmented extreme precipitation events even in re-
gions where total precipitation is generally expected to decrease (Groisman et al. 2005; 
Wang and Zhang 2008), such as in the southern portion of the Southwest in winter (see 
Chapter 6). The reason for this expectation is that warmer air holds more moisture at 
saturation (100% relative humidity) and therefore “extreme” storms should be able to 
produce more precipitation than similar events in the past. Global climate models are 
notoriously deficient at simulating high frequency precipitation, especially its extreme 
values, but they generally agree on this result (Groisman et al. 2005; Kharin et al. 2007). 

Figure 7.2 T he wintertime 
(November–March) Cold Spell Index 
(CSI) for Tmax (a) and Tmin (b) for 
the Southwest region. �Explanation of 
lines, values, and insets as in Figure 7.1. 
Adapted for the Southwest based on the 
work of Gershunov and Guirguis (2012) for 
California. Data source: Salas-Mélia et al. 
(2005); see also http://www.ipcc-data.org/
ar4/model-CNRM-CM3-change.html.
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To circumvent these deficiencies in simulating precipitation and to rely more on mod-
el strengths, Wang and Zhang (2008) used statistical downscaling to relate large-scale 
atmospheric circulation and humidity to locally observed precipitation and then applied 
this downscaling scheme to a global climate model projection. By doing this, the effects 
of changes in circulation and humidity could be evaluated separately, and changes in 
the daily extreme values of winter precipitation could be diagnosed. They found that 
over much of North America during the last half of the current century, extreme precipi-
tation events that currently occur on average once in a twenty-year period are projected 
to occur up to twice as frequently, even in regions that are projected to have decreased 
precipitation due to circulation changes. In other words, increased specific humidity in 
a warming atmosphere is expected to dominate future trends in extreme precipitation. 

Dynamically downscaled GCM projections support this result. Multi-model dynami-
cally downscaled simulations project a significant increase (of 13% to14% on average by 
mid-century) in the intensity of wintertime extremes with 20- and 50-year return periods 
under the high-emissions scenario (Dominguez et al. 2012), even though the same simu-
lations project average precipitation to decrease over the Southwest. Increased water 
vapor content in a warming atmosphere seems a key element in such projections, and 
statistical downscaling schemes that do not include explicit accounting for this increas-
ing moisture content do not necessarily support these findings. Mastrandrea and others 
(2011), for example, used a precipitation downscaling scheme that did not use atmo-
spheric humidity as a predictor. When applied in a multi-model context over California, 
this approach did not yield clear or significant changes in precipitation extremes. 

Such studies are not directly comparable due to different choices of global climate 
models, downscaling schemes, and definitions of extreme precipitation. However, sim-
ple physical reasoning suggests that in a warming and moistening atmosphere, greater 
precipitation extremes can co-evolve with generally drier conditions. This argument is 
consistent with observations and modeling over many of the world’s regions (Groisman 
et al. 2004; Groisman et al. 2005), especially in summer, but increasing extreme precipi-
tation trends have not yet been observed over the Southwest. This is in spite of the fact 
that the Southwest has been at the forefront of warming among regions of the contigu-
ous United States. Although different projection results are not yet perfectly congruent 
and more research is clearly needed, modeling schemes that explicitly resolve increas-
ing moisture content in a warming atmosphere consistently result in more frequent and 
larger future precipitation extremes over the otherwise drying Southwest and their re-
sults should be regarded with more confidence. 

Next, we examine precipitation extremes due to specific storm systems and physical 
processes. 

North American monsoon (NAM)

The North American monsoon (NAM) is the source of summertime precipitation for 
much of the Southwest, particularly Arizona and New Mexico. The core region of NAM 
is along the Sierra Madre Occidental in northwestern Mexico (Cavazos, Turrent, and 
Lettenmaier 2008; Arriaga-Ramírez and Cavazos 2010). These studies examined ob-
served trends in extreme summertime rainfall, but did not find any significant precipi-
tation trends related specifically to NAM.v The northern tip of NAM penetrates into 
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the Southwestern United States. Monsoonal precipitation modeling and projections 
present many uncertainties (see Chapter 6), which translate to key uncertainties for the 
extremes. Projections of extremes have not been specifically evaluated for NAM rain-
fall; however, in a new study, Cavazos and Arriaga-Ramirez (2012), found that model 
scenarios of increased greenhouse gases (A2 “high-emissions” scenario) in conjunction 
with statistical downscaling, show a weakening of the monsoon rainfall due to longer 
and more frequent dry periods in the monsoon region by the end of this century. How-
ever, as explained in Chapter 6, the North American monsoon system is also influenced 
by large-scale patterns of natural variability. Great challenges in monsoon modeling 
prevent confident conclusions about the future of NAM, especially its extremes. Chou 
and Lan (2011) show a negative trend in the annual total maximum precipitation in the 
monsoon region during the twenty-first century associated with increased subtropical 
subsidence induced by global warming. Projected increase in subtropical subsidence (as 
discussed in Chapter 6 and in Lu, Vecchi, and Reichler 2007) could negatively impact 
NAM precipitation; however, its potential impact on NAM extremes is, even intuitively, 
less clear. The low confidence in projected decreased total NAM precipitation and the 
lack of understanding about its extremes make NAM an important topic for ongoing 
research. Future research should consider NAM in its entirety on both sides of the U.S.-
Mexico border. 

Atmospheric rivers

Much of the Southwest is within reach of an important class of Pacific storms that are 
often referred to as “atmospheric rivers” (ARs). ARs are storms in which enormous 
amounts of water vapor are delivered to the region from over the Pacific Ocean in cor-
ridors that are low-level (less than about 6,600 feet [2000 m] above sea level), long (great-
er than 1,200 miles [2000 km]), and narrow (less than about 300 miles [500 km] wide) 
(Ralph and Dettinger 2011). So far, atmospheric rivers have been the only extreme-pre-
cipitation-producing systems in the Southwest that are large enough to be adequately 
modeled by GCMs even without downscaling and that have received recent careful at-
tention in the context of climate change. 

When these ARs encounter the mountains of the Southwest—most often in California, 
but occasionally penetrating as far inland as Utah and New Mexico (Figure 7.3)—they 
produce many of the most intense precipitation events that define the storm and flood 
climatology of the region (Ralph et al. 2006; Ralph et al. 2011). These storms are present 
in climate-change simulations by the coupled atmosphere-ocean global climate models 
included in the IPCC Fourth Assessment Report (e.g., Bao et al. 2006; Dettinger 2011; 
Dettinger, Ralph, Das et al. 2011; Dettinger, Ralph, Hughes et al. 2011), and presum-
ably will be better represented in the generally better-resolved models of the Fifth As-
sessment Report. A preliminary study of their occurrences and intensities in the Fourth 
Assessment Report projections of climate changes in response to the SRES A2 “high-
emissions” scenario by seven GCMs (Dettinger 2011) indicates that in a warmer climate, 
ARs making landfall on the California coast will carry more water vapor in general. By 
the mid-twenty-first century, ARs are projected to increase by an average of about 30% 
per year and about twice as many years are projected to have many more than histori-
cal numbers of ARs. Also, all seven models yielded occasional twenty-first century ARs 



that were considerably more intense than any simulated (or observed) in the historical 
period. Together these results suggest that the risks of storm and flood hazards in the 
Southwest from AR storms may increase under the changing climate of the twenty-first 
century; however the analyses and even our understanding of historical ARs (Dettinger 
2011; Ralph and Dettinger 2011) are still preliminary and warrant further investigation.

Hail on the Colorado Front Range

Parts of the Southwest are prone to precipitation from intense summertime thunder-
storms that fall as hail rather than heavy rain. Although it can inflict significant dam-
age on property and agriculture, hail may help prevent or delay flash flooding. The 
most active region in terms of hailstorm intensity, frequency, and duration in the United 
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Figure 7.3  Key weather phenomena that cause extreme precipitation in the Southwest. 
�Schematic illustration of regional patterns of the primary weather phenomena that lead to extreme 
precipitation and flooding, while also contributing to water supplies (Guan et al. 2010; Dettinger et al. 
2011), across the western United States. Modified from Ralph et al. (2011); see http://www.westgov.
org/wswc/167%20council%20meeting%20-%20id/167%20council%20mtg%20-%20oct2011.html.
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States is the leeward (eastern) side of the Rocky Mountains, especially eastern Colo-
rado. Mahoney et al. (2012) used a dynamical downscaling framework to compare past 
(1971−2000) and future (2041−2070) warm-season convective storm characteristics, with 
a focus on hail, in the Colorado Front Range and Rocky Mountain regions.vi The authors 
found that surface hail in the 2041−2070 time period was projected to be nearly elimi-
nated, despite an increase in in-cloud hail, due to a higher altitude level of melting (32°F 
[0°C] isotherm). The initial level of melting increased from about 16,400 feet (5,000 m) 
above sea level to about 18,000 feet (5,500 m) over the study region over time. The model 
simulations suggest this deeper vertical layer of above-freezing temperatures will be 
sufficient to melt the hailstones before they reach the surface. Additionally, across most 
elevations in the region, the future simulations produced greater total maximum pre-
cipitation and surface runoff. The combination of decreased surface hail and increased 
rainfall as well as overall precipitation intensity, implies flash flooding may become 
more likely in mountainous regions that currently experience hail, especially where the 
surfaces are relatively impervious.vii

7.5  Surface Hydrology

Flooding

Changes due to warming in the type of intense precipitation received will affect flood-
ing. Just as the change of summertime precipitation on the Rockies’ Front Range from 
hail to rain will increase the risk of flash flooding, so too will the change from winter-
time snow to rain for areas of the Southwest. Projected changes in winter storms, includ-
ing both intensities and temperatures, are expected and projected (Das et al. 2011) to 
yield increased winter floods, especially in the Sierra Nevada, where winter storms are 
typically warmer than those farther inland. Even in global climate model scenarios with 
decreased total regional precipitation, flood magnitudes are projected to increase (Das et 
al. 2011). More frequent and/or intense precipitation extremes are an important cause of 
increased flooding, but warming also plays an important role as it results in wintertime 
precipitation falling more as rain rather than snow. The projected late-century increase 
in flooding generated in the Sierra Nevada watersheds is therefore due to wintertime 
storm-driven runoff, while spring and early summer snowmelt-driven floods are ex-
pected to wane. 

Future changes in flooding elsewhere in the Southwest will depend on the future 
of the storm mechanisms partially summarized in Figure 7.3. For example, where en-
hanced ARs drive extreme precipitation, wintertime flooding may be expected to in-
crease, although probably not as much as on the western slopes of the Sierra Nevada, 
where much moisture is squeezed from these systems. In other regions and seasons (e.g. 
the monsoon region in the summertime), uncertainties about future changes in precipi-
tation extremes translate directly into uncertainties about future flooding. 

Drought

Global models suggest more dry days and drier soils in the future for the southern 
part of the Southwest (Field et al. 2011). Along with projected warming and increased 
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evapotranspiration, this can only mean that droughts will become more severe. The cru-
cial importance of water resources and their natural volatility in the arid, thirsty, and 
growing Southwest has motivated numerous hydrological studies over the decades. 
The Colorado River—which provides at least partial water supply to all Southwestern 
states—has been the natural focus of many of these studies. Recent research was moti-
vated by a prolonged drought that afflicted the Southwest, and particularly the Colo-
rado River, for much of the first decade of the twenty-first century (MacDonald 2008). 

This contemporary drought was examined in the context of past records and future 
projections utilizing a hierarchy of GCM projections, statistical downscaling, and hydro-
logic modeling to focus on Southwestern drought and describe it in the context of past 
and likely future conditions (Cayan et al. 2010). The results are summarized here. 

The recent drought is a perfect example of droughts that the Southwest has been 
prone to experience about once per century. The analysis of Cayan and others (2010), 
based on the high emissions scenario, suggests that the current 100-year drought will 
become commonplace in the second half of this century and that future droughts will 
be much more severe than those previously recorded. This possibility should not be 
surprising given the magnitude of megadroughts on the paleorecord (Cook at al. 2004; 
Cook et al. 2009; Chapter 5), but importantly, climate change is slowly tipping the bal-
ance in favor of more frequent, longer, and more intense droughts. Figure 7.4 shows the 
difference in the Colorado River flow deficit accumulated over consecutive years of ob-
served versus projected 100-year drought. This projection of intensified drought condi-
tions on the Colorado River is not due to changes in precipitation, but rather due directly 
to warming and its effect on reducing soil moisture (Figure 7.5) by reducing snowpack 
and increasing evapotranspiration. The projected longer, more intense droughts in the 
Colorado Basin will pose challenges to sustaining water supplies of the already over-al-
located Colorado River (Chapter 10). Increased drought may not be expected for all river 
basins of the Southwest, however; the Sacramento River Basin, for example, is projected 
to become slightly wetter (Cayan et al. 2010).

7.6  Fire Weather 

Fire weather is persistent in the Southwest most of the year and actual outbreaks of 
fire in the region are significantly affected by human factors such as ignition and arson, 
fire management, and fire suppression practices that might (in the long run) provoke 
stronger wild fires (Westerling et al. 2003). Hot, gusty, dry winds can greatly exacerbate 
the risk of extremely large wildfires if they occur when the fuels are dry and plentiful 
and especially where the wind itself can influence the risk of a spark (e.g., when it con-
tacts power lines). The topographically complex Southwest is home to several regional 
downslope winds of the rain-shadow-type (such as the Colorado Front Range chinook) 
or the gravity-driven type (such as the Santa Ana winds of Southern California). The 
Santa Ana winds, accelerating down the west slopes of Southern California’s coastal 
ranges, are particularly notorious for spreading uncontrollable fires, since the beginning 
of the Santa Ana season in the fall coincides with the end of the long dry warm season 
(e.g. Westerling et al. 2004). 
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Santa Ana winds

The cool, relatively moist fall and winter climate of Southern California is often dis-
rupted by dry, hot days with strong winds known as the Santa Anas that blow out of 
the desert. The Santa Ana winds are a dominant feature of the cool-season climate of this 
region (Conil and Hall 2006; Hughes and Hall 2010), and they have important ecological 
impacts. The most familiar is their influence on wildfires: following the hot, dry South-
ern California summer, the extremely low relative humidities and strong, gusty winds 
associated with Santa Anas introduce extreme fire risk, often culminating in wildfires 
with large economic loss (Westerling et al. 2004; Moritz et al. 2010). 

Figure 7.4 D rought associated anomalies in Colorado River streamflow. �Accumulated deficit 
in flow (10^9 m^3, or billions of cubic meters) on the Colorado River at Lees Ferry relative to the mean 
flow observed over the period 1906–2008 (Y axis), as a function of drought duration in years (X axis). 
The twenty-first-century drought is shown in red; other years are shown as black dots. For example, 
the red 2007 indicates an eight-year drought (2000–2007), with an accumulated deficit of around 40 
billion cubic meters (around 30 million acre-feet). Grey shading indicates where, two-thirds of the time, 
the worst drought (accumulated streamflow deficit) of the century should fall; the blue hatched region 
shows where the worst drought should fall for the end of this century, estimated from downscaled 
climate models. The twenty-first-century drought was consistent with the expected 100-year event, 
given the observed climate, whereas future 100-year droughts are expected to be much more severe in 
terms of accumulated flow deficit. Modified from Cayan et al. (2010).
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Hughes, Hall, and Kim (2011) recently documented the potential impacts of human-
generated climate change on the frequency of the Santa Anas and associated meteorolog-
ical conditions with a high-resolution dynamical downscaling of a Fourth Assessment 
Report (NCAR CCSM3) model. They project that the number of Santa Ana days per 
winter season would be approximately 20% fewer in the mid twenty-first century com-
pared to the late-twentieth century. 

In addition to the change in Santa Anas’ frequency, Hughes, Hall, and Kim (2011) 
also investigated changes during Santa Anas in two other meteorological variables 
known to be relevant to fire weather conditions—relative humidity and temperature—
and found a decrease in the relative humidity and an increase in temperature. Both of 
these changes would favor fire, while the reduction in Santa Ana wind events would 
reduce fire risk. More work is necessary to ensure these results are robust across differ-
ent climate models and emission scenarios, and to quantify the impact of these changes 
on fire weather. Santa Ana winds are treated as weather extremes in this report because 
they cause extreme fire danger conditions. However, Santa Ana winds are rather com-
monplace and not extreme in and of themselves. The extremes of Santa Ana winds have 
not been studied either in the observed or projected climate. This is an important topic 
for future research. 

Figure 7.5 D rought-associated anomalies in precipitation and soil moisture. �Composite 
average of water-year precipitation (blue) and water-year soil moisture (red) anomalies associated 
with extreme negative soil moisture anomalies for the Southwest estimated from observations and 
simulated climate input from CNRM CM3 and GFDL CM2.1 GCMs SRES A2 emission scenario, for 
1951–1999, 2000–2049, and 2050–2099. Modified from Cayan et al. (2010).
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7.7  Discussion of Key Uncertainties

Large-scale climate drivers such as El Niño-Southern Oscillation (ENSO) and the Pa-
cific Decadal Oscillation (PDO) in particular, play an important role in the winter and 
spring precipitation extremes (and consequently floods) over the Southwest and West. 
A rich body of literature shows the Southwestern hydroclimate—in particular the daily 
precipitation extremes—to be very sensitive to natural interannual and decadal variabil-
ity (Gershunov and Barnett 1998; Cayan et al. 1999; Gershunov and Cayan 2003). Thus, 
flood risk can be affected by changes to moisture delivery processes (see, for example, 
Dettinger et al. 1998; Gershunov and Barnett 1998; Cayan, Redmond and Riddle 1999; 
Rajagopalan et al. 2000), temperature, and land surface conditions. An important uncer-
tainty for the Southwest therefore is how the relevant modes of natural variability in the 
Pacific sector (ENSO and PDO) and their combined influences on Southwestern climate 
may be affected by climate change. The most predictable climate regime in the South-
west is the dry winter associated with La Niña and the negative phase of the PDO. For 
the first time in over a century, in spring 2011 this combination of natural forcing did not 
result in a dry winter; instead, great snow accumulations ended the early twenty-first 
century drought.viii The influence of climate change on the stability of teleconnectionsix 
and the reliability of traditional seasonal climate forecasts should be investigated in fu-
ture research. 

Flooding is a result of complex interactions between the type and characteristics of 
moisture delivery, water catchment attributes, and land surface features. In a broad 
sense, the common mechanisms of moisture delivery―heavy winter rainfall, runoff, 
heavy winter snow followed by spring melt, rain-on-snow events, and summer convec-
tion connected with the North American monsoon system―operate in conjunction with 
temperature regimes and catchment and land surface features. The key to flooding out-
comes are the processes that deliver moisture to this region: an intricate choreography of 
large-scale, ocean-atmospheric climate drivers and orography (the physical geography 
of mountains).x

Significant changes to flood risks during the twentieth century were observed over 
the entire Western United States as a result of general warming (Hamlet and Lettenmaier 
2007). Winter temperature changes modify the precipitation patterns; most significantly, 
higher temperatures increase winter rainfall at the expense of snowfall, thus reducing 
spring flooding while potentially increasing winter flooding. Warm and cold phases of 
ENSO and PDO also strongly modulate flooding risk. For example, cold ENSO and PDO 
phases reduce overall precipitation in the Colorado River Basin, thereby reducing flood 
risk. These insights provide a template for flood-risk changes under a warmer climate in 
the twenty-first century, assuming climate change does not affect the nature or stability 
of the teleconnections climate forecasters have come to trust. This is an assumption that 
needs to be verified. 

Floods that cause severe property damage and loss of life in populous regions are 
predominantly caused by severe precipitation events on already saturated soils. As dis-
cussed above, the Southwest is likely to experience increased flood risk from short-du-
ration extreme atmospheric river precipitation events. The future role of rain-on-snow 
events in twenty-first-century flood regimes remains highly uncertain (Dettinger et al. 
2009). 
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The ability of climate models to reproduce extreme high-frequency precipitation is a 
key uncertainty in projections. Dynamical models typically overestimate the frequency 
of precipitation and underestimate precipitation intensity (e.g. Gershunov et al. 2000). 
Given the known modeling precipitation biases, how certain are projected trends in pre-
cipitation extremes? 

Behavior of co-occurring high-impact extremes such as drought and heat waves is 
a key uncertainty that has not so far been adequately addressed. It is likely that soil 
moisture anomalies predetermine a region’s capacity for extreme heat waves, while 
heat waves, in turn, deplete soil moisture. Decadal drought cycles can therefore modify 
the clearly projected trends in heat-wave activity. Research on the interactions between 
drought cycles and heat wave activity is needed to understand possible decadal varia-
tion of heat waves in a warming Southwest projected to experience deeper and longer 
droughts (Cayan et al. 2010). 

Coastal climate is characterized by persistent low-level clouds in summer, to which 
coastal ecosystems and society are adapted. This “marine layer” responds to a host of 
natural weather and climate influences on global and local scales. The marine layer is 
particularly sensitive to inland temperatures and can respond to heat waves in different 
ways depending on regional to large-scale atmospheric circulation, coastal upwelling of 
cold nutrient-rich ocean water, and the state of the PDO. It typically protects the highly 
populated and sparsely air-conditioned coast from heat waves, but its absence during 
a heat wave (such as in July 2006 along the California coast) can severely impact public 
health (see Chapter 15), agriculture (Chapter 11), and the energy sector (Chapter 12). 
Marine-layer dynamics are not well understood or modeled. Future behavior of the ma-
rine layer in general and specifically in conjunction with extreme heat is unknown.

The Southwest is demarcated by an international border that transforms the region 
but fails to confine the impacts of extreme weather and climate. With its core region in 
northwestern Mexico, the North American monsoon is an excellent example of a climate 
phenomenon straddling both sides of the border. Although the region experiences the 
same extremes on either side of the U.S.-Mexico border, the impacts of these extremes—
and the ability to observe and mitigate them—are not equally shared because of socio-
economic and sociopolitical disparities (see also Chapter 16 for an extensive discussion 
of climate change effects and adaptation in the U.S.-Mexico border region).

Irreversible changes and tipping points

In addition to these and numerous other uncertainties, the possibilities for abrupt or ir-
reversible changes and tipping points exist, particularly in the impacts of climate change 
on biological and social systems. These issues, however, are highly speculative and un-
certain and we only briefly list a few considerations here. 

•	 Warmer winters and drought can and have led to bark beetle infestations that 
threaten the pine forests and influence wildfire risk (see Chapter 8, Section 8.4). 

•	 The Southwest appears prone to abrupt shifts in climate regimes as evidenced by 
the paleorecord (e.g., historic megadroughts, see Chapter 5) that, coupled with 
enhanced heat wave activity, could lead to irreversible impacts on ecology as 
well as human adaptation, and may reduce the productive capacity of resources 
such as soils and rangelands. 
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•	 Impacts that promote devastating wildfires can result in irreversible land-cover 
and ecological changes. 

•	 A declining snowpack has the capacity to irreversibly change the hydrologic 
regime.

•	 Change in the atmospheric vertical temperature profile can influence atmo-
spheric stability and precipitation. 

•	 A shift in the jet stream, although gradual, could have irreversible consequences 
on human time scales. 

•	 The massive changes in the Arctic may be impacting the Southwest in ways cur-
rently unknown.

•	 Asian dust and aerosols may have a lasting influence on precipitation.

These and other uncertainties, coupled with the region’s unique diversity and com-
pounding vulnerabilities, create a highly volatile landscape for climate to write its story 
upon, employing an evolving lexicon and extreme punctuation marks. 
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Endnotes

i	 Downscaled using the Bias Corrected Constructed Analogue (BCCA) statistical downscaling 
method of Maurer and Hidalgo (2008).

ii	 Another measure of heat waves is discussed in Chapter 5, Section 5.4.
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iii	 Events with a probability of occurrence of 1% in any given year or 100% in 100 years.
iv	 Another measure of cold waves is discussed in Chapter 5, Section 5.4.
v	 They detected tropical cyclone-related trends in the core NAM region. However, because this is 

in Mexico and since Barlow (2011) showed that hurricane-related activity contributes only 1% of 
Southwestern precipitation extremes, we did not consider hurricanes and tropical storms in this 
chapter.

vi	 Mahoney et al. (2012) used a multi-tiered downscaling approach where first a GCM (GFDL) was 
downscaled to 31 mile (50-km) grid as a part of North American Regional Climate Change Assess-
ment Program (NARCCAP), using the high-emissions scenario (Nakicenovic and Swart 2000).
Then extreme precipitation events in NARCCAP were further downscaled using the Weather 
Research and Forecasting (WRF) model. High-resolution WRF simulations (up to 0.8 mile [1.3 
km] horizontal grid), initialized using composite future and past conditions were produced.

vii	 Potential sensitivities of model microphysical parameterization (especially hail size distribution 
to melting hail) merits further investigation. Nevertheless, although based on one GCM projec-
tion only, Mahoney and colleagues (2012) claim their results are robust due to consistency with 
different initialized climate projections, and different WRF methodologies (event and composite).

viii	 In winter 2011–2012, at the time of this writing, similar forcings are producing more than ex-
pected dryness, however.

ix	 Teleconnections are persistent large-scale patterns of atmospheric circulation that reflect changes 
in the jet stream or atmospheric waves over very large areas. They can derive from internal atmo-
spheric dynamics or from changes in sea-surface temperatures and convection, as in the tropical 
Pacific ENSO cycle resulting in, for example, anomalous precipitation patterns in the Southwest.

x	 These are described in detail in Hirschboeck (1991) and Sheppard et al. (2002).
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However, because such relations evolve, projections based on current relations are likely 
to be inaccurate. Additionally, changes in climate, land use, species distributions, and 
disturbance regimes (such as fire and outbreaks of disease) will affect the ability of eco-
systems to provide habitat for animals and plants that society values, to maintain eco-
system processes, and to serve as reservoirs of carbon. There is reliable evidence for the 
following key findings, which are true of the Southwest and many other regions.

•	 Observed changes in climate are associated strongly with some changes in geo-
graphic distributions of species that have been observed since the 1970s. The 
extent of these observed changes in geographic distribution varies considerably 
among species. (high confidence)

•	 Observed changes in climate are associated strongly with some observed 
changes in the timing of seasonal events in the life cycles of species. The magni-
tude of these changes in timing of seasonal events varies considerably among 
species. (high confidence)

•	 Some disturbance processes that result in mortality or decreases in the viability 
of native plants are associated strongly with observed changes in climate. 
Among those disturbances are wildfires and outbreaks of forest pests and 
pathogens. Mortality of some species of plants and of plants in some regions 
also is associated directly with higher temperatures and decreases in precipita-
tion. (high confidence)

•	 The probability that a species will occupy and reproduce in a specified 
geographic area for a selected number of years may increase if the physi-
ology or behavior of individuals of the species is able to change in response to 
environmental change. These changes, which often have a genetic basis, may 
increase probabilities of persistence (the likelihood that a species will occupy 
and reproduce in a certain geographic area for a certain number of years) 
beyond what might be expected on the basis of current associations between 
species and climatic variables. (high confidence)

8.1 I ntroduction: Climate, Climate Change, and Ecosystems  
of the Southwest

The Southwest’s high species richness of diverse groups of plants and animals (Kier et 
al. 2009) in part reflects the considerable geographic and seasonal variation in climate 
within the region (see Figure 4.1). For example, the difference in absolute minimum and 
maximum temperatures at a given location within a year can be as much as 113°F (45°C) 
in the interior of the Southwest and as little as 59°F (15oC) near the coast. High elevations 
in the Sierra Nevada and Rocky Mountains receive 39 inches to 79 inches (100 cm to 200 
cm) of precipitation annually, whereas low elevations receive less than 4 inches (10 cm).

Climatic variation in the Southwest, as in any region, also is reflected by variations 
in land cover and land use (see Chapter 3). Within the Southwest, the U.S. Gap Analysis 
Project (USGS 2004) mapped 209 ecological systems,i which are defined as groups of 
plant community types that tend to co-occur within landscapes with similar ecological 
processes, geology, soils, or ranges of environmental attributes such as elevation and 
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precipitation (Comer et al. 2003), and twenty additional classes of land that has been 
disturbed or modified by humans.

Climatic variables such as actual evapotranspiration (the amount of water delivered 
to the atmosphere by evaporation and plant transpiration), soil water deficit (the amount 
of available water removed from the soil within the active root depth of plants), average 
temperatures of the coldest and warmest months, and different measures of precipita-
tion are highly correlated with the geographic distributions of individual species and 
ecological systems (e.g., Rehfeldt et al. 2006; Parra and Monahan 2008; Franklin et al. 
2009). Increasing temperatures and aridity (MacDonald 2010) and earlier snowmelt and 
peak streamflow (Bonfils et al. 2008) also have been linked to changes in the geographic 
distributions of species (e.g., Kelly and Goulden 2008; Moritz et al. 2008; Forister et al. 
2010). Changes in climate have been associated with changes in phenology (the timing 
of seasonal events in the life cycle of plants and animals) (e.g., Bradley and Mustard 
2008; Kimball et al. 2009; Miller-Rushing and Inouye 2009) and changes in the frequency, 
extent, duration, and severity of fires and outbreaks of forest pathogens (e.g., Westerling 
et al. 2006; Bentz 2008).

Projections suggest that by 2100, average annual temperatures in the Southwest may 
increase by 2°F to 9°F (1°C to 5°C), which will increase rates of evaporation and transpi-
ration of surface water and soil water to the atmosphere. Annual runoff across much of 
the region is projected to decrease 10% to 40% by 2100, and the severity and length of 
droughts and soil-moisture depletion are expected to increase substantially (IPCC 2007; 
Cayan et al. 2010; Seager and Vecchi 2010; see also Chapters 6 and 7). Extremes in high 
temperatures are anticipated to increase, whereas extreme cold events are expected to 
become less severe and shorter in duration. Changes in temperature and water deficits 
in soils and plants are projected to be greatest in interior regions and least near the Pa-
cific Coast (Pan et al. 2010).

Computer models that associate climate with the distribution of species suggest that 
by 2100, the locations occupied by individual species may change substantially in re-
sponse to projected changes in temperature and precipitation (Lenihan et al. 2003; Ar-
cher and Predick 2008; Loarie et al. 2008). For example, increases in water temperature 
in rivers and streams may cause mortality of some native fish species and some of the 
invertebrates on which they prey, and increase the likelihood that non-native salmonid 
fishes (which spawn in freshwater but may spend a portion of their life in the ocean) 
will colonize these rivers and streams. Abundances of some native fishes may decrease 
and the probability of breeding among native and non-native fishes may increase. For 
example, the amount of habitat for a native cutthroat trout (Oncorhynchus clarkia) is pro-
jected to decrease as much as 58% in response to increases in temperature and competi-
tion with other species (Wenger et al. 2011).

Existing plant and animal species or their recent ancestors have persisted through 
substantial climatic changes. However, the anticipated rate of widespread climate 
change from 2010 to 2100 generally exceeds that documented in paleoenvironmental 
records from the recent geologic past (around 2 million years). Additionally, human 
land uses such as urbanization and agriculture have reduced the quantity and quality 
of habitat for some species and created barriers to dispersal of some species (Willis and 
MacDonald 2011). Patterns of human settlement and other land uses vary considerably 
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across the Southwest. For example, human population density across most of the Great 
Basin is relatively low, and there is comparatively little human infrastructure that might 
impede dispersal of native species. By contrast, coastal Southern California is densely 
populated by humans and the little remaining natural land cover is highly fragmented 
by human activity. 

Despite the clear relation of the distributions of some species to climate, the relation 
between changes in climate and recent changes in the geographic distribution of species 
is highly uncertain. Additionally, there is considerable uncertainty about how species 
and the communities and ecosystems they form will respond to projected changes in 
climate. Some shifts in species’ ranges observed in the late 1900s and early 2000s likely 
reflect not only changes in climate but changes in land use (e.g., Thorne, Morgan, and 
Kennedy 2008; Forister et al. 2010). For example, local extinction and changes in the 
distribution of the butterfly species Euphydryas editha were represented as a response to 
climate change (Parmesan 1996). But that study did not account for geographic variation 
in diet of the species. Nor did it account for geographic differences in the extent of non-
native plant species or urbanization, both of which affect the probability of local extinc-
tions and changes in the butterfly’s distribution (Fleishman and Murphy 2012).

Most climate-based projections of species’ distributions are based on their current 
climatic niches (e.g., Rehfeldt et al. 2006; Parra and Monahan 2008; Franklin et al. 2009), 
which are assumed to be unchanging over time and uniform in space. These projec-
tions may overestimate the size of species’ ranges and consequently overestimate the 
probability of persistence (occupancy and reproduction at a level that will not lead to 
local extinction) of populations that are adapted to a comparatively narrow range of 
climatic conditions or resources (Reed, Schindler, and Waples 2011). The projections also 
may underestimate ranges and probabilities of persistence of species that can adapt to 
changes in the living and nonliving attributes of their environment (Visser 2008; Chevin, 
Lande, and Mace 2010; Nicotra and Davidson 2010). Both natural environmental chang-
es and management interventions (even those intended to mimic natural processes) may 
accelerate the process of evolution (Hellman and Pfrender 2011). Recent and prehistoric 
(Willis and MacDonald 2011) data on terrestrial and aquatic vertebrates, invertebrates, 
and plants demonstrate these responses may be rapid, on the order of years or decades. 
Moreover, temperatures and the amount of precipitation projected by 2100 may fall out-
side the current ranges for the region (Williams and Jackson 2007). When values of a 
variable used in building a predictive model (such as temperature) do not include the 
full range of values for which projections are being made, the uncertainty of the model’s 
projections increases, and the accuracy of the model’s projections may decrease.

In the following sections, we examine how some species, communities, and ecosys-
tems of the Southwest may respond to changes in climate. These sections are not com-
prehensive treatments, but they illustrate potential responses across the Southwest. First, 
we explore how changes in climate may be reflected in changes in phenology of species 
(seasonal phenomena such as development of leaves, blooms of flowers, spawning of 
fish, and migrations of birds) and the resulting interactions among species. Second, we 
investigate how changes in precipitation and temperature may affect soils, vegetation, 
and carbon storage in arid regions. The response of plants and animals to increases in at-
mospheric concentrations of carbon dioxide and associated changes in climate also may 
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affect the way non-native invasive species compete with native species and are distrib-
uted (Thuiller, Richardson, and Midgley 2007; Hellmann et al. 2008; Bradley et al. 2010). 
Third, we highlight potential changes in tree mortality and fire across the extensive for-
ests and woodlands of the Southwest. Each of these examples highlights the uncertainty 
of projected ecological responses to changes in climate.

8.2  Phenology and Species Interactions

Variability in weather, climate, and hydrology largely drive phenology (Walther et al. 
2002). The timing of these seasonal events in turn directly affects interactions among 
species and the environment (Parmesan and Yohe 2003; Cleland et al. 2007; IPCC 2007) 
and is likely to be a major force in shaping ecological responses to climate change. In-
teractions among species that shape the structure and function of ecosystems include 
competition, predation, consumption of plants by animals, parasitism, disease, and mu-
tually beneficial relations (Yang and Rudolf 2010).

Organisms may adapt phenologically to environmental change through evolution or 
phenotypic plasticity (the ability of individuals to consciously or unconsciously increase 
their probability of survival and reproduction by responding to environmental cues). 
For example, earlier spring thaws can induce earlier opening of buds either through 
natural selection or through a direct physiological response of individual plants. How-
ever, recent environmental changes have led to both earlier and later timing of these 
phenological events and have exceeded the ability of some species to adapt to such 
changes. Differences in phenological responses of different species can disrupt interac-
tions among species (Parmesan 2006; Both et al. 2009). The differences in phenological 
responses among interacting species in response to changing climate may increase the 
probability of changes in abundance, population growth rate, and local persistence of 
individual species (Parmesan 2007; Miller-Rushing et al. 2010; Thackeray et al. 2010). For 
example, in the Netherlands the peak abundance of caterpillars that feed on oak leaves 
has become earlier than the peak abundance of migratory birds that feed on the caterpil-
lars, resulting in a decrease in abundance of the birds (Both et al. 2009). Species that are 
more capable of adapting to environmental change (such as many non-native invasive 
species and species with general food requirements) may have a higher probability of 
persisting as climate changes than species with more fixed phenotypes (such as many 
endemic species—species that occur only in a particular location—and species with re-
stricted diets) (Møller, Rubolini, and Lehikoinen 2008; Willis et al. 2008; Kellermann et al. 
2009). Knowing more about how the phenology of non-native invasive plants is affected 
by climate change may allow more effective timing of actions to eradicate these plants or 
minimize their spread (Marushia, Cadotte, and Holt 2010; Wolkovich and Cleland 2010).

Phenology and interactions among species in terrestrial systems

The average timing of developmental events of plants, such as bud formation and flow-
ering, is occurring one day earlier per decade across the Northern Hemisphere and 1.5 
days earlier per decade in western North America in correlation with increases in win-
ter and spring temperatures (Schwartz, Ahas, and Aasa 2006; Ault et al. 2011). In the 
Southwestern United States, changes in the phenology of bird species corresponding 
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to climate change have been documented for over a decade. These include earlier egg-
laying by Mexican jays (Aphelocoma ultramarina) (Brown, Li, and Bhagabati 1999), earlier 
appearance of American robins (Turdus migratorius) at a given elevation (Inouye et al. 
2000), and earlier arrival of migratory birds to their breeding range (MacMynowski et 
al. 2007). Earlier emergence of adult butterflies in some areas of the Southwest also has 
been attributed to climate change (Forister and Shapiro 2003).

Data from a high-elevation research station in the Rocky Mountains,ii where air tem-
peratures are increasing, demonstrated that from 1976 through 2008, yellow-bellied 
marmots (Marmota flaviventris) weaned their young approximately 0.17 days earlier each 
year (Ozgul et al. 2010). Earlier emergence from hibernation (Inouye et al. 2000), giving 
birth earlier in the season, changes in weaning time, and extended duration of growing 
seasons were associated with larger animals at the start of hibernation and increases in 
abundance of the animals (Ozgul et al. 2010). These apparent responses to higher tem-
peratures may be short-term, especially if long, dry summers become more frequent, 
and may decrease growth rates and increase mortality rates. In the same geographic 
area, higher temperatures and less precipitation have been associated with a change 
in flowering phenology across meadows. Blooming of some forbs is occurring earlier, 
which increases the probability of mortality from a late frost (Inouye 2008). Abundance 
of flowers in the middle of the growing season has decreased, which may reduce prob-
abilities of persistence of insects that feed on and pollinate the flowers throughout the 
summer (Aldridge et al. 2011). 

There is less evidence of changes in phenology in apparent response to climatic 
changes in the arid lowlands of the Southwest than in moister, higher-elevation re-
gions such as the Rocky Mountains. Nevertheless, examination of twenty-six years of 
data on flowering phenology along an elevational gradient in the Catalina Mountains 
of south-central Arizona suggests the onset of summer flowering is strongly associated 
with the amount and timing of July precipitation (Crimmins, Crimmins, and Bertelsen 
2011). In deserts, soil moisture can have a greater effect on phenology than does tem-
perature (Kimball et al. 2009), and plants at higher elevations, which typically receive 
more precipitation than lower elevations, may have a greater probability of becoming 
moisture-stressed than those at lower elevations (Bradley and Mustard 2008; Crimmins, 
Crimmins, and Bertelsen 2011).

Interactions in freshwater systems

Documented changes in hydrology associated with increases in air temperature in the 
Southwest and throughout the western United States include earlier spring runoff and 
peak flows, increases in evapotranspiration, and decreases in summer flows (Stewart, 
Cayan, and Dettinger 2005; Knowles, Dettinger, and Cayan 2006; Painter et al. 2007). 
However, most research on how freshwater species respond to climate change has fo-
cused on physiological responses to temperature and flow rather than on interactions 
among species. Changes in frequency of flooding or changes in the seasonal pattern 
of high flows may change the timing of species interactions (Wenger et al. 2011). For 
example, changes in flooding and flow patterns can affect the timing of fish spawning, 
increase the probability that eggs will be scoured from gravel nests, wash away new-
ly emerged fry, and change which fish species are present in streams where fall- and 
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spring-spawning salmonids both live or where there may be a high probability of colo-
nization by a given invasive species (Warren, Ernst, and Baldigo 2009).

Higher air temperatures also may lead to changes in food quantity for coldwater 
fishes. For example, metamorphosis of a mayfly (Baetis bicaudatus) that is common in 
high-elevation streams and is an important prey item is triggered by increased water 
temperature (Harper and Peckarsky 2006). Mayflies emerge when peak flows subside 
and protruding rocks become available for egg-laying. Mayflies emerging in years with 
relatively low streamflow were smaller on average than in years with higher stream-
flow, when emergence of adults was delayed and the period of feeding by larvae ex-
tended (Peckarsky, Encalada, and McIntosh 2011).

8.3  Southwestern Deserts

Changes in the magnitude, frequency, or timing of precipitation and increases in tem-
perature and atmospheric concentrations of carbon dioxide likely will affect soil organ-
isms, vegetation composition, and ecosystem processes in Southwestern deserts, which 
are defined here as areas with less than 10 inches (around 250 mm) of mean annual 
precipitation. Frequent but low-volume summer rains increase mortality of organisms 
in the soil crust that otherwise maintain soil fertility and stability (Belnap, Phillips, and 
Miller 2004; Reed et al. 2012). In Southwestern deserts—unlike in regions with more 
precipitation—low concentrations of soil carbon limit the abundance and activity of soil 
biota and thus their ability to retain nutrients (Kaye et al. 2011). Therefore, nutrients 
in surface soils are easily absorbed by plants in wet years, especially if the preceding 
years were dry and nutrient-rich dust accumulated on the soil surface (Hall et al. 2011; 
Thomey et al. 2011). More plant growth results in higher nutrient retention by plants 
in wet years, but low retention in dry years, increasing the probability that nutrients 
will be lost from the ecosystem (Evans et al. 2001; Hall et al. 2011). These phenomena 
are especially pronounced in areas dominated by invasive non-native annual grasses 
because in wet years the amount of vegetation in these areas generally is higher than in 
communities of native perennial plants. Thus, highly variable precipitation can result in 
large fluctuations of nutrients in soils and plants. In addition, changes in the species of 
plants that are present in a given location affect soil biota and nutrient cycling (Belnap 
and Phillips 2001).

Precipitation patterns affect which species of plants are present in a given location. 
In some desert shrubs, primary production—the amount of energy from the sun that is 
converted to chemical energy (organic compounds) by an ecosystem’s photosynthetic 
plants during a given time period—is positively correlated with winter or summer pre-
cipitation, but not autumn or spring precipitation (Schwinning et al. 2002). For example, 
long-term primary production in creosote bush (Larrea tridentata), a dominant shrub in 
hot Southwestern deserts (D’Odorico et al. 2010), is thought to increase as the number of 
years with relatively abundant summer rainfall increases. Shrubs with green stems, such 
as Mormon tea (Ephedra), can photosynthesize in winter and thus take advantage of high 
soil moisture. In some regions, native grasses require multiple consecutive wet years 
to persist. The probability of multiple consecutive wet years is projected to decrease as 
climate changes (Peters et al. 2011). Primary production by annual plants, by contrast, 
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can increase quickly in wet years, but because germination of these plants is limited in 
dry years, their abundance and distribution is expected to fluctuate widely in the future. 
High annual biomass can increase the probability of fires. Fires often result in mortality 
of the perennial plants, further changing which species of plants are present (Brooks and 
Pyke 2001). The Southwest currently has a pronounced cycle of fire in regions dominat-
ed by invasive non-native grasses (D’Antonio and Vitousek 1992; Brooks et al. 2004), and 
climate change is likely to increase the number and intensity of such fires (Abatzoglou 
and Kolden 2011).

How plants respond to increasing temperatures and decreasing precipitation is ex-
pected to vary among plant species in Southwestern deserts as a function of both direct 
thermal effects and associated decreases in soil moisture (Munson et al. 2012). Photosyn-
thetic pathway, or type of metabolism, can affect the response of plants to temperature. 
For example, plants with crassulacean acid metabolism (CAM; plants that store carbon 
dioxide at night and thus minimize water loss during the day) use water more efficiently 
than plants with C4 metabolism, which lose little water during the day. Both CAM and 
C4 plants use water more efficiently than plants with C3 metabolism, which grow and 
lose water during the day (Collins et al. 2010; Morgan et al. 2011). Thus, increases in tem-
perature and concomitant decreases in soil moisture are expected to increase the com-
petitive advantage of CAM plants relative to C4 plants and of both CAM and C4 plants 
relative to C3 plants. Changes in biomass of both CAM and C4 plants in response to in-
creases in temperature may be minimal, but there are exceptions (Munson, Belnap, and 
Okin 2011; Throop et al. 2012). Season of activity also may affect how plants respond 
to changes in temperature: plants that are dormant in winter (e.g., saltbush [Atriplex]) 
may lose biomass during relatively high-temperature years, whereas those that are ac-
tive year-round (such as blackbrush [Coleogyne] and juniper [Juniperus]) may increase in 
biomass during those years (Munson, Belnap, and Okin 2011). 

In contrast to predictions that increases in temperature will negatively affect C3 
plants, higher nighttime temperatures increased establishment and survival of creosote 
bush (Larrea tridentata), a perennial C3 shrub (D’Odorico et al. 2010). The presence of the 
shrub raised ground temperatures, which was associated with increases in the plant’s 
abundance. Thus, as shrubs expand throughout the Southwest, regional temperatures 
or temperatures in microhabitats of some species may increase to a greater extent than 
projected by climate models. 

There is no clear evidence that non-native invasive plants will be more likely to 
survive and reproduce than native plants as climate changes, given that responses to 
climate change will vary by species. However, if changes in climate increase the prob-
ability of non-native plant invasion, then their generally high reproductive capacity and 
dispersal rates, rapid growth, and ability to adapt to short-term environmental variabil-
ity may increase the probability they will become established and persist, in some cases 
quite rapidly (Pysek and Richardson 2007; Willis et al. 2010).

Increasing concentrations of atmospheric carbon dioxide may offset the effects of 
changes in other climatic variables, increasing the difficulty of accurately projecting re-
sponses to environmental change. For instance, although increases in temperature and 
decreases in soil moisture likely will benefit C4 plants more than C3 plants, increases in 
carbon dioxide likely will benefit C3 plants more than C4 plants (Morgan et al. 2011). 
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Increases in carbon dioxide also may increase the biomass of annual non-native grasses 
(Ziska, Reeves, and Blank 2005) and generally benefit invasive plants more than native 
plants (Bradley et al. 2010).

Changes in climate will affect how much carbon is contained in the vegetation and 
soils of deserts of the Southwest. The amount of above-ground plant biomass decreased 
as temperature increased and precipitation decreased in central New Mexico (Anderson-
Teixeira et al. 2011). On the Colorado Plateau, drought was associated with a substantial 
decrease in photosynthetic production of organic compounds, with summer rains rarely 
resulting in net increase in biomass (Bowling et al. 2010). Spring uptake of carbon was 
associated with deep soil moisture, which required relatively high precipitation in the 
prior autumn and winter; projections suggest such precipitation is less likely to occur in 
the future. In more-arid grasslands of the warm deserts, establishment of non-native an-
nual grasses can increase soil carbon due to increases in primary productivity relative to 
that in communities where non-natives are absent (Ziska, Reeves, and Blank 2005). Nev-
ertheless, increases in soil carbon often are transient, and the conversion of sagebrush 
(Artemisia spp.) steppe to cheatgrass (Bromus tectorum) can result in long-term depletion 
of soil organic matter (Norton et al. 2004) and reduction of above-ground carbon se-
questration (Bradley et al. 2006). In addition, the presence of non-native species gener-
ally increases fire frequency, leading to substantial declines in soil carbon and nutrients 
(Brooks and Pyke 2001).

8.4  Southwestern Forests

Temperature, precipitation, and pests and pathogens

Geographically widespread and rapid increases in rates of mortality of coniferous trees 
believed by scientists to result from drought and higher temperatures have been docu-
mented for old forests throughout the western United States (van Mantgem et al. 2009). 
Annual mortality throughout the region has at least doubled since 1995, with mortality 
rates increasing over time (van Mantgem et al. 2009). Mortality rates of all major genera 
of trees have increased, suggesting that relatively predictable changes in the proportion 
of species with different characteristics, such as life history traits (e.g., shade intoler-
ance), size, forest stand density or forest fragmentation, are unlikely to be the primary 
cause of the mortality (van Mantgem et al. 2009). 

Tree mortality in forests and woodlands from outbreaks of bark beetles and fire has 
been attributed to changes in climate, particularly higher temperatures and lower pre-
cipitation (Swetnam and Betancourt 1998; Breshears et al. 2005; Westerling et al. 2006; 
Allen et al. 2010). Williams and colleagues (2010) estimated that since 1980, levels of tree 
mortality have been higher and more spatially extensive than during the 90-year record, 
including those during a period of drought in the 1950s (Breshears et al. 2005).

At a number of sites across the Southwest, rapid and nearly complete mortality of 
pinyon pine (Pinus edulis), a dominant, widespread species, was attributed to drought 
accompanied by unusually high temperatures from 2000 to 2003. Mortality approach-
ing 90% was documented for trees at high-elevation sites in Colorado and Arizona that 
are near the upper elevational limit of pinyon pine and where precipitation and water 
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availability are relatively high compared to other locations where the species occurs 
(Breshears et al. 2005). Most of the mortality occurred in response to outbreaks of bark 
beetle (Ips confusus), which have been correlated with shifts in temperature and precipi-
tation. For example, higher temperatures lead to water stress that can greatly increase 
the probability that pinyon pine will die in response to bark beetles (Bentz et al. 2010). 
Even droughts of relatively short duration may be sufficient to cause widespread die-
off of pinyon pine if temperatures increase (Adams et al. 2009). Extensive tree mortality 
caused by bark beetles was estimated to have occurred across at least 12% of Southwest-
ern forests and woodlands between 1997 and 2008 (Breshears et al. 2005; Williams et al. 
2010). As of 2010, bark beetles were estimated to have affected more than twice the forest 
area burned by wildfires in Arizona and New Mexico in recent decades (USFS 2007; Wil-
liams et al. 2010).

As both summer and winter temperatures increase, beetles have erupted in high-ele-
vation stands of white pine (Pinus albicaulis) in the Rocky Mountains where only intermit-
tent attacks occurred during the past century (Raffa et al. 2008). Population sizes of two 
bark beetle species that have caused extensive mortality in Southwestern forests—the 
mountain pine beetle (Dendroctonus ponderosae) and spruce beetle (Dendroctonus rufipen-
nis)—are expected to increase as temperature and the incidence of drought increases, 
albeit with considerable variability over time and geographic area (Bentz et al. 2010). 

Rapid mortality of mature aspen (Populus tremuloides), known as sudden aspen de-
cline, also has been reported throughout the Southwest and other regions within the 
United States and Canada (Frey et al. 2004; Fairweather, Geils, and Manthei 2007; Wor-
rall et al. 2008). The decline is characterized by dieback within two to six years in ap-
parently healthy stands of mature aspen and poor generation of suckers. Drought was 
identified as a major cause of recent diebacks (Hogg, Brandt, and Kochtubajda 2005; 
Fairweather, Geils, and Manthei 2007; Hogg, Brandt, and Michaelian 2008; Worrall 
et al. 2008; Rehfeldt, Ferguson, and Crookston 2009). Mortality resulted from various 
combinations of insects and pathogens, including Cytospora canker, usually caused by 
poplar borers (Valsa sordida) and bark beetles (Worrall et al. 2008). In documented cases 
of sudden aspen decline in both Colorado and Arizona, mortality generally decreased 
as elevation increased. Average mortality of aspen in dry sites below around 7,500 feet 
(2,300 meters) was greater than 95% from 2000 to 2007 (Fairweather, Geils, and Manthei 
2007). The area with climate currently suitable for aspen growth and survival (that is, 
not accounting for potential evolutionary adaptation to climate change) is projected to 
decrease by 10% to 40% by 2030 (Rehfeldt, Ferguson, and Crookston 2009).

Fire

Climate affects both fuel availability and flammability, and the relative role of each in 
causing wildfires varies across ecosystem types (Littell et al. 2009; Westerling 2010). In 
dense forests that typically have infrequent but severe fires, fuel flammability is closely 
related to climate during the peak fire season. In comparison, moisture availability af-
fects the amount of fine surface fuels in forests with more frequent, but lower-severity 
fires (Westerling et al. 2003; Swetnam and Betancourt 1998; Littell et al. 2009; Wester-
ling 2010). However, regional incidence of forest wildfires is generally associated with 
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drought—and higher temperatures and an earlier spring are expected to exacerbate 
drought and its effects on the extent of forest wildfires (Brown et al. 2008; Littell et al 
2009; Westerling 2010; Schoennagel, Sherriff, and Veblen 2011).

The area of forest and woodland burned in the western United States by wildfires 
that actively were suppressed was more than five times larger during the period 1987–
2003 than during 1970–1986, and was associated with increases in temperature and ear-
lier spring snowmelt (Figure 8.1) (Westerling et al. 2006). This increase primarily was 
due to lightning-ignited wildfires. Forests and woodlands in the six Southwestern states 
accounted for a third of the increase in fires that exceeded 494 acres (200 hectares) in the 
western United States. The area burned in the Southwest increased more than 300% rela-
tive to the area burned during the 1970s and early 1980s (Figure 8.2, data updated from 
Westerling et al. 2006).

If fuels are available, the area of forest burned may increase substantially as tem-
perature and evapotranspiration increase. The National Research Council (2011) pro-
jected that if temperature increases by 1.8°F (1°C), there will be a 312% increase in area 
burned in the Sierra Nevada, southern Cascades, and Coast Ranges of California; a 380% 

Figure 8.1  Areas of the western United 
States burned in large (> 1000 acres [400 
ha]) fires, 1984–2011. �Dark shading shows 
fires in areas classified as forest or woodland at 
98-feet (30-meter) resolution by the LANDFIRE 
project (http://www.landfire.gov/). Fire data from 
1984–2007 are from the Monitoring Trends in 
Burn Severity project (http://www.mtbs.gov/) 
and fire data from 2008–2011 are from the 
Geospatial Multi-Agency Coordination Group 
(http://www.geomac.gov/).
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increase in the mountains of Arizona and New Mexico; a 470% increase on the Colorado 
Plateau; and a 656% increase in the southern Rocky Mountains. Using finer spatial and 
temporal resolutions, allowing for nonlinear relations between variables, and examining 
a broad range of climate scenarios, Westerling and Bryant (2008) and Westerling, Bryant, 
and others (2011) similarly projected increases in the probability of large fires (100% to 
400%) and burned area (100% to more than 300%) for much of Northern California’s 
forests across a range of scenarios of climate, population growth, and development 
footprints. The greatest increases in burned area (at least 300%) were projected in mod-
els that were based on an emissions scenario associated with relatively dry conditions 
in which increases in temperature were greater than 5.4°F (3°C). Spracklen and others 
(2009) projected increases in burned area by 2050 ranging from 43% in Arizona and New 
Mexico to 78% in Northern California and 175% in the Rocky Mountains, given tem-
perature increases of 2.7° to 3.6°F (1.5°C to 2°C). Mid-twenty-first-century increases in 
area burned in Northern California projected by Spracklen and others (2009) were com-
parable to those projected by Westerling, Bryant, and others (2011).

All of the studies cited in this section employed statistical models that assume inter-
actions among climate, vegetation, and wildfire are similar to those in currently man-
aged ecosystems and incorporate scenarios of future climate. As fuel characteristics are 
altered by the cumulative effects of climate and disturbance, however, these interactions 
may change. Also, the range of climate variability in recent decades for which compre-
hensive fire histories exist is small compared to what is projected under many scenarios 

Figure 8.2  Area of large (>1,000 acre [400 ha]) wildfires that burned lands dominated by 
forest and woodland and managed by the U.S. Bureau of Indian Affairs, U.S. National Park 
Service, and U.S. Forest Service in Arizona, California, Nevada, New Mexico, and Utah. �Data 
from Westerling, Turner, Smithwick et al. (2011 online supplement); U.S. Department of the Interior (2008 
fire data); and U.S. Department of Agriculture (https://fam.nwcg.gov/fam-web/kcfast/mnmenu.htm).
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that assume current rates of increase in greenhouse gas emissions. Accordingly, the accu-
racy of projections from the statistical models may decrease as changes in climate exceed 
the historical record. Furthermore, the resources and strategies applied to managing fire 
and other ecosystem processes may change in the future, with unknown effects. For 
example, Stephens, Martin, and Clinton (2007) estimated that fire suppression played a 
role in reducing the annual area burned in California during the 1900s to a tenth of pre-
historic levels. Such reductions in area burned are widely thought to have contributed 
to increases in fuel densities and fire severity in forests throughout the Southwest that 
had frequent, low-severity surface fires in prehistoric times (e.g., Fulé, Covington, and 
Moore 1997; Miller et al. 2009; Allen et al. 2010).

Species in the Southwest are known or hypothesized to be responding directly or 
indirectly to changes in climate via changes in geographic distributions, phenology, and 
interspecific interactions. In some cases, responses at the level of individual plants and 
animals, populations, or species lead to changes in ecosystem structure and function, in-
cluding disturbances such as fire. If past and current relations between species and envi-
ronmental variables are well understood and can be described mathematically, then the 
responses of ecosystems and their component plants and animals can be projected given 
different scenarios of future climate. However, the accuracy of the projections depends 
in part on the accuracy with which climate variables can be projected, the similarity of 
future to past and current values of climate variables, and the extent to which species 
adapt to environmental change through evolution or short-term changes in physiology 
and behavior.
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developed or agriculture; and disturbed land).

ii	 Located near Gothic, Colorado, at an elevation of around 9,500 feet (2,900 meters).
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Executive Summary 

The California coast is constantly changing due to human development and physical 
forces. With the increase in climate impacts―including sea-level rise, ocean warming, 
ocean acidification, and increased storm events―effects of these physical forces will be 
more significant and will present substantial risks to coastal areas in the future. Natural 
ecosystems, coastal development, economic interests, and even cultural attachment to 
the coast will be at risk. Given the high concentration of coastal development, popula-
tion, infrastructure, and economic activity in coastal counties, continued and growing 
pressure to protect these assets and activities from rising sea levels is expected.
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We have identified the following seven key messages that highlight major climate is-
sues facing the California coast:

•	 The future severity of coastal erosion, flooding, inundation, and other coastal 
hazards will increase due to sea-level rise and continued coastal development. 
(high confidence). Any increased intensity and/or increased frequency of storm 
events will further aggravate the expected impacts. (medium confidence)

•	 The implications of global sea-level rise for coastal areas cannot be understood 
in isolation from other, shorter-term sea-level variability related to El Niño-
Southern Oscillation (ENSO) events, storms, or tides.  The highest probability 
and most damaging events through the year 2050 will be large ENSO events 
when elevated sea levels occur simultaneously with high tides and large waves. 
Between 2050 and 2100, or when sea levels approach ~14–16 inches above the 
2000 baseline, the effects of sea-level rise (flooding and inundation) and com-
bined effects of sea-level rise and large waves will result in property damage, 
erosion, and flood losses far greater than experienced now or in the past. (high 
confidence)

•	 Ocean warming affects a range of ecosystem processes, from changes in species 
distribution to reduced oxygen content and sea-level rise. (medium-high confi-
dence)  However, there is considerable uncertainty about how changes in spe-
cies distributions and lower oxygen content of ocean waters will impact marine 
ecosystems, fisheries, and coastal communities.

•	 Ocean acidification is a significant threat to calcium-carbonate-dependent spe-
cies and marine ecosystems. (high confidence)  There is substantial uncertainty 
about acidification’s precise impacts on coastal fisheries and marine food webs 
along the West Coast.

•	 Coastal development and other land uses create impediments to the natural mi-
gration of coastal wetlands through “hardening” of the coastline (e.g.,  seawalls, 
revetments, bulkheads) and by the occupation and protection of space into 
which wetlands might otherwise migrate. (high confidence)  In developing their 
land-use and other plans, communities need to take into account that an increase 
in coastal development and other hardening may result in medium- to long-
term loss of coastal wetlands and the numerous benefits these habitats provide. 
(high confidence)

•	 Critical infrastructure, such as highways and railroads (see Chapter 14), power 
plants and transmission lines (see Chapter 12), wastewater treatment plants, and 
pumping stations, have been located along the coast where they are already ex-
posed to damage from erosion or flooding. With rising sea level, risks to vital 
public infrastructure will increase and more infrastructure will be exposed to 
future damage from erosion and flooding. (high confidence)  Much of the U.S. 
infrastructure is in need of repair or replacement and the California coast is no 
exception; impacts from climate change will add to the stress on communities to 
maintain functionality. (high confidence)

•	 Coastal communities have a variety of options and tools at hand to prepare 
for climate change impacts and to minimize the severity of now-unavoidable 
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consequences of climate warming and disruption. While many coastal commu-
nities are increasingly interested in and have begun planning for adaptation, 
the use of these tools as well as development and implementation of adaptive 
policies are still insufficient compared with the magnitude of the expected harm. 
(high confidence)

9.1  Coastal Assets

People are drawn to the coast for its moderate climate, scenic beauty, cultural and eco-
logical richness, rural expanses, abundant recreational opportunities, vibrant economic 
activity, and diverse urban communities.i More than 70% of California residents live and 
work in coastal counties (U.S. Census Bureau n.d.). Over the last thirty-eight years, the 
California coastal county population has grown 64%, from about 16.8 million in 1970 to 
27.6 million in 2008 (NOEP 2012). Almost 86% of California’s total gross domestic prod-
uct comes from coastal counties (NOEP 2010). 

Population density, along with the presence of critical infrastructure and valuable 
real estate along the coast, accentuates the importance of the coast to the region’s econ-
omy. California has the nation’s largest ocean-based economy, valued at approximately 
$46 billion annually, with over 90% of this value coming from (1) tourism and recre-
ation, and (2) ports and harbors (Kildow and Colgan 2005). 

In addition, the state’s natural coastal systems perform a variety of economically 
valuable functions, including water quality protection, commercial and recreational fish 
production, plant and wildlife habitat, flood mitigation, recreation, carbon storage, sedi-
ment and nutrient transport, and storm buffering. The non-market value of coastal rec-
reation in California alone exceeds $30 billion annually (Pendleton 2009). These benefits, 
provided at almost no cost, would be impossible to replicate with human-engineered 
solutions. 

9.2 O bserved Threats

Overview

Human development and physical forces are constantly changing the coast. Just as 
growth in coastal populations and economic development have reshaped the coastline 
with new homes, roads, and infrastructure, so too have physical forces and processes––
including waves, tides, currents, wind, storms, rain, and runoff––combined to accrete 
(build up), erode, and continually reshape the coastline and modify coastal ecosystems. 
With the increase in the rate of sea-level rise and warmer ocean temperatures related to 
global climate change, the effects of these physical forces will grow more significant and 
harmful to coastal areas over time. 

Threats to the physical environment

The physical forces and processes that take place in the coastal environment occur 
across different spatial and temporal scales. The Pacific Basin, including the ocean off 
California, oscillates between warm and cool phases of the Pacific Decadal Oscillation 
(PDO), which is associated with differences in atmospheric pressure over the Pacific 
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Ocean. Ultimately, wind patterns and storm tracks are affected. El Niño-Southern Oscil-
lation (ENSO) events tend to have stronger effects during warm phases of the PDO and 
are typified by warmer ocean water and higher sea levels, more rainfall and flooding, 
and more frequent and vigorous coastal storms, which result in greater beach and bluff 
erosion (Storlazzi and Griggs 2000). These conditions also affect relative abundance of 
important coastal forage fisheries, such as sardines and anchovies (Chavez et al. 2003). 

Sea level along the coast of California has risen gradually over the past century (by 
about 8 inches [20 cm]), a rate that will accelerate in the future (see Figure 9.1). Sea-level 
rise alone, however, will have far less impact on the shoreline, infrastructure, or habitat 
over the next 30 or 40 years than will the combination of elevated sea level, high tides, 
and storm waves associated with large ENSO events. Moreover, the effects of less severe 
ENSO events will be magnified by progressively higher sea levels; as a result, coastal 
communities can expect more severe losses from these events than they have experi-
enced in the past (see Figure 9.2). 

Furthermore, changes in global climate cycles, such as the PDO, may soon become 
an imminent and significant factor in accelerating regional sea-level rise. While over 
the past century there has been a gradual increase in global sea levels, since about 1993, 
California tide gauges have recorded very little long-term change in sea level. This “flat” 
sea level condition had been out of sync with the prevailing global rise in sea level and 
the historic trends in sea-level rise along the West Coast. The PDO causes differences 
in sea-surface elevation across the Pacific. Sea levels have been higher in the Western 
Pacific and lower along the California coast over the past two decades, coinciding with 
a warm phase of the PDO (see Box 9.1). This recent warm phase appears to have been 

Figure 9.1  Past, present, and future sea-level rise. �Geologic and recent sea-level histories (from 
tide gauges and satellite altimetry) are combined with projections to 2100 based on climate models and 
empirical data. Modified with permission from Russell and Griggs (2012, Figure 2.1).
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related to a dramatic change in wind stress (the dragging force of air moving over a 
surface) (Bromirski et al. 2011). The predominant wind stress regime along the U.S. West 
Coast served to mitigate the trend of rising sea level, suppressing regional sea-level rise 
below the global rate. A change in wind stress patterns over the entire North Pacific may 
result in a resumption of sea-level rise along the West Coast approaching or exceeding 
the global mean sea-level rise rate (Bromirski et al. 2011). 

Figure 9.2  Sea-level rise and El Niño events. �The implications of sea-level rise for coastal 
California cannot be understood in isolation from other, shorter-term sea-level variability related to El 
Niño events, storms, or extreme tides that affect the coast. As historical experience has shown, the 
greatest damage to coastal areas has occurred during large El Niño events (for example in 1940–41, 
1982–83, and 1997–98) when short-term sea-level increases occurred simultaneously with high tides 
and large waves. If sea level were still at the same elevation in 2005 as it was in 1900, a major El Niño 
event like that in 1997–98 would fall within the “noise” of today’s interannual variability. As sea level is 
continuing to rise, the impacts of future large ENSO events will be greater than those historic events of 
similar magnitude, exposing coastal areas to the combined effects of sea-level rise, elevated sea levels 
from El Niño events, and large waves. Source: Pacific Decadal Oscillation monthly values index (http://
jisao.washington.edu/pdo/), NOAA Earth System Research Laboratory Multivariate ENSO Index (http://
www.esrl.noaa.gov/psd/enso/mei/#ref_wt3), Wolter and Timlin (2011).
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Comparison of periods of coastal development. 
In the graph below (a), red corresponds to periods 
with positive or warm PDO conditions and blue 
corresponds to negative or cool PDO conditions. 
The vertical axis is a dimensionless PDO index 
based on North Pacific sea surface temperature 
variability.  

The maps show the increase in housing densi-
ty [difference in housing units per km2] along the 
Southern California Bight that occurred (b) during 
the extended cool PDO period from about 1950 to 
1980 and (c) during the extended warm PDO pe-
riod from about 1980 to 2010.

Box 9.1

Coastal Development During Cool PDO Phase

Figure 9.3  Monthly value for the Pacific Decadal Oscillation. �The period 
from about 1945 to 1978 was a cool PDO period marked by an overall calm or 
benign coastal climate, but also was a period of intensive growth and development 
along the California coast. The vertical axis is a dimensionless PDO index based 
on North Pacific sea-surface temperature variability. 9.3(a) adapted from Pacific 
Decadal Oscillation monthly values index, http://jisao.washington.edu/pdo/; data in 
9.3(b) and (c) from http://silvis.forest.wisc.edu/old/Library/HousingDataDownload.
php?state=California&abrev=CA; see also Hammer et al. (2004)..
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Threats to the built environment

The nature of most human development is increasingly in conflict with the physical 
and climatic forces that occur along the coast. Efforts to protect development through 
shoreline armoring and beach nourishment are very costly and often negatively impact 
coastal ecosystems (Caldwell and Segal 2007). Armoring the coast with hard structures 
may inhibit natural sediment movement, and thus prevent accretion to and landward 
migration of beach and other coastal ecosystems. Armoring can also increase vulnerabil-
ity by encouraging development in erosion or flood-prone areas and giving people who 
live behind coastal armoring installations a false sense of security (Dugan et al. 2008).

Increasing demand for freshwater resources in coastal areas for domestic, agricul-
tural, and industrial uses adds stress to the provision of surface water and ground water 
supplies. Increased withdrawals from rivers and streams damage the habitats of anad-
romous fish (species that spend most of their lives in the ocean but hatch and spawn in 
freshwater). The overdraft of coastal aquifers increases seawater intrusion, which re-
quires water wells in these areas to be either deepened or abandoned, or water supplies 
to be imported (Hanson, Martin, and Koczot 2003). Terrestrial runoff and wastewater 
discharges can be harmful to coastal areas. Their effects are exacerbated when heavy 
rainfall washes large amounts of fertilizers and other pollutants from the land or causes 
wastewater systems to overflow and send untreated or inadequately treated wastes into 
streams, estuaries, and the ocean (Ho Ahn et al. 2005). Finally, the loss of wetlands due 
to increasing urbanization and development will reduce the resiliency of these coastal 
ecosystems (CNRA 2010).

9.3 O cean and Coastal Impacts to Ecosystems

Overview

The global ocean—in particular the Pacific Ocean for the U.S. West Coast—plays a sig-
nificant role in shaping coastal ecosystem processes. As climate and ocean chemistry 
continue to change, significant alterations in the composition, structure, and function 
of coastal ecosystems are anticipated. These changes will manifest most clearly as a re-
sult of rising sea levels, changing ocean temperatures, and increasing acidity of coastal 
waters—each of which is discussed below. The relationship between humanity and the 
coastal environment will inevitably shift in response to dynamic ocean and coastal eco-
systems, and each of the changes enumerated above is likely to intensify threats to hu-
man development in coastal regions.

Sea-level rise 

As sea levels rise, tidal wetlands and beaches will accrete vertically to keep up, become 
inundated, or “migrate” landward. Their fate depends on whether there is adequate 
sediment from nearby watersheds to increase wetland elevation as the sea rises and on 
the availability of space into which wetlands can migrate (CNRA 2010). Coastal devel-
opment affects this by altering sediment availability (through, for instance, reduction of 
sand discharge from streams through the construction of dams and debris basins, and 
by eliminating bluff erosion through coastal armoring) and by occupying or protecting 
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space into which wetlands might otherwise migrate. The loss of coastal wetlands causes 
the loss of the numerous benefits they provide, including flood protection, water treat-
ment, recreation, carbon sequestration, biodiversity, and wildlife habitat (see Box 9.2) 
(King, McGregor, and Whittet 2011). Specifically, with a rise in sea level projected to be 
as high as 4.6 feet (1.4 meters) by 2100, approximately 97,000 acres of coastal wetlands 
in California will potentially be inundated. Nearly 55% of these wetland areas may be 
able to migrate inland successfully with no loss of function; however, about 45% could 
lose either their habitat functions or their ability to migrate (see Figure 9.4) (Heberger et 
al. 2009).

Figure 9.4  Estuary 
wetland migration 
area by land-cover 
type in the Monterey 
Bay region. �Different 
land-use types will have 
different capacities to 
accommodate wetland 
migration, ranging from 
urban areas (which are 
unlikely to accommodate 
migration at all) to public 
natural areas (which 
will likely accommodate 
migration completely). 
Between these extremes 
are agricultural areas and 
privately owned natural 
areas, both of which could 
accommodate migration 
if landowners choose not 
to prevent it, such as by 
not fortifying or armoring 
their lands. Adapted from 
Gleason et al. (2011, 23); 
Heberger et al. (2009).
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In 2010, the California Ocean Protection Council issued interim guidance for state 
and local agencies to use for project planning and development in response to projected 
sea-level rise (see Table 9.1; CCAT 2010). The same year, the state governments of Cal-
ifornia, Oregon, and Washington, along with federal agencies—the National Oceanic 
and Atmospheric Administration, the U.S. Geological Survey, and the Army Corps of 
Engineers—initiated a study with the National Research Council (NRC) to develop re-
gional West Coast estimates of future sea-level rise to better inform state and local plan-
ning and agency decisions (Schwarzenegger 2008). The NRC report was released in June 
2012. 

Changes or trends for other coastal environmental conditions, such as atmospheric 
temperatures, precipitation patterns, river runoff and flooding, wave heights and run-
up (waves reaching landward), storm frequency and intensity, and fog persistence, are 
less well understood, often to the point of uncertainty about the direction of change, 
much less its extent for a specific region. In addition, there will be other changes from 
rising sea level. For example, “extreme events”—such as the contemporary understand-
ing of 100-year floods—will occur more frequently as a result of both higher coastal 

In 2010, a joint advisory committee for the Gulf 
of Farallones and Cordell Bank National Marine 
Sanctuaries, located off the central California coast, 
published a report on climate change impacts 
(Largier, Cheng, and Higgason 2010). The study 
determined that climate change will affect the re-
gion’s marine waters and ecosystems through a 
combination of physical changes—including sea-
level rise, coastal erosion and flooding, changes 
in precipitation and runoff, ocean-atmosphere 
circulation, and ocean water properties (such as 
acidification due to absorption of atmospheric 
CO2)—and biological changes, including changes 
in species’ physiology, phenology, and population 
connectivity, as well as species range shifts. With 
this foundational document in hand, sanctuary 
managers held a series of workshops aimed at de-
veloping an adaptation framework that involved 
both the sanctuaries and their partners onshore 
and in the marine environment. From those ef-
forts and underlying studies, they determined 

that the success of adaptation strategies for the 
marine environment will depend not only on the 
magnitude and nature of climatic changes, but 
also on the pressures that already exist in marine 
environments, including the watershed drainage 
to the sanctuaries. For example, an adaptation 
strategy for estuaries and near-shore waters that 
addresses the changing timing and amount of wa-
ter from spring snowmelt or more frequent winter 
storms will also require knowledge about whether 
the watershed is urbanized, agricultural, or rela-
tively undeveloped. Efforts to foster marine eco-
system adaptation to climate change will require 
both stringent measures that reduce the global 
concentration of CO2 in the atmosphere and the 
reduction of additional pressures on the regional 
marine environment (e.g. air pollution, runoff 
from land into the ocean, waste disposal, and the 
loss of the filtering and land stabilization services 
of coastal wetlands) (Kelly et al. 2011).

Box 9.2

Adaptation to Climate Change in the Marine Environment: The Gulf of 
Farallones and Cordell Bank National Marine Sanctuaries
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storm surges due to sea-level rise and from inland runoff due to extreme rainfall events 
(see Chapter 7). In addition, tides will extend farther inland in coastal streams and riv-
ers, and saltwater will penetrate farther into coastal aquifers (Loaiciga, Pingel, and Gar-
cia 2012).

Changes in ocean temperature and dynamics  

Direct climate change impacts, such as warming sea surface temperatures and ocean 
acidification, are expected to accelerate or exacerbate the impacts of present threats to 
coastal ecosystems, including pollution, habitat destruction, and over-fishing (Scavia et 
al. 2002). Warming atmospheric temperatures have already led to an increase in surface-
water temperatures and a decrease in the oxygen content of deeper waters (Bograd et 
al. 2008; Deutsch et al. 2011). Elevated surface temperatures and higher nutrient runoff 
have led to increased harmful algal blooms and increases in hypoxia in the coastal ocean 
(Kudela, Seeyave, and Cochlan 2010; Ryan, McManus, and Sullivan 2010). As oceans 
warm, species adapted to these conditions may be able to expand their native ranges 
and migrate into (“invade”) new regions (see Figure 9.5). For example, Humboldt squid 
have recently invaded central and Northern California waters, preying on species of 
commercial importance such as Pacific hake (Zeidberg and Robison 2007). In addition, 

Table 9.1 S tatic sea-level rise projections (without considering storm events)  
               using the year 2000 as the baseline sea level (California Climate  
               Action Team Sea-Level Rise Interim Guidance Document)

Year Scenario Average of Models Range of Models

2030  7 in (18cm) 5–8 in (13–21 cm)

2050  14 in (36 cm) 10–17 in (26–43 cm)

2070 Low 23 in (59 cm) 17–27 in (43–70 cm)

 Medium 24 in (62 cm) 18–29 in (46–74 cm)

 High 27 in (69 cm) 20–32 in (51–81 cm)

2100 Low 40 in (101 cm) 31–50 in (78–128 cm)

 Medium 47 in (121 cm) 37–60 in (95–152 cm)

 High 55 in (140 cm) 43–69 in (110–176 cm)

Note: For dates after 2050, three different values for sea-level rise are included, based on the  
           IPCC 2007 low, medium, and high GHG emission scenarios as follows: B1 for low   
           projections, A2 for the medium projections, and A1FI for the high projections. 
           In contrast to the Sea-Level Rise Interim Guidance Document, in this assessment report  
           we refer to the B1 emissions scenario as “low emissions” and the A2 emissions scenario  
           as “high emissions.”
Sources: Vermeer and Rahmstorf (2009), IPCC (2007).



178	 assessment of climate change in the southwest united states

warmer waters lead to habitat loss for species that are adapted to very specific tem-
perature ranges (Stachowicz et al. 2002). Along with range expansion, the number of 
invasive species, the rate of invasion, and resulting impacts will increase as coastal ocean 
waters warm (Stachowicz et al. 2002).

Changes in climate will alter the wind fields that drive coastal upwelling (Bakun 
1990; Checkley and Barth 2009; Young, Zieger, and Babanin 2011). It is not clear, how-
ever, if changing wind patterns will increase or decrease coastal upwelling or whether 
each may occur in different locations. Warming surface waters are expected to increase 
stratification (rate of change in density over depth) and may deepen the thermocline 
(an abrupt temperature gradient extending from a depth of about 300 feet to 3,000 feet 
[100m to 1000m]), resulting in a decrease in the amount of nutrients that are delivered 
to the surface. The timing of seasonal upwelling—during which cold, nutrient-rich wa-
ter rises to the surface—may shift. Such a mismatch between physical and ecological 
processes can lead to significant ecosystem consequences (Pierce et al 2006; Barth et al. 
2007; Bakun et al. 2010). It is generally accepted that upwelling will be affected by cli-
mate change; however, experts differ over what specific changes will occur (Bakun 1990; 

Figure 9.5 I mpacts of climate change on marine species distributions and habitat. �Many 
marine species are confined to particular habitats based on water temperature, salinity, or depth. In 
panel (a) Humboldt squid are confined at their northern edge by temperature. In 2003, the northern edge 
reached the mouth of the San Francisco Bay, but has recently expanded as far north as Alaska. In panel 
(b) some fish have limited habitat due to temperature levels of shallower waters above and oxygen or 
acidity levels of deeper waters below. As surface waters warm and oxygen minimum zones expand or 
acidity increases, the available habitat for these species is compressed. This leads to lower available 
resources and potentially increased predation. Source: Bograd et al. (2010), Stramma et al. (2011).
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Checkley and Barth 2009; Young, Zieger, and Babanin 2011). Hypoxic events—the oc-
currence of dangerously low oxygen levels that can lead to widespread die-offs of fish or 
other organisms—will increase as stratification and coastal agricultural runoff increase 
(Chan et al. 2008). Moreover, as waters warm, they become less able to hold oxygen, 
resulting in long-term reductions in ocean oxygen content (Bograd et al. 2008; Deutsch 
et al. 2011). Because warmer coastal waters already are closer to hypoxic thresholds, 
weaker phytoplankton blooms and smaller nutrient inputs could initiate hypoxia, pos-
sibly leading to more frequent, larger, or longer-lasting events, even in regions that have 
not previously experienced hypoxia. 

Ocean acidification

Increased atmospheric CO2 continues to dissolve in the ocean, making the ocean signifi-
cantly more acidic than during the preindustrial age (Feely, Doney, and Cooley 2009). 
Lower pH (more acidic) seas will alter marine ecosystems in ways we do not fully un-
derstand, but several predictions are clear: (1) there will be ecological winners and losers 
as species respond differently to a changing environment (Kleypas et al. 2006; Fabry et 
al. 2008; Ries et al. 2009; Kroeker et al. 2010); (2) areas of coastal upwelling and increased 
nutrient runoff will be the most affected (see Figure 9.6) (Kleypas et al. 2006; Feely et al. 
2008; Cai et al. 2011; Kelly et al. 2011); and (3) an increase in the variance of pH in near-
shore waters may be more biologically important than the changing global average pH, 
as high frequency peaks in the amount of CO2 dissolved in water can push marine species 
beyond their physiological tolerance limits (Thomsen et al. 2010; Hofmann et al. 2011).

Marine food webs are shifting in the already-acidified ocean. Higher CO2 increases 
algal growth while hindering the development of shells and other hard parts in mol-
lusks, corals, and other marine animals. These changes are already having direct eco-
nomic effects: upwelling-intensified acidification has severely harmed several years of 
hatchery-bred oyster larvae, sending reverberations throughout the industry (Welch 
2010; Barton et al. 2012). While the oyster fishery is a relatively small segment of the 
U.S. seafood industry, about 75% ($3 billion) of the overall industry directly or indi-
rectly depends upon calcium carbonate (the component of shell material that dissolves 
in lower pH waters). An acidified ocean may change which species the industry targets 
for cultivation (Cooley and Doney 2009; Langston 2011). Beyond these ecological and 
economic impacts, ocean acidification is also anticipated to pose direct threats to human 
health by increasing the number and intensity of harmful algal blooms, which can result 
in amnesic shellfish poisoning (a disease in humans caused by ingestion of toxins that 
concentrate in shellfish (Sun et al. 2011; Tatters, Fu, and Hutchins 2012). Existing policy 
tools to combat the effects of ocean acidification include improved coastal management 
and more stringent pollution controls under the U.S. Clean Water Act, but addressing 
the root cause will require reducing atmospheric CO2 globally (Kelly et al. 2011).

9.4  Coastal Impacts to Communities

Overview

Development along coasts often places residences, coastal tourism development, com-
munity resources, and public infrastructure at risk from floods and/or ongoing coastal 
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erosion (see also sections below and Chapter 14 [for more on transportation infrastruc-
ture] and Chapter 12 [for more on power plants and energy infrastructure]). Sea-level 
rise will expand the areas at risk from flooding, accelerate erosion of coastal bluffs and 
dunes, and, as discussed earlier, permanently inundate large areas of coastal wetlands 
(Heberger et al. 2009; Revell et al. 2012). Table 9.2 shows some of the current and future 
vulnerabilities to both flooding and erosion related to increased exposure of the coastal 
bluff base to expected rise in sea level of 4.6 feet (1.4-meters) by 2100 with no additional 
development along the coast beyond what existed in 2000 (Revell et al. 2012). In addi-
tion, based on a methodology that correlates bluff erosion with increased frequency of 
exposure to wave attack, erosion could claim as much as nearly 9,000 acres of dunes and 
17,000 acres of coastal bluffs from the open ocean coast between the California-Oregon 
border and Santa Barbara County (Revell et al. 2012).

Figure 9.6 C oastal impacts of ocean acidification. �This image depicts the aragonite saturation 
depth on the continental shelf of western North America; warmer colors indicate shallower depths. 
Aragonite is one of the two most common forms of calcium carbonate, which forms naturally in almost 
all mollusk shells. Below this depth, it becomes difficult for mollusks and other species to precipitate 
the calcium carbonate necessary to make shell material. Corrosive waters––those that begin to dissolve 
calcium carbonate––now occur at shallower depths than in the past because the ocean is absorbing 
increasing amounts of CO2 from the atmosphere. Note that in transect 5, corrosive water reaches the 
ocean surface north of Eureka and Arcata, California. Modified from Feely et al. (2008), reprinted with 
permission from the American Association for the Advancement of Science.
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Table 9.2 E stimated flood and erosion losses for California associated with future sea-level  
               rise on the ocean and bay shoreline

Asset or Concern Risk (a)

Number or 
Dollar Amount  
at Risk in 2000

Number or Dollar 
Amount at Risk in 
2100 (with 55 Inches 
of Rise in Sea Level)

Dominant 
Location of Risk (b) 
(2000/2100)

People 100-year Flood 260,000 410,000 SF Bay/SF Bay

Replacement value of 
buildings 100-year Flood $50 billion $109 billion Both/SF Bay

People Erosion (c)  14,000 ND/Ocean

Number of land 
parcels lost Erosion (c)  10,000 ND/Ocean

Value of property loss Erosion (c)  $14 billion ND/Ocean

Schools 100-year Flood 65 137 Both/SF Bay

Healthcare facilities 100-year Flood 20 55 SF Bay/SF Bay

Police, fire and 
training areas 100-year Flood 17 34 SF Bay/SF Bay

Hazardous waste sites 100-year Flood 134 332 ND/ND

Highway and (road) 
miles 100-year Flood 222 (1,660) 430 (3,100) Ocean/Ocean

Power plants number 
and  (megawatt 
capacity)

100-year Flood  30 (10,000) ND/Ocean

Waste treatment 
plants number and 
(millions of gallons/
day capacity)

100-year Flood  29 (530) ND/SF Bay

Note:
(a)  Flood risks and erosion risks are not mutually exclusive; many of the same assets will be at risk from both  
       flood and erosion.
(b)  ND is no data – often since the analysis looked at change from the current conditions.
(c)  Erosion impacts were only examined for the open ocean coast from Del Norte County through Santa Barbara.  
       Estimates for erosion losses do not include Ventura, Los Angeles, Orange, or San Diego counties. Nor do   
       estimates include San Francisco Bay, since, “In San Francisco, however, the erosion-related risk is small.”  
     (Heberger et al. 2009)
Source: Heberger et al. (2009).
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Airport infrastructure

Several of California’s key transportation facilities are situated in coastal areas and will 
be affected by rising sea level.  For example, the runways at both the San Francisco (SFO) 
and Oakland (OAK) International Airports will begin to flood with a 16-inch (40-cm) 
sea-level rise (within the 2050 sea-level rise scenarios in Table 9.1) (see Figure 9.7). This 
change would severely impact not only airlines and passengers internationally, but also 
air cargo, as SFO is the largest air cargo handler in the region and expects to double 
cargo throughput in the next thirty years. Given the importance of these airports to the 
local and regional economy, an increase in runway elevation, floodwalls, or the develop-
ment of some alternative response strategies will be required to avoid these debilitating 
impacts (Metropolitan Transportation Commission 2004).

Vehicular transportation infrastructure

The rise in sea level and increased frequency and intensity of storm events will lead to 
a combination of increased shoreline inundation and landslides induced by rainfall or 
wave erosion. With even small sections of roadways disrupted due to these processes, 
the greater transportation network will be at risk. As a result, the California Depart-
ment of Transportation prepared guidance on incorporating sea-level rise into project 
programming and design (Caltrans 2011) (see Box 9.3). (For further discussion of climate 
impacts on transportation systems, see Chapter 14.)

Figure 9.7 I mpacts to San Francisco and Oakland International Airports. �The impacts to San 
Francisco and Oakland airports will require planning and resources to ensure that these major economic 
drivers for the San Francisco Bay Area can continue to operate in the future. Modified from Siegel 
and Bachand (2002), Knowles (2008); see also http://www.bcdc.ca.gov/planning/climate_change/index_
map.shtml, Central Bay West Shore map 16 & 55, Central Bay East Shore map 16 & 55.
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Economy, culture, and identity

A large part of California culture and identity is invested in ocean and coastal resources 
and shoreline access, including beach-going, surfing, kayaking, hiking, and diving, as 
well as recreational and commercial fishing. Thus, the socio-economic impacts to coastal 
communities from sea-level rise go well beyond losses to buildings, properties, and in-
frastructure. For example, estimated losses to the Venice Beach community from a 100-
year flood event after a 4.6-foot (1.4-meter) sea-level rise (the high 2100 scenario from 
Table 9.1) are $51.6 million (an increase of $44.6 million over the present risk), which 
includes loss of tax revenue, beach-going spending, ecological value, and other societal 
costs (King, MacGregor, and Whittet 2011). However, such estimates depend on a set of 
assumptions which—while reasonable—involve significant uncertainties. For example, 
the 1983 ENSO event caused over $215 million in damage statewide (in 2010 dollars; 
Griggs and Brown 1998); a similar event in 2100 would be significantly more damaging 
under conditions of higher sea level, more intensive development, and greater prop-
erty values (Griggs and Brown 1998). Thus, future losses may be higher than the best 
available current economic science suggests. In addition, Native American communi-
ties, such as the Yurok and Wiyot of Northern California, are also examining traditional 
uses of coastal areas and the impacts to tribal lands of sea-level rise (including loss of 
land due to inundation), undertaking coastal restoration projects, assessing the impacts 
to salmon of overall ecosystem changes. (For further discussion of the impacts of climate 
change on the lands and resources of Native nations, see Chapter 17.)

9.5  Managing Coastal Climate Risks

Overview

Due to the high concentration of coastal development, population, infrastructure, and 
economic activity in coastal counties, continued and growing pressure to protect these 
assets and activities from rising sea levels is expected. Further concentration of wealth, 

California’s three major ports—Los Angeles, Long 
Beach, and Oakland—had a combined through-
put of over $350 billion7 in cargo in 2009, equiva-
lent to 13% of the GDP of the six Southwest states. 
With such noted economic importance, port au-
thorities are starting to address issues related to 
sea-level rise. While the greater water depth that 
will accompany rising sea level will help deeper 
draft ships, many landside changes will be needed 
(see Chapter 14). The Port of Long Beach plans to 

rebuild the Gerald Desmond Bridge because the 
air gap (the space between the bottom of the bridge 
and the top of a ship) is restricting some ship tran-
sit to times of low tide. The Port of Los Angeles 
and the Rand Corporation prepared a climate ad-
aptation study to consider the impacts from rising 
sea levels on the port. The creation and funding of 
additional protection or response plans for these 
ports—and their associated costs—is inevitable 
(Metropolitan Transportation Commission 2004).

Box 9.3

The Role of Adaptation in California Ports
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infrastructure, and people along the coast—which historically has resulted in the ten-
dency to protect and harden developed shorelines—is expected to increase the risk of 
loss of the remaining natural coastal ecosystems in these areas (see Box 9.4) (CNRA 
2009; Hanak and Moreno 2011). About 40% of the backshore area (above the high-water 
line) along the California coast is in public ownership (federal and non-federal)ii (US-
ACE 1971), about 107 miles or 10% of the state’s coastline had already been hardened 
as of 2001 (Griggs, Patsch, and Savoy 2005), and more than 90% of the coast’s historical 
wetland areas have been lost or converted due to diking, drainage, and development 
(Dahl 1990; Van Dyke and Wasson 2005; Gleason et al. 2011).

As mentioned previously, in 2011 the California Ocean Protection Council issued 
interim sea-level rise guidance for state and local agencies, thus implementing one of 
the key strategies proposed in California’s first statewide climate change adaptation 
plan (CNRA 2009; California Ocean Protection Council 2011). While not mandatory, this 
guidance gives state and local government agencies and officials a scientific basis to vet 
planning and permitting decisions. The guidance will need to be updated regularly as 

Many federally and state-funded actions and pro-
grams continue to protect and subsidize high-risk 
coastal development by shifting the cost of flood 
protection and storm recovery from property 
owners and local governments to state and federal 
taxpayers. For example, the Federal Emergency 
Management Agency’s (FEMA) National Flood 
Insurance Program (NFIP) offers flood insurance 
rates that do not reflect the full risk that policy-
holders face. In addition, the Army Corps of En-
gineers frequently funds and executes structural 
shoreline protection projects, while federal and 
state post-disaster recovery funding and assis-
tance encourages replacing or rebuilding struc-
tures with a high level-of-risk exposure (Bagstad, 
Stapleton, and D’Agostino 2007). These programs 
work together to distort market forces and favor 
the movement of people to the coasts. Mean-
while, reinsurance companies and experts study-
ing the insurance market increasingly urge that 

premiums better reflect actual risks to ensure a 
reliable insurance system as climate risks increase 
(Lloyd’s of London 2006, 2008; Kunreuther and 
Michel-Kerjan 2009; Pacific Council on Interna-
tional Policy 2010).

The NFIP is over-exposed and is running a 
deficit as of 2010 of nearly $19 billion (Williams 
Brown 2010). To reduce the financial burdens on 
the flood insurance program and decrease over-
all vulnerability, FEMA also administers several 
grant programs designed to mitigate flood haz-
ards prior to disasters occurring (FEMA 2010). 
These programs are often used for pre-disaster 
structural flood mitigation measures, but have 
also been used for structure acquisition, property 
buy-outs, and demolition or relocation (Multihaz-
ard Mitigation Council 2005). The resulting open 
space is required to be protected in perpetuity, si-
multaneously providing natural resource benefits 
and vulnerability-reduction benefits (FEMA 2010).

Box 9.4

The Role of Insurance and Incentives in Coastal Development
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new scientific information becomes available (e.g., through the 2012 NRC study on sea-
level rise along the West Coast). Pragmatically, the management and planning mech-
anisms through which local governments in California are making adaptive changes 
include general plan updates, climate action or adaptation plans, local coastal program 
updates, local hazard mitigation plans, implementing regulations (such as tax or build-
ing codes), and special or regular infrastructure upgrades (Moser and Ekstrom 2012). A 
selected list of climate adaptation planning resources can be found in Table A9.1.

Adaptation options

Coastal managers have several adaptation options (USAID 2009; NRC 2010iii; Grannis 
2011; NOAA 2011; Russell and Griggs 2012) that typically fall into three categories.

First, structural protection measures such as seawalls and revetments (hardened sur-
face built to protect an embankment) as well as beach replenishment have frequently 
been the preferred option for local governments trying to protect public shorelines and 
adjacent coastal properties (which are part of the property and commercial tax base) 
and maintain or enhance opportunities for coastal tourism. Historically, many beach 
nourishment projects in California have been opportunistic in the sense that they were a 
means of disposing sand dredged from harbors or produced from coastal construction 
rather than stand-alone projects for nourishing beaches. 

Hardening the shoreline along the coast has resulted in harmful environmental and 
ecological impacts, both directly in front of and downdrift from the hardened shoreline. 
Such impacts include passive erosion or beach loss in front of the hardened shoreline, 
visual impacts (see Figure 9.8), and reduced public access along the shoreline (Griggs 
2005). The impacts of shoreline protection within interior waterways––such as bays or 
estuaries––include loss of tidal prisms (the volume of water leaving an estuary at ebb 
tide) and loss of coastal wetlands, which contain important bird habitat, fishery nursing 
grounds, and the capacity of such natural buffers to retain flood waters (Griggs et al. 
1997; Runyan and Griggs 2003).

Second, adaptation measures that continue to allow coastal occupancy and yet aim to 
reduce risks of coastal erosion and flooding are common elements of hazard-mitigation 
plans and land-use planning (local coastal programs) under the California Coastal Act 
in coastal communities. These measures include adjustments to building codes (such as 
requirements for the use of flood-prone basements within flood zone areas) or modi-
fications to standards for development and coastal construction (such as setbacks for 
building from the shoreline, limits to how much land surface can be made impervious, 
the amount of freeboard required between the ground and the first inhabited floor, and 
other flood protection measures, including stormwater retention and treatment on the 
property).

Generally speaking, measures depend on the environment in which development is 
situated. For cliff and bluff top construction, zoning or construction policies may contain 
standards for cliff edge setbacks and requirements to improve onsite water drainage to 
minimize cliff erosion may be considered (Griggs, Pepper, and Jordan 1992). For low ly-
ing areas, coastal plains, beaches, and bayside waterfront areas, development standards 
requiring construction above base flood elevations and setbacks from high-risk flood 
and/or erosion areas may be most relevant.
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Finally, a variety of adaptation measures focus on reducing long-term exposure to 
the risks associated with climate change and coastal hazards. Such measures might take 
the form of planned retreat from the shoreline, but might also include the restoration 
of natural coastal buffers, such as dunes and wetlands. Of particular value are strate-
gies and policies that incorporate natural resource values and management (California 
Coastal Act 1976; UNCBD 2009). Such ecosystem-based adaptation is an approach that 
simultaneously builds ecological resilience and reduces the vulnerability of both human 
and natural communities to climate change.iv It is based on the premise that sustainably 
managed ecosystems can provide social, economic, and environmental benefits, both di-
rectly through the preservation of innately valuable biological resources and indirectly 
through the protection of ecosystem services that these resources provide humans (Coll, 
Ash, and Ikkala 2009; World Bank 2010).

Level of preparedness and engagement in adaptation planning

A 2005 survey of California coastal counties and communities assessed coastal manag-
ers’ awareness of the risks associated with climate change and the degree to which they 
had begun preparing for, planning for, and actively managing these risks in their coastal 
management activities (Moser 2007; Moser and Tribbia 2007). The vast majority of sur-
veyed coastal managers were of the opinion that climate change is real and is already 

Figure 9.8 C oastal armoring in Southern California. �One-third of the shoreline of Southern 
California (including Ventura, Los Angeles, Orange and San Diego Counties) has now been armored. The 
photo shows the shoreline in 2010 in Encinitas, in northern San Diego County. Photo courtesy of Kenneth 
and Gabrielle Adelman of the California Coastal Records Project (http://www.californiacoastline.org/).
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happening and were significantly concerned about the associated risks. As of 2005, how-
ever, very few local governments had taken up the challenge of developing strategies to 
deal with those risks. 

In a follow-up survey conducted in summer 2011, some important shifts could be 
noted (see Figure 9.9) (Hart et al. 2012). Most remarkable was the increase in the level 
of activity on adaptation from 2005 to 2011. In 2005, only two of the responding coastal 
counties and one of the participating cities had climate change plans in place, and four 
counties and six cities were developing such a plan. By 2011, many more coastal commu-
nities in California had begun examining and planning for the impacts of climate change.v

A separate analysis highlighted six municipalities in California that have developed 
local climate adaptation plans or components thereof (Georgetown Climate Center 
2012). An Ocean Protection Council resolution passed in June 2007 encouraged Local 
Coastal Plan (LCP) amendments to address sea-level rise, yet few local governments 
have even begun the process of considering such LCP amendments. Of particular re-
gional significance is also the overall slow response of the region’s major ports and ma-
rine facilities, albeit not a unique response among North American or international ports 

Figure 9.9 C alifornia coastal managers’ attitudes toward climate change. �Well over 80% 
of California coastal managers are concerned with climate change. The proportion saying they are 
“very concerned” increased significantly over the past six years. Meanwhile, local managers feel only 
moderately well informed, indicating a significant need for education. One indication of their readiness 
to advance adaptation planning is the high proportion of respondents (75%) who report that they 
already consider the implications of climate change in their personal and professional lives. Source: 
Moser (2007), Moser and Tribbia (2007), Hart et al. (2012).
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where adaptation planning is just beginning (California Ocean Protection Council 2007; 
California State Lands Commission 2009; Becker et al. 2012).

Thus, while the state of California has been fairly progressive in adaptation plan-
ning (for example, with a Climate Adaptation Strategy, CalAdapt website, and the 2012 
sea-level rise study completed by the National Research Council), most adaptation ac-
tions will be implemented locally or regionally (often with state and federal support and 
permits). However, few local governments have begun taking steps to implement either 
their own plans or the State’s existing recommendations. 

Barriers to adaptation

Several studies have examined impediments or barriers to adaptation for individuals, 
communities, organizations, and entire nations.vi Increasing empirical evidence from 
California strongly confirms the presence of barriers to adaptation in coastal communi-
ties (Hanak and Moreno 2011). In the above-mentioned 2005 survey of local jurisdic-
tions, coastal managers considered their top barriers to adaptation management to be 
local monetary constraints, insufficient staff resources, lack of supportive funding from 
state and federal sources, the all-consuming nature of currently pressing issues, and the 
lack of a legal mandate to undertake adaptation planning (Moser and Tribbia 2007). 
When asked again in 2011, the lack of funding to prepare and implement a plan, lack of 
staff resources to analyze relevant information, and the all-consuming currently press-
ing issues were again mentioned as overwhelming hurdles for local coastal profession-
als, followed (with far less frequency) by issues such as lack of public demand to take 
adaptation action, lack of technical assistance from state or federal agencies, and lack of 
coordination among organizations (Moser and Ekstrom 2012). Case study research in 
two cities and two counties in the San Francisco Bay Area found that institutional bar-
riers dominate, closely followed by attitudinal barriers among decision makers. Fund-
ing-related barriers were important, but ranked only third (Storlazzi and Griggs 2000; 
Griggs, Patsch, and Savoy 2005; Kildow and Colgan 2005; Moser and Ekstrom 2012).

There is additional independent evidence that local jurisdictions vary considerably 
in their technical expertise and capacity to engage in effective coastal land-use manage-
ment and that they do not use available management tools to the fullest extent possible 
to improve coastal land management overall (Tang 2008, 2009). For example, experts 
assert that the California Coastal Act and the Public Trust Doctrine are considerably 
underutilized in protecting public trust areas and the public interest (Caldwell and Se-
gall 2007; Peloso and Caldwell 2011). Thus, the persistence of this range of institutional, 
attitudinal, economic, and other adaptation barriers goes a long way toward accounting 
for the low level of actual preparedness and lack of active implementation of adaptation 
strategies in coastal California.

The in-depth case studies conducted in the San Francisco Bay Area, however, also 
reveal that local communities have many opportunities, assets, and advantages that can 
help them avoid adaptation barriers in the first place, or which they can leverage in ef-
forts to overcome those barriers they encounter (see Chapter 19, Box 19.4). Among the 
most important of these advantages and assets are people and existing plans and poli-
cies that facilitate and allow integration of adaptation and climate change (Moser and 
Ekstrom 2012) (see also Chapter 18, Section 18.7).
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In conclusion, adaptation in coastal California is an emerging mainstream policy con-
cern wherein institutions and the individuals involved—along with supporting finan-
cial and technical resources—pose the greatest barriers and constitute the greatest assets 
in avoiding and overcoming them. While some barriers originate from outside sources 
(such as the national economic crisis or federal laws and regulation) and communities 
require state and federal support to overcome entrenched challenges (such as legal and 
technical guidance or fiscal support), local communities have the power and control to 
overcome many of the challenges they face (Moser and Ekstrom 2012; for further discus-
sion of the effects of climate change on urban areas, see Chapter 13, and for a discussion 
of local adaptation and mitigation choices, see Chapter 18).
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Endnotes

i	 The term “coast” refers to the open coast and estuaries.
ii	 There is no direct link between land ownership and reliance upon shoreline armoring. Public 

ownership does not guarantee a natural shoreline, and since much of the public backshore may be 
used for public infrastructure such as roads or parking lots, armoring might also be present. Con-
versely, private ownership does not necessarily mean there will be development or that coastal 
armoring will be present. In general however, areas of open space or with low-intensity develop-
ment are most likely to experience natural shoreline dynamics without human interference.

iii	 In NRC (2010), see in particular Section 3 and pp. 117–119, which list different coastal adaptation 
options.

iv	 Examples of ecosystem-based approaches along the California shoreline include managed retreat 
(or realignment) projects at Pacifica State Beach and the Surfers Point project at Ventura Beach, 
both of which improved recreation and habitat values while reducing long-term costs and expo-
sure to risks. Additional case studies illustrating both climate change risks and the efforts made 
to date toward adapting to them can be found in the state’s 2009 Climate Adaptation Strategy, in 
the Pacific Council on International Policy’s 2010 advisory report for the state, in Chapter 18 of 
this report, and in case studies cited throughout this chapter.

Table A9.1 S elected Resources in Support of Coastal Adaptation

Name Website Description

CalAdapt http://cal-adapt.org/ Localized, searchable climate change projections for 
California

California Climate 
Change Portal http://www.climatechange.ca.gov/

Research results on climate change, its impacts on 
California (including coasts), and the state adaptation 
strategy

California Ocean 
Protection Council http://www.opc.ca.gov/ Sea-level rise guidance for state and local agencies, 

funding opportunities

USGS Coastal 
Vulnerability 
Assessment

http://woodshole.er.usgs.gov/
project-pages/cvi/

Historical sea-level rise and erosion hazards (not 
including future risks)

NOAA Coastal 
Services Center

http://collaborate.csc.noaa.gov/
climateadaptation/default.aspx

Wide range of information and tools for impacts and 
vulnerability assessments, adaptation planning, visual-
ization, communication, stakeholder engagement, etc.

Rising Sea Net http://papers.risingsea.net/
Sea-level rise, impacts (erosion, flooding, wetlands), 
adaptation options, costs, legal issues (property rights, 
rolling easements etc.)

Georgetown 
Law Center - 
Adaptation

http://www.georgetownclimate.
org/adaptation

Searchable database of case studies, adaptation plans, 
sea-level rise tool kit, and other documents
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v	 Of the 162 survey responses, which represented 14 coastal counties and 45 coastal municipalities, 
only 10% had not begun looking at climate change impacts at all, 40% were in the early stage of 
understanding the potential impacts of climate change and their local vulnerabilities, 41% had 
entered the more advanced stage of planning for those impacts, and another 9% were implement-
ing one or more identified adaptation options. More detailed survey results have shown that 
communities are still early in their respective processes, but a clear increase in engagement has 
been confirmed by several other studies (Hanak and Moreno 2011; Moser 2009; Tang 2009; Cruce 
2009).

vi	 See the extensive literature review in Ekstrom, Moser, and Torn (2011) and Moser and Ekstrom 
(2010).

vii	 Based on reportings from the ports; see http://www.portoflosangeles.org/maritime/growth.
asp; http://logisticscareers.lbcc.edu/portoflb.htm; http://www.portofoakland.com/maritime/
facts_comm_02.asp.Chapter 10
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Executive Summary 

This chapter focuses on societal vulnerabilities to impacts from changes in sources, timing, 
quantity, and quality of the Southwest’s water supply. It addresses both vulnerabilities 
related to environmental factors (such as wildfire risk and increased stream tempera-
tures) and issues related to water management (such as water and energy demand, and 
reservoir operation). The chapter describes water management strategies for the coming 
century, including federal, regional, state, and municipal adaptation initiatives.

•	 The water cycle is a primary mechanism by which the earth redistributes heat. 
Climate change has already altered the water cycle and additional changes are 
expected. A large portion of the Southwest is expected to experience reduc-
tions in streamflow and other water stresses in the twenty-first century (Bates 
et al. 2008; Karl, Melillo and Peterson 2009; Seager and Vecchi 2010; Reclamation 
2011d). (high confidence)

•	 Changes in water supplies lead to a wide range of societal vulnerabilities that 
impact almost all human and natural systems, including agriculture, energy, in-
dustry, domestic, forestry, and recreation (Westerling et al. 2006; Ray et al. 2008; 
Williams et al. 2010). (high confidence)

•	 Considerable resources are now being allocated by larger water entities to un-
derstand how to adapt to a changing water cycle. A full range of solutions in-
volving both supply and demand are being examined. Most smaller utilities 
have not begun the process of adapting. To date, adaptation progress has been 
modest (Reclamation 2011a; WUCA 2010). (high confidence)
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•	 There is a mismatch between the temporal and spatial scales at which climate 
models produce useful outputs and the scales that are useful to water decision 
makers. Differing temperature and precipitation responses across models, lack 
of realistic topography, lack of realistic monsoon simulation, and lack of agree-
ment about the future characteristics of the El Niño-Southern Oscillation (ENSO) 
all provide significant uncertainty. It is not clear if this uncertainty can be re-
duced (Nature Editorial Board 2010; Kerr 2011a, 2011b; Kiem and Verdon-Kidd 
2011). (high confidence)

•	 Water supplies in the Southwest are already stressed due to many non-climatic 
factors. Population growth, endangered species, expensive infrastructure, and 
legal and institutional constraints all impede solutions. Both climate and non-
climate stresses and barriers must be addressed to achieve practical solutions 
(Reclamation 2005; Lund et al. 2010). (high confidence)

•	 Twentieth-century water management was based in part on the principle that 
the future would look like the past. Lack of a suitable replacement for this prin-
ciple, known as stationarity, is inhibiting the process of adaptation and the search 
for solutions (Reclamation 2005; Milly et al. 2008; NRC 2009; Means et al. 2010; 
Kiem and Verdon-Kidd 2011). (high confidence)

•	 Data collection, monitoring, and modeling to support both science and manage-
ment are critical as the water cycle changes (WestFAST 2010). (high confidence)

10.1 I ntroduction

This chapter breaks with traditional climate change assessments of the water sector by 
focusing primarily on emerging adaptation activities being pursued by water providers 
rather than on either the changes to water cycle or impacts and risks to, and vulner-
abilities of, human and natural systems. This altered focus occurs because the mandate 
of this assessment was to identify important new findings since 2009, the date of the last 
U.S. national assessment on climate change (Karl, Melillo and Peterson 2009). In most 
cases, the science about water-cycle changes and human and natural system impacts, 
risks, and vulnerabilities has changed little over the last three years. During this same 
period, however, numerous adaptation initiatives have been pursued by water manag-
ers and providers in the West. These activities are predominantly new, important, and 
pertinent to this assessment. It is critical to note that these nascent efforts have produced 
important documents and networks of knowledgeable experts, but few other tangible 
products or projects. 

In the interest of providing a broader context to these adaptation initiatives, this 
chapter also summarizes some important information from traditional water-sector as-
sessments about water-cycle changes, impacts, risks, and vulnerabilities. Much of this 
information is also present in other chapters of this assessment but is repeated here for 
completeness. 

This chapter provides a broad historical overview of water development in the 
Southwest; briefly discusses the physical impacts to the water cycle that occurred prior 
to the twentieth century (as deduced from paleoclimate proxies), have occurred during 
the twentieth century, and are projected to occur in the twenty-first century (material 
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covered in more detail in Chapters 4, 5, 6 and 7); provides a survey of the impacts, risks, 
and associated vulnerabilities to human and natural systems deriving from changes to 
the water cycle; and then presents in detail adaptation activities being pursued at differ-
ent levels of government. Boxes within the chapter discuss the SECURE Water Act, and 
vulnerabilities to the Colorado River and the Sacramento-San Joaquin Bay Delta com-
plex (see also discussion of Rio Grande Basin in Chapter 16, Section 16.5.1). 

The Super Sector. For more than 100 years, Southwestern water managers at all 
levels of government have managed to deliver water to homes, industry, and agriculture 
through periods of excess and of shortage. These deliveries occurred reliably despite 
population growth in the six Southwestern states from approximately 5 million persons 
in the early 1900s to about 56 million in 2010. The passage of the federal 1902 Reclama-
tion Act and numerous state, regional, and municipal actions led to the development of 
substantial water infrastructure in the West. This infrastructure now serves many pur-
poses, including for agricultural and municipal supplies, recreation, flood control, and 
environmental needs.

Interstate compacts apportioned the flow of rivers among and between states, while 
throughout most of the West the doctrine of prior appropriationi determined how water 
was allocated within states (Wilkinson 1992; Hundley 2009). As increases in consump-
tive use (water that is not returned to a water system after use, as for example water lost 
through evapotranspiration of crops) occurred during the twentieth century, environ-
mental conflicts arose on almost all Western rivers (Reisner 1993). Water demands for 
endangered species and other environmental purposes in recent years also have altered 
water management practices (NRC 2004; Adler 2007; NRC 2010). During the twentieth 
century, water diversions by humans have substantially reduced flows at river mouths 
(Pitt et al. 2000; Lund et al 2010; Sabo et al. 2010). 

In recent years, municipal per capita water demand has been on a downward trend 
over large portions of the Southwest. Many discussions are occurring throughout the 
West on how to manage water in the twenty-first century under conditions of multiple 
stresses (Isenberg et al. 2007; Colorado Interbasin Compact Committee 2010; Blue Rib-
bon Committee of the Metropolitan Water District 2011; Reclamation 2011a).

Water is a “super sector” that has direct and indirect connections to perhaps all natu-
ral and human systems. In many cases water has no substitute. Agriculture relies on 
water provided by irrigation. Energy production usually needs water for cooling, just 
as the transport of water often requires substantial energy. Native Americans rely upon 
water for agriculture and also to fulfill traditional cultural and spiritual needs. Ecosys-
tems depend critically on the quality, timing, and amounts of water. It is difficult to 
overstate the importance of water, especially in the arid Southwest.

10.2  Physical Changes to the Water Cycle

The water cycle is an important physical process that transports and mixes heat globally 
and locally. Widespread changes to the water cycle are anticipated as the earth warms 
and many changes have already been noted that are related to precipitation patterns and 
intensity;  incidence of drought; melting of snow and ice; atmospheric vapor, evapora-
tion, and water temperatures; lake and river ice; and soil moisture and runoff (Karl, 
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Melillo and Peterson 2009). Global climate models have consistently shown such chang-
es—including the magnitude and direction (increases or decreases) and spatial patterns 
of these changes—since the earliest days of climate modeling (Manabe and Wetherald 
1975).

Widespread changes to the climate of the Western United States have occurred over 
the last fifty years. These include higher temperatures, earlier snowmelt runoff, more 
rain, less snow, and shifts in storm tracks. Some of these changes have been directly 
attributed to human activities, such as greenhouse gas (GHG) emissions (Barnett et al. 
2008). During the same period, no changes have been detected in the region’s total an-
nual precipitation or in daily extreme precipitation (Chapter 5).

As discussed in Chapter 5, paleoclimate studies indicate that the period since 1950 
has been warmer in the Southwest than during any comparable period in at least 600 
years. Reconstructions of drought (from tree rings and other “proxy” records) indicate 
that the most severe and sustained droughts during the period 1901 through 2010 were 
exceeded in severity and duration by several paleodroughts in the preceding 2,000 years. 

Recent research suggests that the deposition of airborne dust on snowpack in the 
Colorado River Basin has reduced runoff by 5% on average (Painter et al. 2010). Such 
dust has become more prevalent since European settlement of the American West.

In addition, recent research confirms a long-standing concern that the large spatial 
scales in the current generation of global climate models (GCMs) poorly represent the 
effects of topography on precipitation processes, especially in the Intermountain West 
(Rasmussen et al. 2011). Numerous studies using GCMs have attempted to quantify the 
effects of increasing temperatures and changes in precipitation on future runoff in the 
Southwest. In general these studies show declines in the southern Southwest and in-
creases in the northern Southwest (see Chapter 6). Almost all studies show decreasing 
April 1 snow water equivalent (the amount of water contained in a snowpack), and de-
clines in late summer runoff (Brekke et al. 2007; Ray et al. 2008; Reclamation 2011d).

Sensitivity studies attempt to quantify future changes in runoff without relying on 
GCM projections that combine changes in temperature and precipitation. Using a hy-
drology model driven by temperature and precipitation when temperature is varied and 
precipitation is held constant for every 1°F (0.6°C) increase in temperature, sensitivity 
studies show there is a decrease in Colorado River streamflow at Lees Ferry of 2.8% 
to 5.5%. Similarly, holding temperature constant, each 1% change in precipitation (ei-
ther an increase or decrease) converts into a 1% to 2% change in runoff (Vano, Das, and 
Lettenmaier 2012).

The state of Colorado recently estimated that in the Upper Colorado River Basin, ir-
rigated-agriculture requirements could increase by 20% and the growing season could 
lengthen by 18 days in 2040 (AECOM 2010). Demand studies are highly dependent on the 
method used to calculate actual and potential evapotranspirationii (Kingston et al. 2009). 

10.3 H uman and Natural Systems Impacts, Risks and 
Vulnerabilities

Climate change will affect a large number of human and natural sectors that rely on wa-
ter. Many of these impacts have been well documented, both in this report and elsewhere 
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(Kundzewicz 2007; Bates et al. 2008; Ray et al. 2008; CDWR 2009a). A short summary of 
these issues follows. 

Water demands for agriculture and urban outdoor watering will increase with ele-
vated temperatures. Higher temperatures will raise evapotranspiration by plants, lower 
soil moisture, lengthen growing seasons, and thus increase water demand. 

Changes in snowpack, the timing of streamflow runoff, and other hydrologic chang-
es may affect reservoir operations such as flood control and storage. For example, res-
ervoirs subject to flood control regulations may need to evaluate their operations to 
compensate for earlier and larger floods. Reduced inflows to reservoirs may cause in-
sufficient or unreliable water supplies (Rajagopalan et al. 2009). Changes in the timing 
and magnitude of runoff will affect the operation of water diversion and conveyance 
structures. 

Although other factors such as land-use change generally have a greater impact 
on water quality, “water quality is sensitive both to increased water temperatures and 
changes in patterns of precipitation” (Backlund et al. 2008, p.8). For example, changes 
in the timing and rate of streamflow may affect sediment load and levels of pollutants, 
potentially affecting human health. Heavy downpours have been associated with beach 
closings in coastal areas due to the flushing of fecal material through storm drains that 
end at the ocean (Karl, Melillo and Peterson 2009). Water quality changes are expected to 
impact both urban and agricultural uses. 

Stream temperatures are expected to increase as the climate warms, which could 
have direct and indirect effects on aquatic ecosystems, including the spread of in-stream, 
non-native species and aquatic diseases to higher elevations, and the potential for non-
native plant species to invade riparian areas (Backlund et al. 2008). Changes in stream-
flow intensity and timing may also affect riparian ecosystems; see further discussion in 
Chapter 8. 

Changes in long-term precipitation and soil moisture can affect groundwater re-
charge rates. This may reduce groundwater availability in some areas (Earman and Det-
tinger 2011). Also, higher sea levels can promote the intrusion of salt water into coastal 
freshwater aquifers (Sherif and Singh 1999).

Earlier runoff and changes in runoff volumes may complicate the allocation of wa-
ter in prior-appropriation systems and interstate water compacts, affecting which right-
holders receive water and operations plans for reservoirs (Kenney et al. 2008). In one 
study, the City of Boulder, Colorado, found that its upstream junior reservoir storage 
rights may allow more storage of water when runoff occurs earlier in the year, because 
downstream senior agricultural diverters will not be able to use the water during shorter 
daylight hours (Averyt et al. 2011). Reductions in Colorado River flows could affect the 
multi-state allocation of water via the Colorado River Compact (Barnett and Pierce 2008).

Water demands and their associated pumping and treatment costs may be affected 
by a changing climate. Warmer air temperatures may place higher demands on hy-
dropower reservoirs for peak energy periods. Reductions in flows for hydropower or 
changes in timing may reduce the reliability of hydropower. Reliable, instantaneously 
available hydropower is currently used in some cases to backup intermittent renewable 
energy sources. Warmer lake and stream temperatures may mean more water must be 
used to cool power plants (Carter 2011).
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The Colorado River drains approximately 15% of 
the area of the continental United States and most 
of the American Southwest. In the United States it 
serves over 35 million people in seven states and 
irrigates over 3 million acres. In Mexico it irrigates 
over 500,000 acres and also meets some limited 
municipal demand along the international border. 
The river is subject to a series of interstate com-
pacts including the original 1922 compact, legal 
rulings, federal legislation, and an international 
treaty. This “Law of the River” is said to be the 
most complex legal arrangement over any river in 
the world. Changes to any of the agreements gen-
erally take years of negotiations. 

Although the river has been over-allocated 
for many years, only in recent years have actual 
demands exceeded supplies. The U.S. Bureau of 
Reclamation, which has a prominent role in over-
seeing the river, projects this imbalance to widen 
in the coming years due to increasing growth and 
declining flows due to climate change (Reclama-
tion 2011a). For allocation purposes the compact 
breaks the river into two parts, the Upper Basin 
(Wyoming, Colorado, Utah and New Mexico) and 
the Lower Basin (California, Arizona, and Ne-
vada) (Meyers 1967). 

Box 10.1

Colorado River Vulnerabilities

Figure 10.1 C olorado River long-term supply-demand imbalance in the twenty-first century. 
�Reproduced from the U.S. Bureau of Reclamation (Reclamation 2011a).
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Changes in air, water, and soil temperatures will affect the relationships among for-
est ecosystems, surface and ground water, wildfires, and insect pests. Water-stressed 
trees, for example, are more vulnerable to pests (Williams et al. 2010).

The effects of forest fires alter the timing and amount of runoff and increase the sedi-
ment loads in rivers and reservoirs. Denver Water, for example, has expended consider-
able resources to dredge sediment from reservoirs after recent fires (Yates and Miller 
2006). 

There are two major social vulnerabilities in the 
basin, one for the Upper Basin, and one for the 
Lower Basin.

For the Upper Basin, it is not known how 
much additional water (if any) exists to develop. 
This uncertainty is due to both natural climate 
variability as well as a wide range of projected fu-
ture declines in flows. These declines are projected 
to range from 5% to 20% by 2050 (Hoerling et al. 
2009). Overuse of water and hence violation of the 
1922 Compact by the Upper Basin could lead to 
the curtailment of water to major Upper Basin wa-
ter users (including Albuquerque, Salt Lake City, 
Denver, and most other Front Range municipali-
ties in Colorado),  with potentially very large eco-
nomic impacts. Despite the uncertainty of future 
water availability and the consequences of over-
development, plans to develop additional sup-
plies are being discussed in Colorado and Utah. 
Colorado is currently investigating how to admin-
ister such an unprecedented event (Kuhn 2009). 

The Lower Basin is currently relying on un-
used water from the Upper Basin to which it has 
no long-term legal right. If this surplus of unused 
water were to cease to be available either because 
of climate change or increased Upper Basin use, 
the Law of the River would force water shortages 
almost entirely on Arizona (Udall 2009). Arizona 
has long been unsuccessful at its attempts to pro-
cure a larger share of Colorado flows to cover its 
current overuse. In addition, the current legal ar-
rangements to protect Lake Mead contents by 
requiring delivery reductions at specified lake 

elevations fail to indicate what actions will be tak-
en once Lake Mead falls below elevation 1025 feet, 
approximately 25% of capacity. Several recent 
studies have suggested that Lakes Mead and Pow-
ell, the two largest reservoirs in the United States, 
could face very large fluctuations or even empty 
under Upper Basin demand increases and declin-
ing flows (Barnett and Pierce 2008; Rajagopalan et 
al. 2009). 

There are also significant environmental vul-
nerabilities. The Colorado River also has a num-
ber of endangered species in both the Upper Basin 
and Lower Basin. Although an endangered fish re-
covery program is in place in the Upper Basin and 
a multi-species conservation plan exists for the 
Lower Basin (Adler 2007), in recent years no water 
has reached the ocean in Mexico. Without new in-
ternational arrangements, environmental flows in 
this reach are unlikely to occur on a regular basis 
(Luecke et al. 1999; Pitt et al. 2000; Pitt 2001).  The 
United States and the seven basin states would 
like Mexico to share in any shortages that may be 
required to manage the system during extraordi-
nary drought. Although such shortages were an-
ticipated by the 1922 Compact, no agreement has 
been reached. Transnational negotiations are in 
progress with Mexico to resolve deliveries to that 
nation during extraordinary drought.

A study supported by Reclamation and the 
seven basin states is currently underway to identi-
fy and analyze long-term solutions for the supply/
demand imbalance.

Box 10.1 (Continued)

Colorado River Vulnerabilities
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Changes in reservoir storage will affect lake recreation, just as changes in streamflow 
timing and amounts affect such activities as rafting and trout fishing. Changes in the 
character and timing of precipitation and the ratio of snowfall to rainfall will continue to 
influence winter recreational activities and tourism (Ray et al. 2008).

The functioning of the Sacramento–San Joa-
quin Bay Delta is the most critical water issue 
in California and arguably the most pressing 
water problem in the United States. This conflu-
ence of California’s two major river 
systems—the largest estuary on the 
West Coast—is used as a natural con-
veyance facility to move water for 25 
million people. Seventy percent of 
the state’s water moves southward 
from the Sacramento River, through 
the delta, to canals that supply both 
Central Valley agriculture and the 
municipal and industrial demands in 
the Los Angeles metroplex. 

The delta has been substantially 
modified by humans from its origi-
nal state and is highly vulnerable to 
shutdown due to both physical and 
legal issues (CDWR 2005; NRC 2010, 
2011, forthcoming). Within the delta, 
approximately sixty islands sit below 
or near sea level and are protected 
by 1,300 miles of aging levees. These 
levees are subject to failure from sea-
level rise, subsidence, freshwater 
flooding, earthquakes, and poor le-
vee maintenance (Mount and Twiss 
2005) . Failure of the levees from any 
cause could cause a massive influx 
of sea water from the San Francisco 
Bay into the freshwater delta, thus 
curtailing the movement of freshwa-
ter through the delta. Disruption of 
the flow could cost upwards of $30 

billion and require many years to fix (Benjamin 
and Assoc. 2005). Both the State Water Project 
and the federal Central Valley Project are at risk 
(CDWR 2009b; Lund et al. 2010). 

Box 10.2

Sacramento-San Joaquin Bay Delta Vulnerabilities

Figure 10.2  Map of Sacramento-San Joaquin Bay Delta. 
�Reproduced with permission from the Public Policy Institute of 
California (Lund et al. 2007, Figure 1.1).
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10.4 W ater Sector Adaptation Activities

Federal, state, regional, and municipal water management entities over the last five 
years or so have made substantial investments to understand the physical impacts to 
water supplies under a changing climate. Additional but more limited work has fo-
cused on societal vulnerabilities to these impacts. Many supply-side and demand-side 
adaptation strategies and solutions are now being considered. The principal challenges 
and barriers to climate-change adaptation include (1) uncertain, rapidly moving, and, 
in some cases, contentious scientific studies, and (2) physical, legal, and institutional 
constraints on strategies and solutions. Adaptation strategies and solutions are gener-
ally very specific to a region, limiting widespread application. Twentieth-century water 
planning was based in part on the idea that climatic conditions of the past would be rep-
resentative of those in the future; but this model is much less useful in the twenty-first 
century. Reservoir size, flood control operations, and system yield calculations were all 
predicated on this important concept, known as stationarity. Replacing this fundamen-
tal planning model, or paradigm, is proving to be extremely difficult (Milly et al. 2008; 
Barsugli et al. 2009; CDWR 2009a; Brown 2010). The unreliability of regional projections 
has hindered planning efforts; water managers cannot simply replace historical flow 
sequences in their planning models with projected flows (Kerr 2011b). The rest of this 
section describes the various adaptation activities being pursued by water managers in 
the Southwest. 

In addition to its physical vulnerabilities, the 
delta also is home to several threatened and en-
dangered species and many invasive species. 
To protect endangered species, the cross-delta 
pumps have been shut down for short periods in 
recent years by federal court order (NRC 2010). 

A $11 billion bond issue has been proposed to 
build a canal around the periphery of the delta but 
has not yet been put on the ballot in part due to 
California’s continuing budgetary problems and 
disputes over the impacts of the canal. In 1982, a 
similar peripheral canal was heavily rejected by 
voters (Orlob 1982; Hundley 2001). 

Besides its vulnerable water infrastructure, 
the delta is traversed by other key infrastructure 

including major north-south and east-west high-
ways, electrical power lines, gas lines, and rail 
lines, all of which are threatened by flooding from 
the two rivers and by sea-level rise (Lund et al. 
2010).

All of these factors have created a contentious 
situation. Over the last ten years, federal, state, 
municipal, agricultural, and environmental in-
terests have engaged in a variety of complex and 
expensive stakeholder initiatives in an attempt to 
create solutions acceptable to all parties (Owen 
2007; Isenberg et al. 2007; Isenberg et al. 2008).

Box 10.2 (Continued)

Sacramento-San Joaquin Bay Delta Vulnerabilities
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10.5  Planning Techniques and Stationarity 

In the late twentieth century, water planning was aided by simulation models driven by 
historic flow sequences. Flow sequences derived from paleoclimatic evidence were later 
added to these simulations to test systems under further or more extreme climate vari-
ability. Scientists who conducted early climate-change studies used the same simulation 
models driven by crude GCM-derived future-flow sequences. As statistical downscaling 
became prevalent (see Chapter 6), hydrology models were used to construct stream-
flows using highly resolved spatial and temporal inputs of temperature, precipitation, 
and sometimes other variables. Ultimately, a number of concerns surfaced after deeper 
analysis of these projections occurred. 

GCM-related concerns include widely varying future GHG emissions pathways, 
differing climate-model responses to GHGs, poorly resolved topography, varying re-
sponses to the North American monsoon, and wide ranges of projected precipitation. 
Concerns about statistical downscaling arose from its use of historical climate data (with 
the implicit acceptance of stationarity) to build statistical models and from the substan-
tially different results obtained using equally valid statistical techniques. Collectively, 
these issues caused debate about the suitability of adaption actions relying on GCM 
projections (Kerr 2011a, 2011b). (See the section on model uncertainties in Chapter 19 for 
further exploration of this topic.)

Some scientists have cautioned about overreliance on climate change science that is 
regionally focused (Nature Editorial Board 2010). Water managers have now begun to 
investigate other methods for decision support, including decision analysis,iii scenario 
planning,iv robust decision making,v real options,vi and portfolio planningvii (Means et 
al. 2010).

In the absence of an alternative to assuming stationarity in management and plan-
ning, the National Research Council suggests that “Government agencies at all levels 
and other organizations, including in the scientific community, should organize their 
decision support efforts around six principles of effective decision support: (1) begin 
with users’ needs; (2) give priority to process over products; (3) link information pro-
ducers and users; (4) build connections across disciplines and organizations; (5) seek 
institutional stability; and (6) design processes for learning” (NRC 2009, p. 2). 

10.6  Potential Supply and Demand Strategies and Solutions

Water strategies and solutions to meet the needs of Southwestern population growth 
range from increasing supplies to decreasing demands. Many of these could also be 
employed as climate-change adaptation strategies. Examples of these strategies include 
new dams (in California and Colorado), desalination (San Diego), basin imports via 
pipeline (in St. George, Utah, and the Front Range of Colorado), municipal conserva-
tion, permanent transfers from agriculture (Colorado Springs), water markets, land 
fallowing (Los Angeles), canal lining (San Diego), retirement of grass lawns through 
financial incentives (Las Vegas), groundwater banking (Arizona), water re-use (Orange 
County, California. and Aurora, Colorado), new water rate structures, consumer educa-
tion, indoor fixture rebates (Denver), new landscape and xeriscape design, water-loss 
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management from leaky mains, and aquifer storage and recovery (Arizona) (Western 
Resource Advocates 2005). Per-capita demand in recent years has been reduced in many 
Southwestern cities through active demand-management programs (Gleick 2010; Cohen 
2011) (see also Chapter 13, Figure 13.10). 

10.7  Barriers to Climate Change Adaptation

Effective climate-change adaptation will require advancements in climate science. As 
mentioned above, climate models and downscaling are not yet creating projections that 
can adequately and accurately inform adaptation efforts. Climate variability—both in 
nature and in climate model projections—can also confound analysis and adaptation 
planning. Among others, the Water Utility Climate Alliance suggests that climate model 
outputs suitable for water resource decision making may be a decade or more away 
(Barsugli et al. 2009). Model improvements in precipitation projections are unlikely to 
occur in the near-term to medium-term (Hawkins and Sutton 2011). 

Adaptation is also constrained by numerous non-climate factors. Western water 
management in particular is limited by a variety of federal and state laws, interstate 
compacts, court cases, infrastructure capacities, hydropower considerations, and regula-
tions pertaining to flood control, endangered species, and environmental needs. Infra-
structure is also expensive to build and maintain. Many solutions improve one area’s 
welfare at the expense of another and numerous stakeholder groups desire input into 
the process. Solutions can take years to discover and implement (Coe-Juell 2005; Jenkins 
2008). All of these factors must be considered when designing responses. 

10.8  Federal Adaptation Initiatives

The federal government has twenty or more agencies with an interest in water man-
agement (Udall and Averyt 2009). Historically, coordination of these agencies has been 
limited, but the last five years has seen the birth of many interagency adaptation ac-
tivities related to water. A 2009 federal law, the SECURE (“Science and Engineering to 
Comprehensively Understand and Responsibly Enhance”) Water Act (Public Law 111-
11), provided the impetus for some of the coordination. New interagency coordinating 
groups include Climate Change and Water Working Group (CCAWWG), the Western 
Federal Agency Support Team (WestFAST), and the Water Resources Working Group of 
the Council on Environmental Quality’s Interagency Climate Change Adaptation Task 
Force. Other federal collaborative efforts include the National Integrated Drought Infor-
mation System (NIDIS), NOAA’s Regional Integrated Sciences and Assessments (RISA), 
EPA’s Climate Ready Water Utilities Working Group, and the DOI Landscape Conser-
vation Cooperatives and Climate Science Centers. Federal climate-change adaptation 
efforts are in an early formative stage, but they can be expected to grow and evolve in 
the coming years (WestFAST 2010; Interagency Climate Change Adaptation Task Force 
2011). (Relatedly, see Chapter 2, Table 2.1 for a selected list of federal-agency climate as-
sessments that also, directly or indirectly, address issues of water resources.)
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10.9  SECURE Water Act Overview

The SECURE Water Act directed the U.S. Bureau of Reclamation to establish a climate-
change adaptation program in coordination with the U.S. Geological Survey (USGS), 
National Oceanic and Atmospheric Administration (NOAA), state water agencies, and 
NOAA’s university-based RISA program. Other sections of the act authorized grants to 
improve water management, required assessment of hydropower risks, created an intra-
governmental climate-change and water panel, promoted enhanced water data collec-
tion, and called for periodic water-availability and water-use assessments. (See Box 10.3 
for specific Department of the Interior implementation actions since its passage.)

Congress passed the SECURE Water Act to pro-
mote climate-change adaptation activities in the 
federal government, especially within the Depart-
ment of the Interior. The department established 
the WaterSMART program to assist with the 
implementation of the Act in 2010. Among other 
activities, WaterSMART has funded twelve “basin 
studies” in the West, six of which are in the South-
west. Basin studies investigate basins where sup-
ply and demand imbalances exist or are projected, 

and define options for meeting future demands. 
Each basin study will provide projections of fu-
ture supply and demand, analyze how existing 
infrastructure will perform in the face of chang-
ing water supplies, develop options to improve 
operations, and make recommendations for opti-
mizing future operations and infrastructure. The 
Colorado River was one of the first basin studies 
announced and an interim report for this study 
was released in early 2011 (Reclamation 2011a) 

Box 10.3

Department of the Interior SECURE Implementation Actions

Table 10.1 S elected projections for natural flows in major southwest rivers in  
                 2020, 2050, and 2070

Gauge Location
2020s Median 

Flow
2050s Median 

Flow
2070s Median 

Flow

Colorado River above Imperial Dam -2% -7% -8%

Colorado River at Lees Ferry -3% -9% -7%

Rio Grande at Elephant Butte Dam -4% -13% -16%

Sacramento River at Freeport 3% 3% -4%

Sacramento-San Joaquin Rivers at Delta 3% 1% -4%

San Joaquin River at Friant Dam 1% -9% -11%

Note: Changes are relative to simulated 1990-1999.
Source: Reclamation (2011d).
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with completion anticipated in 2012. Other South-
west basin studies underway include the Truckee 
River in California, the Klamath River in Califor-
nia and Oregon, and the Santa Fe River in New 
Mexico. Preliminary studies were also begun in 
2011 for the Greater Los Angeles area and the Sac-
ramento–San Joaquin Basin.

SECURE requires regular reports to Congress 
beginning in 2012 and every five years thereafter. 
In April 2011, Reclamation released its first report 
which quantified the risks from climate change to 
the quantity of water resources in seven Reclama-
tion basins, defined the impacts of climate change 
on Reclamation operations, provided a mitigation 
and adaptation strategy to address each climate 
change impact, and outlined its coordination ac-
tivities with respect to the USGS, NOAA, USDA 

and appropriate state water resource agencies 
(Reclamation 2011c). 

Reclamation has also issued other SECURE 
documents. In March 2011, Reclamation released 
bias-corrected and spatially downscaled surface-
water projections for several large Reclamation 
basins as part of a “West-wide Climate Risk As-
sessment” (Reclamation 2011d). Reclamation ac-
knowledges that the projections suffer from a lack 
of model calibration and that this problem must 
be addressed in the next iteration of projections. 
Projections for 2050 showed anticipated declines 
of around 10% in annual runoff in the southern 
portion of the Southwest with a distinct north to 
south gradient of declining flows (see Table 10.1 
and Figure 10.3).

Box 10.3 (Continued)

Department of the Interior SECURE Implementation Actions

Figure 10.3  Ensemble median percentage change in annual runoff (2050s vs. 1990s) in the 
Southwest region. �Reproduced from the U.S. Bureau of Reclamation (Reclamation 2011d, Figure 65).
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10.10 W estern States Federal Agency Support Team (WestFAST)

WestFAST is a collaboration among eleven federal agencies with water management 
responsibilities in the West (WestFAST 2011). The effort began in 2008 to coordinate 
federal water resource management goals with the needs of the Western States Water 
Council and its parent, the Western Governors’ Association. WestFAST works on (1) cli-
mate change, (2) water availability, water use and re-use, and (3) water quality. In 2010, 
WestFAST produced an inventory of its agency efforts on water and climate change, and 
supported NIDIS and the newly created Landscape Conservation Cooperatives (West-
FAST 2010). 

10.11  Climate Change and Water Working Group (CCAWWG)

In 2007, NOAA, Reclamation, and USGS jointly created CCAWWG. The group was later 
expanded to include the Environmental Protection Agency, the U.S. Army Corps of En-
gineers, and the Federal Emergency Management Agency, and the name was changed 
slightly to reflect its now national scope. The purpose of this ongoing effort is to work 
with water managers to understand their needs, and to foster collaborative efforts across 
the federal and non-federal scientific community to address these needs in a way that 
capitalizes on interdisciplinary expertise, shares information, and avoids duplication.viii 

CCAWWG produced a document in 2009 describing the challenges of adapting to 
climate change (Brekke et al. 2009). In addition, CCAWWG plans to produce four related 
documents, two on user needs and on two on science strategies, one each for short-
term and long-term problems. The long-term user needs assessment was released in 
2011 (Brekke et al. 2011). In 2010, CCAWWG published a literature synthesis of climate 
change studies for use in planning documents such as environmental impact statements 
and biological assessments under the Endangered Species Act. This document was up-
dated in 2011 (Reclamation 2011b). The geographic focus of these literature syntheses 
is the Upper and Lower Colorado and the Sacramento-San Joaquin basins. CCAWWG, 
along with the RISAs, recently started an authoritative training program to facilitate the 
translation and application of emerging science and technical capabilities into water-
resource planning and technical studies. 

10.12  State Adaptation Efforts

Most Southwestern states have begun to categorize the impacts of climate change on 
water supplies. New Mexico, Utah, Colorado, and California have produced documents 
describing climate impacts on water resources and, in some cases, societal vulnerabil-
ities to water resources under a changing climate (D’Antonio 2006; Steenburgh et al. 
2007; Ray et al. 2008; CDWR 2009a). 

The state of California has invested heavily in climate-change studies relating to water 
resources (Vicuna and Dracup 2007). In 2006, California released Progress on Incorporat-
ing Climate Change into Management of Water (CDWR 2006). Its 2009 state water plan con-
tains substantial analysis of the impacts of climate change and the strategies necessary to 
adapt to it (CDWR 2009a). The California Energy Commission, with independent fund-
ing, has solicited numerous reports on the impacts of climate change on water, energy, 
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agriculture, and many other topics and has worked closely with other state agencies.ix

In 2008, Colorado Front Range water utilities, in partnership with the Colorado Wa-
ter Conservation Board (CWCB), the Water Research Foundation, and the Western Wa-
ter Assessment RISA, investigated the impacts of climate change with the Joint Front 
Range Climate Variability Study (Woodbury et al. 2012). In 2010, the CWCB also funded 
the Colorado River Water Availability Study to assess changes in the timing and volume 
of runoff in the Colorado River Basin under several climate change scenarios for 2040 
and 2070 (AECOM 2010). Colorado produced a directory of state adaptation activities 
related to climate variability and climate change in 2011 (Averyt et al. 2011). 

Despite all of this adaptation-focused information-gathering activity in the South-
west, few if any water-related decisions have been made due to these actions. This is 
in part due to the wide range of projections for both temperature increases and pre-
cipitation changes from climate models. Decision makers everywhere are struggling to 
obtain actionable science, defined as “data, analysis, forecasts that are sufficiently predic-
tive, accepted and understandable to support decision making” (Kerr 2011a, 1052). A 
related issue is modification of decision making and planning processes to incorporate 
non-stationarity.

10.13  Regional and Municipal Adaptation Efforts

The Water Utility Climate Alliance (WUCA), a consortium of ten large water utilities 
serving 43 million persons across the United States, was created in 2007 to (1) improve 
and expand climate-change research, (2) promote and collaborate in the development of 
adaptation strategies, and (3) identify and minimize greenhouse gas emissions. WUCA 
and participating scientists have published two documents, one on how to improve cli-
mate models and the other on useful techniques for decision making under uncertainty 
(Barsugli et al. 2009; Means et al. 2010). Six of the ten WUCA utilities are located in the 
Southwest. WUCA members serve on climate-related research review panels, have pro-
vided keynote addresses at major conferences, and are on the Federal Advisory Com-
mittee for the 2013 National Climate Assessment.  Several RISAs recently joined with 
WUCA utilities to identify how climate models can be used in impact assessments in the 
Piloting Utility Model Applications for Climate Change project.x

Major municipal utilities in the Southwest (in San Francisco, the greater Los Angeles 
area, Las Vegas, Denver, and Salt Lake City) now have personnel dedicated to study-
ing the impacts of climate change on their systems (see also Chapter 13, Section 13.1.4). 
Reclamation and other federal agencies in the Southwest also now have scientific staff 
whose primary mission is to research, understand, and communicate climate-change 
impacts. 

The Western States Water Council, an affiliate of the Western Governors’ Association 
(WGA), has convened multiple meetings over the last few years on the topics of drought 
and climate. WGA was instrumental in the creation of NIDIS by Congress in 2006. In 
2009, WGA convened a climate adaptation working group designed to determine ap-
propriate uses of climate-adaptation modeling, and identify and fill existing gaps in 
climate adaptation efforts at WGA. Since 2006, WGA has released several reports that 
cover water and climate (WGA 2006, 2008, 2010).
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Endnotes

i	 Under prior appropriation, the first person or entity to establish a water right by putting it to 
“beneficial” use has a right to the full amount from available supplies before a junior appropria-
tor (one who came later) can use his.

ii	 Evapotranspiration is composed of evaporation from water surfaces and the soil and transpira-
tion of water by plants. Transpiration is the process by which plants take up and use water for 
cooling and for the production of biomass. Evapotranspiration is frequently measured in two 
ways: (1) the amount that occurred and (2) the potential amount that would have occurred if 
enough water had been present to meet all evaporation and transpiration needs. In arid areas the 
actual amount is frequently less than the potential amount. 

iii	 Decision analysis, according to the Water Utility Climate Alliance (WUCA), is where uncertain-
ties can be well described and decision trees can be used to find optimal solutions.

iv	 Scenario planning in this context is a tool in which key uncertainties are identified and future 
scenarios are constructed around these uncertainties. The hope is that different scenarios will 
identify common, robust approaches for managing the range of uncertainties.

v	 Robust decision making is a technique that combines classic decision analysis with scenario plan-
ning to identify coping strategies that are robust over a variety of futures. 
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vi	 Real options is a type of financial based planning method for uncertainty. WUCA describes it as a 
type of cash flow analysis that includes flexible implementation. It uses classical decision analysis 
with hedging concepts from financial planning.

vii	 Portfolio planning is a financial tool where a portfolio is selected to minimize risk and to hedge 
against future uncertainty. 

viii	 See http://www.esrl.noaa.gov/psd/ccawwg/.
ix	 See http://www.energy.ca.gov/.
x	 See http://www.wucaonline.org/html/actions_puma.html.
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Executive Summary 

This chapter reviews the climate factors that influence crop production and agricultural 
water use. It discusses (a) modeling studies that use climate-change model projections 
to examine effects on agricultural water allocation and (b) scenario studies that investi-
gate economic impacts and the potential for using adaptation strategies to accommodate 
changing water supplies, crop yields, and pricing. The chapter concludes with sections 
on ranching and drought and on disaster-relief programs.

•	 Under warmer winter temperatures, some existing agricultural pests can persist 
year-round, while new pests and diseases may become established. While crops 
grown in some areas might not be viable economically under future climate con-
ditions, other crops could replace them. (high confidence). 

•	 Many important costs of climate change to agriculture will be adjustment costs. 
The suitability of production in an area depends not only on climate, but also 
on the presence of complementary infrastructure such as irrigation conveyance 
systems and specialized agricultural processing and handling facilities, as well 
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as transportation and energy supply networks. Relocating this complementary 
infrastructure may be costly, especially if climate change occurs quickly. More-
over, growers in a region may be unfamiliar or inexperienced with crops suitable 
for the new climate. Adjustment costs can be substantial in tree-crop production, 
which requires large up-front capital investments and with many years between 
the time trees are planted and when they produce sellable output. (medium-
high confidence). 

•	 Because agriculture accounts for 79% of Southwest water withdrawals, water 
management and reduction of agricultural water demand are important means 
to adapt to climate change. Conservation strategies implemented by water man-
agers and agricultural users tend to be more economical than developing new 
supplies. Options for managing demand may include addressing water pricing 
and markets, providing incentives to adopt water-saving irrigation technol-
ogy, reusing tailwater, or shifting to less water-intensive crops. (medium-high 
confidence). 

•	 The evidence supporting the widely held belief that simply improving on-farm 
irrigation efficiency conserves water is weak, however. Claims of water conser-
vation are often made at the farm level. Improved application efficiency means 
that crops take up a higher percentage of applied water. However, this means 
that less water is available to recharge aquifers or serve as return flows for down-
stream uses. At the basin- or watershed-scale, increased application efficiency 
can reduce water available for these other uses. (high confidence)

•	 Diverse studies using mathematical programming modeling to combine eco-
nomic and hydrological models have generated some consistent lessons. First, 
agriculture-to-urban water transfers could significantly reduce the costs of ad-
justing to regional water shortages. Agriculture would be the sector that alters 
water use the most, protecting municipal and industrial uses. Second, grow-
ers have numerous lower-cost alternatives to fallowing land as a response to 
drought, such as shifting crop mix, input substitution (e.g. substituting land for 
water), deficit irrigation, and investments in improved irrigation technologies. 
To facilitate transfers, additional investments in infrastructure to store and con-
vey water would likely be required. Third, the costs of compliance with envi-
ronmental regulations, especially those that protect endangered aquatic species, 
will represent significant adaptation costs. (high confidence) 

•	 Irrigators also could adapt better to climate variability by increased use of wa-
ter management information that is already available. The California Irrigation 
Management Information System (CIMIS), a weather information network for 
irrigation management developed and operated by the California Department 
of Water Resources, benefits growers via higher yields, lower water costs, and 
higher crop quality. CIMIS has been estimated to generate $64.7 million in ben-
efits per year at an annual cost to the state of less than $1 million. (medium-high 
confidence)

•	 Public and private entities can more effectively deliver web-based informa-
tion and decision-making tools for climate-change adaptation if they consider 
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constraints faced by the intended users. As of 2007, there were 29 Southwestern 
counties where fewer than 30% of agricultural producers had access to high-
speed Internet service. Access is particularly low in the Four Corners region, 
which has a relatively large population of Native American farmers and ranch-
ers. (medium-high confidence) 

11.1  Distinctive Features of Southwestern Agriculture

Agriculture in the Southwest has distinctive features that influence how the sector re-
sponds to climate variability and change. First, the region accounts for more than half 
of the nation’s production of high-value specialty crops (fruits, vegetables, and nuts). 
California has the most counties where specialty crops (including melons and potatoes) 
account for a large share of total agricultural sales (Figures 11.1). Other areas that are 
important in terms of specialty crops include southwestern Arizona, the San Luis Valley 
of Colorado, and chili- and pecan-growing areas of New Mexico (along the Rio Grande 
Valley). 

Irrigation plays a critical role in the region. Excluding Colorado, which has signifi-
cant dryland wheat production, more than 92% of the region’s cropland is irrigated. 
Irrigated crops account for an even larger share of sales revenues. Agricultural uses of 

Figure 11.1  Agricultural sales by county. 
�Source: USDA (2009, 2012).
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water (for irrigation and livestock watering) account for 79% of all water withdrawals 
in the region. As a result, small changes in agricultural water use can have relatively 
large effects on the water that is available for households, industrial use, and riparian 
ecosystems.

The region is characterized by extensive surface water infrastructure—including 
dams, reservoirs, canals, pipelines, and pumping stations—managed by the U.S. Bureau 
of Reclamation, state water agencies, and local irrigation districts. These systems not 
only capture and store vast quantities of water; they also transport it over large dis-
tances, geographically “decoupling,” in terms of climate-change feedbacks, many of 
the region’s water users from its water sources. Not all agricultural areas within the re-
gion have access to this extensive surface-water network. Many locations, therefore, are 
highly dependent on groundwater for irrigation (Figure 11.2). Depletion of groundwa-
ter resources in these areas, as measured by increases in the average depth-to-water of 
wells, presents problems for irrigators, including increased costs for the energy needed 
to pump the water higher to reach the surface. If groundwater levels fall sufficiently, 
irrigators may incur additional costs to lower pumps within the well, deepen wells, or 
dig replacement wells. From 1994 to 2008, according to the USDA Farm and Ranch Irriga-
tion Survey (2010), depth-to-groundwater for irrigation wells increased in all states but 
Nevada (Figure 11.3). 

Figure 11.2  Groundwater irrigation 
withdrawals as a share of total irriga-
tion withdrawals. �Source: USGS (2005), 
Kenny et al. (2009).
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The livestock sector, especially cattle ranching and dairies, is also economically im-
portant in the region. Cattle account for most of the agricultural sales in many New Mex-
ico and Colorado counties (Figure 11.1). Cattle ranches rely on rain-fed forage on grazing 
lands, making these enterprises sensitive to changes in climate. Much acreage and irriga-
tion water is devoted to alfalfa and other hay, which provide important forage for the 
region’s dairies as well as supplemental cattle feed.

Other major field crops include cotton in California, Arizona, and New Mexico; du-
rum wheat in Southern California and Arizona; winter wheat in Colorado and California; 
and corn in eastern Colorado. An emerging challenge to crop production is the rise of 
glyphosate-resistant (i.e., herbicide-resistant) weeds (Price et al. 2011; CAST 2012; Nor-
sworthy et al. 2012).

11.2 I mplications for Specialty Crops

The future presents special challenges and opportunities for producers of high-value 
crops such as fruits, vegetables, and nuts. Demand for these crops is projected to increase 
over the next forty years, correlated with expected population and income growth in the 
United States and throughout the Pacific Rim (Howitt, Medellín-Azuara, and MacEwan 
2009, 2010). Compared to field crops, demand for these high-value crops is price inelas-
tic, meaning that demand falls little with price increases. This also means that small 
reductions in output lead to relatively large increases in price. Thus, price increases 
that accompany climate-induced losses in output can partially offset the reduced vol-
ume sold and thereby buffer producers of these crops from the effects of climate change 
(though there are obvious increased costs for consumers). 

Climate change implies that locations best suited for production of high-value crops 
will change over time. Fewer frosts may make production of certain vegetables and 
tree crops more viable in some regions. Yet, for some stone fruits and nuts that require 
a minimum amount of chill time,i reductions in chill hours from a warming climate 
may reduce the profitability of production in areas where they are currently grown. In 

Figure 11.3 D epth to 
water of irrigation 
wells. �Source: USDA 
(2010).
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addition, many crops have threshold tolerances to high temperatures during key stag-
es of crop development, such as pollination, while unseasonal precipitation or adverse 
temperatures might harm product quality during fruit development. Climate change 
and extreme weather are more likely to affect horticultural crops (fruits, vegetables, and 
ornamental plants) because they have high water content and because sales depend on 
good visual appearance and flavor (Backlund, Janetos, and Schimel 2008).

Under warmer winter temperatures, existing pests can persist year-round, while new 
pests and diseases may become established (Gutierrez et al. 2008). A study of Yolo Coun-
ty, California, found that warm-season crops grown there today—tomatoes, cucumbers, 
sweet corn, and peppers—might not be viable economically under future climate condi-
tions. However, other crops—melon and sweet potatoes in the summer, lettuce or broc-
coli in the winter—could replace them (Meadows 2009; Jackson et al. 2011).

Quiggin and Horowitz (1999, 2003) note that many important costs of climate change 
to agriculture will be adjustment costs. The optimal location for producing specific crops 
will change. Established farms have infrastructure in place—for energy supply, irriga-
tion systems, and grain storage, for example—that will be expensive to relocate, espe-
cially if climate change occurs quickly. Moreover, growers in a region may be unfamiliar 
or inexperienced with crops suitable for the new climate. Adjustment costs can be sub-
stantial in tree-crop production: production requires large up-front capital investments, 
with a stretch of years between the time trees are planted and when they produce sell-
able output. For example, almonds, apricots, peaches, and plums average four non-bear-
ing years, citrus averages five to six years, while pecans average eight years (Berck and 
Perloff 1985). If growers reduce the number of trees as a short-term response to drought, 
it will reduce the region’s ability to produce tree crops for many years thereafter. An-
other strategy―relocating where trees are grown―may represent a significant adjust-
ment cost. Adjustment costs also are likely to occur when farmers change irrigation or 
fertilization practices or other management operations to cope with changes in resource 
availability, decrease greenhouse gas emissions from nitrous oxide, or to increase car-
bon storage in soil or the wood of trees (Hatfield et al. 2011). 

11.3 O n-farm Water Management 

Because agriculture accounts for 79% of water withdrawals in the Southwest, methods 
to manage and reduce agricultural water demand are an important means to adapt to 
climate change (Levite, Sally, and Cour 2003; Joyce et al. 2006; Joyce et al. 2010). Lo-
cal conservation strategies implemented by water managers and agricultural users tend 
also to be more economical than developing new supplies (Kiparsky and Gleick 2003). 
Options for managing demand may include addressing water pricing and markets, set-
ting allocation limits, improving water-use efficiency, providing public and private in-
centives to adopt water-saving irrigation technology, reusing tailwater (excess surface 
water draining from an irrigated field), shifting to less water-intensive crops, and fal-
lowing (Tanaka et al. 2006).

One way to adapt to climate-change-induced water shortages is to shift the mix of 
crops grown. Table 11.1 shows ranges in water application rates by crop, state, and ir-
rigation technology in acre-feet per acre. An acre-foot is the amount of water required 
to cover one acre of water one foot deep. Crops in warmer Arizona tend to have higher 
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application rates, while those in Colorado tend to have the lowest. Crops irrigated by 
sprinkler irrigation systems (sometimes referred to as pressurized systems) have lower 
application rates than those irrigated by gravity systems, which rely on flooding fields 
(Kallenbach, Rolston, and Horwath 2010). Sprinkler irrigation includes center-pivot, me-
chanical-move, hand-move, and non-moving systems (the last used mostly for perennial 
crops). Rather than using gravity, these systems rely on mechanically generated pres-
sure to pump water to crops.

Table 11.1 R anges of water application rates (acre-feet of water applied per acre) by state  
                 and irrigation technology for different crops grown in Southwestern states

Minimum Mediana Maximum

Orchards, Vineyards, 
Nuts 0.3 (Colorado/Dripb) 2.7 (California/Sprinklerb) 6.5 (Arizona/Gravity)

Alfalfa 1.6 (Colorado/Sprinkler) 3.1 (Nevada/Sprinkler) 6.4 (Arizona/Gravity)

Sugar Beetsc 3.7 (Colorado/Sprinkler) 5.3 (Colorado/Gravity)

Cotton 2.2 (New Mexico/Sprinkler) 3.1 (California/Gravity) 4.8 (Arizona/Gravity)

Corn/silage 1.4 (Colorado/Sprinkler) 2.7 (Utah/Sprinkler) 4.7 (Arizona/Gravity)

Corn/grain 1.5 (New Mexico/Gravity) 2.1 (California/Gravity) 4.2 (Arizona/Gravity)

Other Hay 1.3 (Colorado/Sprinkler) 2.1 (New Mexico/Sprinkler) 4.2 (Arizona/Gravity)

Rice 4.1 (California/Gravity) 4.1 (California/Gravity) 4.1 (California/Gravity)

Wheat 1.3 (Colorado/Sprinkler) 2.3 (California/Gravity) 3.6 (Arizona/Gravity)

Barley 1.2 (Utah/Sprinkler) 1.7 (Colorado/Sprinkler) 3.6 (Arizona/Gravity)

Vegetables 1.7 (Colorado/Sprinkler) 2.8 (Nevada/Gravity) 3.5 (Arizona/Sprinkler)

Sorghum 0.6 (Colorado/Sprinkler) 1.7 (California/Sprinkler) 3.5 (Arizona/Gravity)

Note:
a.  In cases where the median value was between two actual observations, the value of the observation with the    

 higher application rate is reported. 
b.  Sprinkler irrigation includes center-pivot, mechanical-move, hand-move, and non-moving systems (the last   

 used mostly for perennial crops). Rather than using gravity, these systems rely on mechanically generated    
 pressure to pump water to crops. Low-flow irrigation methods, which include drip, trickle, and micro- 
 sprinkler methods are not included in this definition of sprinkler, but treated as a separate category by USDA.

c.  Only two observations.

Source: USDA (2010).
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Irrigators also could adapt better to climate variability by increased use of water-
management information that is already available. For example, Parker and others 
(2000) found the California Irrigation Management Information System (CIMIS), a 
weather information network for irrigation management developed and operated by 
the California Department of Water Resources, to be highly valuable to agriculture. The 
crop evapotranspiration (ET) data provided by CIMIS allows farmers to better match 
irrigation water applications to crop needs. This reduces risks from climate variability. 
Growers benefit from higher yields and lower water costs. Improved water management 
also increases fruit size, reduces mold, and enhances product appearance, all of which 
can fetch higher crop prices. They estimated that use of CIMIS reduces California’s ag-
ricultural water applications by 107,300 acre-feet annually. Drought in 1989 appeared to 
stimulate a large increase in the number of growers and crop consultants who use CI-
MIS. Parker and others (2000) estimated CIMIS generated $64.7 million in benefits from 
higher yields and lower water costs, at an annual cost to the state of less than $1 million. 
CIMIS has also improved pest control and promoted use of integrated pest management 
techniques, which can reduce costs and improve worker safety by reducing pesticide 
applications. 

Other Southwestern states also provide on-line databases and support tools for water 
management. For example, the Arizona Meteorological Network (AZMET) provides on-
line, downloadable weather data and information for Arizona agriculture. Data include 
temperature (air and soil), humidity, solar radiation, wind (speed and direction), and 
precipitation as well as computed variables such as heat units (degree days), chill hours, 
and crop evapotranspiration. AZMET also provides ready-to-use summaries and special 
reports that interpret weather data such as Weekly Cotton Advisories. The Lettuce Ice 
Forecast Program provides temperature forecasts for the vegetable production in Yuma 
County. The Colorado Agricultural Meteorological Network (CoAgMet) provides daily 
crop-water use or evapotranspiration reports that can improve irrigation scheduling. In 
addition to providing raw data, the system allows users to generate customized, loca-
tion-specific cropwater-use reports. 

Public and private entities can more effectively deliver information or develop tools 
for decision making for climate-change adaptation if they consider constraints faced by 
the intended users. In 1996, the National Weather Service (NWS) offices discontinued 
issuing local agricultural weather forecasts in response to budget cuts and to avoid com-
peting with privately supplied forecasts. The expense of privately provided forecasts 
may pose a barrier to some agricultural information users (Schneider and Wiener 2009). 
For many Southwestern farmers and ranchers, access to high-speed Internet service re-
mains problematic. As of 2007, there were twenty-nine Southwestern counties where 
fewer than 30% of agricultural producers have such access (Figure 11.4). Access is par-
ticularly low in the Four Corners region of Arizona, Utah, and New Mexico, which has 
a relatively large population of Native American farmers and ranchers. In rural areas, 
radio, and television are still widely used for weather information (Schneider and Wie-
ner 2009). Frisvold and Murugesan (2011) found that access to satellite television was a 
better predictor of weather information use by agricultural producers than was access to 
the Internet. Emphasis on encouraging commercial weather information providers may 
be limiting development of applications through these popular media (Schneider and 
Wiener 2009). 
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Improving irrigation efficiency is frequently cited as a promising response to climate 
change or water scarcity in general (Parry et al. 1998; Wallace 2000; Ragab and Prud-
homme 2002; Mendelson and Dinar 2003; Jury and Vaux 2006; Rockstrom, Lannerstad, 
and Falkenmark 2007). It can allow individual irrigators to save water costs and improve 
yields, thus increasing profits. However, improving on-farm application efficiency does 
not necessarily conserve water  (Caswell and Zilberman 1986; Huffaker and Whittlesey 
2003; Peterson and Ding 2005; Frisvold and Emerick 2008; Ward and Pulido-Velazquez 
2008). Increased on-farm application efficiency means that the crop—rather than its sur-
rounding soil— takes up a greater share of the water that is applied. However, this also 
means that less water returns to the system as a whole (as groundwater recharge or 
surface-water return flow). Other downstream irrigators (or other users) often count on 
this return flow or recharge for their water supplies. Similarly, reducing the water lost 
through the conveyance system means more of the water diverted reaches a crop, but 
also results in lower return flows or recharge that is no longer available to other irriga-
tors, urban water users, or ecosystems. While fisheries and aquatic habitat depend on 
return flows, these “uses” typically do not hold legally recognized water rights that can 
contest any harm done by water transfers (Chong and Sunding 2006). Many riparian 
systems now depend on these return flows, which are subject to changes in managed, 
hydrological systems that have been altered to accommodate human water uses (Wiener 
et al. 2008). In some cases, minimum flow requirements have been established under the 
Clean Water Act and Endangered Species Act (see Ward and others [2006] and Howitt, 
MacEwen and Medellín-Azuara [2009] for analysis of additional costs of maintaining 
minimum flow requirements). However, litigation and implementation have been con-
tentious, with variable outcomes (Moore, Mulville and Weinberg 1996; Benson 2004). 
Thus, what may seem a rational response to water scarcity by irrigators at the farm level, 

Figure 11.4 C ounties in the Southwest 
in which agricultural producers have 
limited access to high-speed internet 
service. �Source: USDA (2009, 2012).



Agriculture and Ranching               227

may exacerbate water scarcity problems at the basin scale. Policies to increase irrigation 
efficiency with the hope of freeing up water for other uses may fail to conserve water. 

11.4  System-wide Water Management: Lessons from 
Programming Models of Water Allocation

A number of studies have used mathematical programming models to assess how dif-
ferent areas of the Southwest may respond to different drought, water shortage, or 
climate-change scenarios—which may include changes in temperature, level and type 
of precipitation, and the timing of mountain snowmelt and runoff into lower elevation 
agricultural regions (Cayan et al. 2008). To varying degrees, these studies link physical 
water supply and associated hydrologic information to economic models. Model solu-
tions find the least-cost response to water shortages given system constraints. A com-
mon finding of these studies is that the agricultural sector makes large adjustments in 
water use, land use, and cropping patterns that allow urban and industrial water uses to 
remain largely unchanged.  

Sustained drought in California

Harou and colleagues (2010) examined the effects of severe, sustained drought in Cali-
fornia. Their drought simulations, based on records of ancient (paleo-) climates, assumed 
streamflows that are 40% to 60% of the current mean flows, with no intervening year wet 
enough to fully replenish reservoirs. This drought scenario is similar to the effects under 
“dry forms” of climate warming: those with projected reductions in precipitation. The 
analysis examined potential impacts to agriculture and the rest of California’s economy 
in 2020. The model simulated allocation and storage of water to minimize costs of water 
scarcity and system operation. The costs in the drought scenario were borne largely by 
agriculture, limiting costs to the state’s overall economy. The costs of water shortages 
were greatest in agriculture, except in Southern California where urban costs dominat-
ed. Large differences in scarcity costs across sectors and regions created incentives to 
transfer water from lower-valued agricultural to higher-valued urban uses, where value 
is determined by user willingness to pay for additional water. The study also calculated 
costs of maintaining required environmental flows and found these could be quite high, 
especially for the Sacramento-San Joaquin River Delta. Results also suggested there are 
large benefits to improving and expanding the conveyance infrastructure to facilitate 
movement of water. 

Water availability and crop yields in California

Howitt, Medellín-Azuara, and MacEwan (2009, 2010) simulated the effects of changes 
in water availability and crop yields in California in 2050. While statewide agricultural 
land use and water use were projected to decline by 20% and 21% respectively, total 
agricultural revenues fell by less: 11%. There were large reductions in acreage of water-
intensive crops and small shifts in others. In Southern California agriculture, two factors 
reduced negative impacts to farmers. Crop price increases accompanied production de-
clines, while farmers also shifted to high-value crops. The greatest reductions in output 
were among field crops, with relatively less change among fruit and vegetable crops. 
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In contrast, total urban water use fell by 0.7%. Results assumed that between now and 
2050, a more economical means of transferring water from Northern to Southern Cali-
fornia will be developed. Absent climate change, growing demand for high-value spe-
cialty crops is expected to drive an increase of 40% for California’s agricultural revenues 
by 2050. Under the dry-climate warming scenario, however, revenues are projected to 
grow 25% by 2050.

Effects of adaptation measures in California

Medellín-Azuara and others (2008) examined the consequences of various adaptation 
measures in California for 2050 in a dry-warming climate change scenario. They also 
made assumptions about baseline changes to water demand and land use by 2050. The 
model allowed water to be allocated to maximize net benefits of the state’s water supply, 
given infrastructure and physical constraints. Water markets implicitly allowed water 
to flow to higher-valued urban uses. Institutional barriers to water transfers were not 
modeled. The simulation projected that statewide costs would rise substantially when 
water markets were geographically restricted. Urban water users in Southern California 
would purchase water from central and Northern California, while Southern Califor-
nia agriculture would maintain senior water rights to the state’s allocation of Colorado 
River water. Agriculture in the Sacramento, San Joaquin, and Tulare basins would face 
large economic losses from reduced water availability and lower yields. Grower losses 
would be only partially compensated by revenues from water sales to urban areas. Rules 
for water storage and conjunctive management of surface and groundwater would have 
to change to improve management of the statewide system. 

Economic and land-use projections in California

Tanaka and others (2006) combined climate scenarios for 2100 with economic and land-
use projections for California. Climate scenarios were based on both wet and dry forms 
of climate warming. Changes in seasonal water flows ranged from a 4.6-million-acre-
foot (maf) increase to a 9.4 maf decrease. Given hydrologic and conveyance constraints, 
water was allowed to flow from lower-valued to higher-valued uses. Dry warming sce-
narios presented the greatest challenges to California agriculture. Modeled simulations 
projected the transfer of water from Southern California agricultural users to urban us-
ers. Many of these transfers have already subsequently occurred. In the simulations, 
Southern California urban users also imported more water from northern agricultural 
areas. Agricultural water users in the Central Valley were shown to be most vulnerable to 
dry warming under this simulation; under the driest scenarios, their water use declined 
by one-third. Although in the simulation agricultural producers received some compen-
sation from agricultural-to-urban water use transfers, transfer income was insufficient to 
compensate for all the costs of reduced water supplies. Agricultural producers altered 
irrigation technology in response to water shortages. While statewide agricultural water 
deliveries fell 24% and irrigated acreage fell 15%, agricultural income was reduced only 
6%. Income fell less than water deliveries because farmers adapted by changing both ir-
rigation technologies and crop mix.  Farmers reduced production of lower valued crops, 
while maintaing production of higher valued ones.  
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Dry warming scenarios substantially increased the costs to agriculture (and other us-
ers) of maintaining water supplies for environmental protection. Under the driest warm-
ing scenarios, expansion of storage infrastructure yielded few benefits, while expansion 
of conveyance systems yielded benefits in every year. 

Agriculture in Nevada’s Great Basin

On a smaller geographic scale, Elbakidze (2006) examined potential impacts of climate 
change on agriculture in the Truckee Carson Irrigation District of Nevada’s Great Ba-
sin. He considered scenarios based on two general circulation models (the Canadian 
and Hadley GCMs) for 2030, which projected warmer temperatures but wetter con-
ditions and increased streamflow. The study also considered scenarios with reduced 
streamflow. Streamflow scenarios were examined both in isolation and combined with 
assumed yield increases or yield increases accompanied by price decreases. The crops 
included alfalfa, other hay, and irrigated pasture. In this study, agricultural returns in-
creased with increased streamflow and decreased with decreased streamflow, but the 
changes were asymmetric: economic losses under reduced streamflow conditions were 
much larger than gains realized under increased streamflow conditions. The model as-
sumed that existing infrastructure was sufficient to handle increased streamflow. Ben-
efits of increased streamflow also were dependent on the growers’ ability to increase 
their agricultural acreage. 

Water transfers in Rio Grande Basin

Booker, Michelsen, and Ward (2005) examined the role of water transfers in mitigating 
costs of severe, sustained drought in the Upper Rio Grande Basin, stretching from south-
ern Colorado, through New Mexico, and into West Texas. (The 1938 Rio Grande Com-
pact governs water allocations between the three states.) Their modeling framework was 
not based on a specific climate-change scenario, but considered droughts that reduced 
basin inflows to 75% and 50% of the long-term mean. In 2002, inflows actually had fallen 
to 37% of mean. Under the scenario using existing institutions, surface-water allocations 
were not transferred between different institutional users, such as cities and irrigation 
districts. Agriculture accounted for the bulk of water-use reductions and economic loss-
es. The cities of Albuquerque and El Paso did not alter consumption, but shifted to more 
expensive groundwater sources. Under the intra-compact trading scenarios, transfers 
were permitted between users within states. For example, trades occured between New 
Mexico agriculture and Albuquerque, and separately between West Texas agriculture 
and El Paso. Intra-compact trading would reduce economic losses from drought by 20%. 
Under interstate trading scenario, trades were allowed between all users in New Mexico 
and Texas. Under this scenario, El Paso and Albuquerque would rent water from the 
Middle Rio Grande Conservancy District (MRGCD) instead of pumping groundwater. 
The more MRGCD cut back on water use, the less Elephant Butte Irrigation District did 
so. Interstate water trading reduced the total economic losses from drought by one-third. 
The simulation results suggest potential gains from expanded water trading. Urban uses 
in Albuquerque remained unaffected, while those in El Paso fell by 1.1% at most. The 
researchers pointed out that there would be additional transaction costs associated with 
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establishing and expanding water markets and for designing policy instruments to ad-
dress third-party damages from transfers. They also note that there do exist institutional 
and legal impediments to trading water across state lines. 

Severe drought in Rio Grande Basin

Ward and others (2006) also modeled impacts of severe drought in the Upper Rio 
Grande Basin. Increasingly severe drought scenarios were combined with minimum in-
stream flow requirements for endangered fish protection. Agriculture again absorbed 
most of the shock in response to water shortages and environmental requirements, both 
in terms of reduced water use and economic losses. The largest absolute losses were in 
Colorado’s San Luis Valley, where relatively high-value crops are grown. 

Drought and Arizona’s agriculture

The U.S. Bureau of Reclamation’s Final Environmental Impact Statement for the Colo-
rado River Interim Guidelines for Lower Basin Shortages and Coordinated Operations for Lakes 
Powell and Mead (Reclamation 2007) considered how Arizona agriculture would be af-
fected by a shortage declaration on the Colorado River.ii The Final EIS analysis was not 
based on any explicit climate change scenarios. Baseline values were based on historical 
flows, but sensitivity analysis did include some drought scenarios. Other research has 
suggested that climate change would increase the likelihood of future shortage declara-
tions (Christensen and Lettenmaier 2007; Seager et al. 2007; Rajagopalan et al. 2009). 
The study assumed the only adaptation mechanism available to agriculture is land fal-
lowing, with crops providing the lowest returns per acre-foot of water fallowed first. 
Fallowing was possible for alfalfa, durum wheat, and cotton, while it was assumed that 
high-value specialty crops would continue to be grown. For most shortage scenarios, the 
bulk of shortage costs were felt in central Arizona and in Mohave County in northwest 
Arizona. 

Reduced water supplies across the Southwest

Frisvold and Konyar (2011) simulated the impacts of reducing agricultural water sup-
plies in Arizona, Colorado, Nevada, New Mexico, and Utah. The model did not include 
potential barriers to transferring water between uses, regions, or states. Nor did the mod-
el include urban sectors, but it accounted for how regional agricultural markets were 
linked to the broader U.S. and export markets. Possible adaptations included deficit ir-
rigationiii (which may apply less water than that needed to maximize output per acre), 
changing the crop mix, and changing input mix. The costs of water shortages to irrigated 
agriculture using a combination of these strategies was 75% lower than under a sce-
nario where the only adaptation mechanism was land fallowing. Similar to the Reclama-
tion analysis cited above, results suggested that reducing cotton and alfalfa production 
would be most effective. Similar to the Howitt, Medellín-Azuara, and MacEwan (2009, 
2010) California study results, agricultural output declined primarily for commodity 
crops, with little change to high-value specialty crops. Although the model treated the 
entire region in aggregate, the largest reductions came from crops grown in central Ari-
zona, which holds junior water rights to Colorado River water. Crops grown in west-
ern Arizona were little affected. With high-value crops and senior rights to Colorado 
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River water, western Arizona would remain a national center of specialty crop produc-
tion. Model results also suggested there would be relatively large losses to livestock and 
dairy producers from reduced supplies of alfalfa and feed grains. 

Lessons from simulation studies

These mathematical programming model studies varied in many dimensions: period, 
geographic scope, crop coverage, hydrologic detail, and assumed climate/water shock. 
Taken together, however, one can draw some general lessons from their results. First, 
based on these simulations, agriculture would be the sector that alters its water use the 
most, to adapt to regional water shortages and protect municipal and industrial (M&I) 
uses. Agriculture would buffer urban users from water shocks, and thus serves an im-
portant insurance function. Second, although fallowing irrigated land is one response to 
drought, growers would have numerous lower-cost options. Third, important factors in 
adapting to water shortages would be the costs of complying with environmental regu-
lations, especially those that protect endangered aquatic species. Fourth, additional in-
vestments in infrastructure to store and convey water would likely be required to reduce 
negative effects of dry warming or increase the benefits of wet warming. Fifth, and per-
haps most importantly, water transfers would have the potential to significantly reduce 
the costs of adjusting to water shortages under dry warming scenarios. Agriculture-to-
urban transfers would increase income for agricultural areas, partially compensating 
for losses from reduced water use. Currently, however, many institutional restrictions 
limit the transfer of water across jurisdictions, basins, or state lines. The flexibility pro-
vided by water transfers also would depend on future investment in complementary 
infrastructure. 

11.5  Ranching Adaptations to Multi-year Drought

Southwestern cattle ranches depend on rain-fed forage grasses to feed cattle. Only a 
small portion of pastureland is irrigated. Drought reduces forage production on live-
stock grazing lands and is a major concern among ranchers (Coles and Scott 2009). In 
much of the region, rainfall occurs during the winter, and a rise in winter temperatures 
may increase forage production compared to present conditions. Climate change could 
offer possibilities for range improvement through the introduction of alternate forage 
species or of trees and shrubs that increase shade for livestock and soil fertility. Climate 
change may increase pasture productivity via CO2 enrichment on plant growth and be-
cause warmer temperatures would lengthen the growing season. This should reduce the 
need of ranchers to store forage to feed animals over the winter. Increased temperatures 
are expected to increase the variability of precipitation (Izaurralde et al. 2011). Thus, a 
challenge for ranchers will be to manage this variability.

In the case of severe drought, ranchers can adapt by: (1) purchasing additional feed, 
(2) reducing herd size through selling of stock, (3) leasing additional grazing land, or (4) 
temporarily over-grazing lands. These adaptations are not without negative consequenc-
es. Cattle sold prematurely at lower weights fetch lower prices and sales prices during 
droughts can be low because many ranchers are selling simultaneously. Herd liquida-
tion makes restocking herds in future years more expensive. Overgrazing can reduce 
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the long-term productivity of grazing lands. All these factors may reduce both the short-
term returns and longer-term debt and borrowing capacity of ranchers. Drought may 
also affect the price of hay, which ranchers might use for supplemental feed. However, 
Bastian and colleagues (2009) and Ritten, Frasier, Bastian, Paisley and colleagues (2010) 
suggest that irrigated hay production and statewide markets for hay reduce the risks of 
adverse economic impacts from drought. Costs of hay, however, can be high if pervasive 
drought means that it must be transported over long distances. 

Ranchers face two types of risk: price risk and weather risk. They can limit their ex-
posure to price risk through use of futures and options contracts, but to do so means 
that ranchers must consider price and weather risk jointly. Recent research that focuses 
on strategies to adapt to multi-year droughts has important implications. Such research 
does not directly address adaptation to particular climate-change scenarios. However, 
results are relevant for considering climate scenarios that project continued and pro-
longed drought. Important considerations for ranchers seeking to adapt to multi-year 
drought are (a) the length and the severity of the drought and (b) when the drought oc-
curs in the cattle price cycle. 

An example of an adaptation strategy for ranchers is to provide supplemental feed-
ing to cattle in addition to pursuing a baseline strategy of herd liquidation (Bastian et 
al. 2009; Ritten, Frasier, Bastian, Paisley et al. 2010). Supplemental feeding appears to be 
the better long-term strategy. It allows more animals to be sold after the drought (when 
prices are higher) and avoids aggressive culling of herds during drought, which would 
have higher restocking costs. Research findings, however, suggest that there is no single 
“right” strategy and that the advantages of supplemental feeding depend on where a 
ranch is in the price cycle. 

Another example of an adaptation strategy is a “flexible” rather than “conservative” 
approach to drought management of livestock operations (Torell, McDaniel and Koren 
2011). A conservative approach would maintain low baseline stocking rates, thus requir-
ing little sell-off in response to drought. This approach reduces adjustment costs of de-
stocking and restocking, but does not fully utilize available forage in good years. It thus 
misses out on opportunities to make high returns in years with abundant forage. The 
flexible approach would adjust herd size to fit forage productivity and lease additional 
grazing land during droughts (as opposed to simply destocking). This approach allows 
ranchers to capitalize on good forage conditions and avoids problems of overgrazing 
during drought. There are costs to this approach, however. Additional grazing land 
with suitable forage may be scarce if drought is geographically pervasive and there are 
added costs of transporting livestock. High transportation costs could make the flexible 
approach economically unfeasible.

Ritten, Frasier, Bastian, and Gray (2010) also compared a flexible strategy to a fixed cat-
tle-stocking strategy over a multi-year horizon and accounting for uncertainty. Optimal 
stocking depends on rangeland health, which varies with grazing pressure and growing 
season precipitation. Compared to the scenario of fixed stocking at levels recommended 
by the Natural Resource Conservation Service, a scenario of flexible stocking would in-
crease average annual revenues 40%, while reducing profit variability. Over a variety of 
climate projections, Ritten, Frasier, Bastian and Gray found increased variability of annual 
precipitation to be a greater threat to ranch profitability than changes in projected average 
precipitation. For scenarios with more variable precipitation, average stock rates would 
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decline but also would vary more under the flexible system. Variable precipitation could 
pose problems for cow/calf producers, who maintain a base herd of cows that produces 
calves for sale after weaning (or until they are yearlings), and so are less flexible than 
stocker operations. Stocker operations in contrast purchase weaned cattle in the spring to 
put to pasture before sale. They are more flexible because they do not need to maintain a 
base herd and stocker purchases can be made based on anticipated forage conditions. The 
cattle industry could adapt by shifting to more flexible cow-calf-yearling operations that 
could take better advantage of good years, while selling yearlings early to avoid damag-
ing the range in lean years. Ritten, Bastian, and colleagues (2010) cite this as among the 
most profitable long-term strategies for cattle producers dealing with prolonged drought.

Torell, McDaniel, and Koren (2011) found the potential gains from this flexible strat-
egy also depend on when drought occurs in the timing of the cattle price cycle. Potential 
gains from a flexible strategy are greater if forage productivity is more variable from 
year to year. The approach, however, entails higher costs and financial risks. Further, the 
approach may be more appropriate in cooler climates. In short-grass prairies, such as in 
New Mexico, the estimated large gains from the flexible strategy rely on perfect climate 
forecasts to make management decisions. In actuality, key decisions about livestock pur-
chases depend on past conditions and the well-intended but imperfect 90-day seasonal 
forecasts of the National Weather Service Climate Prediction Center. Climate forecasts 
that are more accurate and have a longer lead-time could increase the value of a flex-
ible grazing strategy. At present, the quality of forecasts is not sufficient to make this a 
preferable strategy in short-grass prairie systems. However, this example illustrates how 
improved climate forecasts could help ranching adapt to climate change. 

11.6  Disaster Relief Programs and Climate Adaptation

Agricultural producers may take a variety of actions to reduce risks from drought, flood, 
and other weather-related events. They can diversify the mix of the crops they grow, 
adopt irrigation and pest control practices to protect yields, enter into forward or fu-
tures contracts,iv or make use of weather or other data to time operations to reduce risk. 
Increasingly, farmers have diversified their household incomes by relying on both farm 
and non-farm jobs. Disaster relief programs affect producer incentives for managing 
risks because they alter the costs and benefits of these and other risk-reducing measures. 

Congress has traditionally provided regular disaster payments to growers on an ad 
hoc basis in response to natural disasters and weather extremes that lowered crop yields 
or forage production. Ad hoc payments have been criticized because of their expense 
and because they maintain economic incentives to continue production in areas suscep-
tible to agronomic risks. The Federal Crop Insurance Act of 1980 and subsequent legisla-
tion attempted to establish crop insurance, rather than disaster payments, as the main 
vehicle for managing farm risk. While the number of producers covered under federally 
subsidized crop insurance has risen, ad hoc disaster payments have continued, averag-
ing about $1 billion annually. 

The most recent Farm Bill (2008) established several new disaster relief programs 
also intended to replace ad hoc payments. The largest program was the Supplemental 
Revenue Assistance Payments Program (SURE), which pays producers for crop revenue 
losses from natural disaster or adverse weather. It compensates producers for a portion 
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of their losses not eligible for payments under crop-insurance policies (Shields 2010). A 
producer can become eligible for payments if a disaster is declared in that producer’s 
county or a contiguous county. Eligible producers need show only a 10% yield loss on 
one crop to qualify for payments. Outside of designated counties, producers must show 
a 50% loss of a crop. The SURE program has proved to be complex to administer in part 
because of how it interacts with crop insurance payments. Payments are often delayed 
for a year or more after actual losses. 

Some researchers have raised concerns that the program encourages more risky 
behavior by producers (Barnaby 2008; Schnitkey 2010; Shields 2010; Smith and Watts 
2010). Small changes in yield, even one bushel per acre, can mean the difference be-
tween receiving large payments or no payments. This makes it difficult for producers 
to determine year to year if they will be eligible or for program payments. It also makes 
it difficult for administrators to gauge whether producers are actively trying to avoid 
yield losses. Payments are more likely to be triggered if producers raise a single crop 
in a county that has high yield risk than if they grow a more diversified mix of crops. 
In some cases, producers may receive higher revenues by simply allowing their crops 
to fail (Smith and Watts 2010). Figure 11.5 shows the counties that received two-thirds 
of SURE payments disbursed in the Southwestern states to date. Fourteen counties, pri-
marily in dryland wheat producing areas, account for most of the payments. Most are 
counties with payments triggered every year. 

Figure 11.5 C ounties that have accounted 
for two-thirds of all payments disbursed 
to Southwestern States under the 
Livestock Forage Disaster Program (LFP) 
and the Supplemental Revenue Assistance 
(SURE) Program. �Source: USDA (n.d.).
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Another disaster relief program established under the 2008 Farm Bill was the Live-
stock Forage Disaster Program (LFP). The program compensates livestock producers for 
losses related to drought or fires on grazing lands. For drought compensation, producers 
must have livestock in counties rated by the U.S. Drought Monitorv (Svoboda et al. 2002) 
as having severe, extreme, or exceptional drought. Payment levels rise with the length 
and severity of drought. Producers may also qualify if they normally graze livestock on 
federal lands where federal agencies have banned grazing because of occurrence of fire. 
LFP has certain advantages over SURE from a risk-management perspective. First, pay-
ments are determined by the Drought Monitor rather than disaster designations, which 
do not necessarily follow clear, severity-related guidelines. Second, because the Drought 
Monitor releases information weekly, processing and payment of claims is much faster. 
Third, and perhaps most importantly, payments based on county-level drought or fire 
conditions mean that payment levels are relatively independent of producer decisions. 
Thus, there is much less reward for producers failing to limit risk. Figure 11.5 also shows 
counties that have received two-thirds of all LFP payments disbursed to the Southwest-
ern states to date. It illustrates where drought and fire risks and livestock forage produc-
tion intersect. 

Lobell, Torney, and Field (2011) examined data on federal crop insurance indem-
nity payments and disaster payments in California from 1993 to 2007. Grapes accounted 
for the largest number of indemnity claims, followed closely by wheat. Tree crops and 
grapes accounted for 75% of all indemnity payments. Excess moisture was the most 
common cause of both insurance and disaster payments, followed by cold spells, then 
heat waves. The effect of climate change on these payments remains difficult to pre-
dict. Less frequent cold extremes would tend to reduce payments, while heat waves 
would tend to increase them. There remains a high degree of variability in projections of 
precipitation intensity, flooding risk, and other hydrological risks (Lobell, Torney, and 
Field 2011). Given the economic significance of damage from wet events, better projec-
tions of these extreme events are important. 

The Southwest region is characterized by irrigation-dependent production of high-
value specialty crops that are vulnerable to excess moisture, followed by cold, then heat. 
The region also is characterized by ranching and dryland wheat production, both of 
which are sensitive to fluctuations in precipitation. In both areas, improved projections 
of precipitation will be crucial for agricultural adaptation. Another key area of uncer-
tainty is knowledge about when improvements in irrigation efficiency actually reduce 
consumptive use of water on a basin-wide scale and when it actually increases consump-
tive water use. Finally, many of the costs of climate change to agricultural producers are 
adjustment costs. Effects of climate change on both tree-crop and livestock production 
will be long-lived, with short-term shocks having repercussions over several years of 
tree and animal production cycles. 
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Endnotes

i	 Chill time is the accumulation of hours between 32°F–45°F (0°C–7°C) during bud dormancy 
(Aron 1983; Baldocchi and Wong 2008).

ii	 This would be declared by the Secretary of the Interior in response to specific conditions agreed 
upon by the seven states participating in the Colorado River Compact: the six Southwestern 
states considered in this report and Wyoming.

iii	 Rather than emphasizing maximizing yield (crop output per acre), deficit irrigation focuses more 
on achieving greater output per unit of water applied (Fereres and Soriano 2007). The strategy 
can involve some sacrifice of yield, but can use less water.

iv	 Both forward and futures contracts are agreements to buy and sell an asset at a specified time and 
price in the future, with both terms agreed upon today. Futures contracts are standardized con-
tracts traded on commodity exchanges, while forward contracts are bilateral agreements between 
two parties.

v	  See http://droughtmonitor.unl.edu/.
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Executive Summary 

Energy is important to the Southwest United States, where 12.7% of the nation’s en-
ergy is produced (extracted or generated) and 12.1% is consumed. The region is in the 
favorable position of having low per-capita energy consumption (222 million BTUs per 
person) relative to that of the nation as a whole (302 million BTUs per person); never-
theless, disruption of power has significant economic implications for the region (e.g., 
LaCommare and Eto 2004; Northwest Power and Conservation Council 2005). Climate 
change itself, as well as strategies aimed at mitigation and adaptation have the potential 
to impact the production, demand, and delivery of energy in a number of ways. 
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•	 Delivery of electricity may become more vulnerable to disruption due to climate-
induced extreme heat and drought events as a result of:

−− increased demand for home and commercial cooling,
−− reduced thermal power plant efficiencies due to high temperatures,
−− reduced transmission line, substation, and transformer capacities due to 

elevated temperatures,
−− potential loss of hydropower production,
−− threatened thermoelectric generation due to limited water supply, and
−− the threat of wildfire to transmission infrastructure.

(medium-high confidence)

•	 Climate-related policies have the potential to significantly alter the energy sec-
tor. A shift from the traditional fossil fuel economy to one rich in renewables has 
significant implications for related water use, land use, air quality, national secu-
rity, and the economy. The vulnerability of the energy system in the Southwest 
to climate change depends on how the energy system evolves over this century.
(medium-high confidence)

12.1 I ntroduction

Energy consumption in the Southwest United States was 12,500 trillion British thermal 
units (BTUs) in 2009, equal to 222 million BTUs per person (EIA 2010). Any change or 
disruption to the supply of energy is likely to have significant impacts. For example, a 
study found that electrical power blackouts and “sags” cost the United States about $80 
billion every year in lost services, industrial capacity, and gross domestic product (La-
Commare and Eto 2004). 

This chapter provides an objective assessment of the vulnerability of the energy in-
frastructure of the Southwest to the effects of projected climate change. There are a num-
ber of ways in which the Southwest’s energy infrastructure could be affected by climate 
change, such as by increased peak electricity demand for cooling, damage to energy 
infrastructure by extreme events, disruption of hydroelectric and thermoelectric gen-
eration due to high temperatures or restricted water availability, and evolution of the 
energy portfolio both in terms of electricity generation and transportation fuel choices 
(such as moving from fossil fuel-fired electricity generation to utilization of more renew-
able sources). 

This chapter reviews primary energy production and consumption in the Southwest, 
both past and present, then focuses on potential climate impacts on energy infrastruc-
ture, defining for each the exposure pathways, possible extent of impact, adaptation/
mitigation options, and data gaps. 

12.2 E nergy in the Southwest: Past and Present

Energy is an important resource in the Southwest, both in terms of production and con-
sumption. According to the U.S. Energy Information Administration (EIA 2010), prima-
ry energy production in the Southwest was 9,200 trillion BTUs in 2009, 12.7% of total 
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U.S. production. Since 1960, primary energy production in the Southwest has grown 
180%. In 2009, consumption outpaced production by 3,300 billion BTUs. However, the 
per capita consumption in the Southwest of 222 million BTUs per person is significantly 
below the national average of 302 million BTUs per person. The 2009 consumption level 
represents a 255% increase since 1960.

Natural gas represents 43% of the primary energy production in the Southwest (Fig-
ure 12.1), followed by crude oil (21%), coal (19%), renewable energyi (10%), and nuclear 
electric power (7%). Since 1960, there has been a strong increase in the production of nat-
ural gas, coal, nuclear electric power, and renewable energy, while crude oil production 
decreased. Significant differences in energy production by state are evident across the 
Southwest (Figure 12.1). California, Colorado, and New Mexico are among the nation’s 
top ten energy-producing states, while Nevada is ranked 47th. Colorado, New Mexico, 
and Utah have significant natural gas production, while California leads the region in 
crude oil and renewable energy production. 

In 2009, 36% of the 12,500 trillion BTUs consumed in the region were associated with 
the transportation sector, with the remaining consumption spread relatively evenly 

Figure 12.1  Energy production in the Southwest region. �Source: EIA (2010).
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across the industrial, residential, and commercial sectors (EIA 2010). Forty-two percent 
of this demand was met with petroleum products, 32% by natural gas, 13% by coal, 
8% by renewable sources, and 5% by nuclear electric power (EIA 2010). In total, 87% of 
total consumption was met with fossil fuels. The most notable change since 1960 is the 
growing share of demand now met with coal and nuclear electric power. Energy con-
sumption also varies significantly by state (Figure 12.2). Consumption is dominated by 
California, followed distantly by Arizona and Colorado. However, when considered on 
a per capita basis a very different picture emerges. California has the lowest per capita 
consumption at 220 million BTU per person, followed by Arizona (220), Nevada (270), 
Utah (270), Colorado (290), and New Mexico (330), with all but one below the national 
average. Unlike the other states, California has a disproportionately high use of petro-
leum (50% of demand) but low use of coal (only 1%). Arizona has the highest proportion 
of demand met through non-fossil fuels (24%), while Utah has the lowest (2%).

Specific to electricity, 487 million megawatt hours (MWh) were generated in the 
Southwest in 2009, a 43% increase over 1990 levels. The associated fuel mix for this gen-
eration includes 42% natural gas, 30% coal, 13% nuclear, 8% hydroelectric, and 7% other 

Figure 12.2  Energy consumption in the Southwest region.�Source: EIA (2010).
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renewable (EIA 2010). Since 1990, significantly less coal has been used to produce elec-
tricity, with a commensurate increase in generation by natural gas (Figure 12.3). In 2009 
almost 65% of the region’s electricity was produced in California and Arizona. Even 
so, California imported approximately 25% of its electricity, while in contrast Arizona 
exported 53% of its production. New Mexico, Utah, and Nevada are also net exporters 
of electricity. 

The mix of fuels used to generate electricity differs across the six states (Figure 12.3). 
Most notable is the sizeable utilization of coal in Colorado, New Mexico, and Utah. Cali-
fornia and Nevada make up for their low coal use largely with natural gas. Nuclear 
electric power is generated only in Arizona and California. In terms of renewables, in-
cluding large-scale hydropower, California was responsible for 73% of the region’s gen-
eration (EIA 2010).

In 2009, total carbon dioxide (CO2) emission from energy consumption in the region 
was 728 million metric tons, nearly a third of which was for generation of electricity 
(EIA 2010). Electricity emissions have grown by 50% over 1990 levels while electricity 
generation has only increased by 43% over the same period of time. Although California 
produces 42% of the region’s electricity, it is responsible for only 21% of the region’s CO2 
emissions from electricity, not counting imports, largely due to generation that favors 

Figure 12.3  Electricity generation in the Southwest region. �Source: EIA (2010).
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natural gas and renewables. However, California alone is responsible for 68% of the re-
gion’s vehicle CO2 emissions (217 million metric tons). 

Figure 12.4 shows the locations of key energy infrastructure in the Southwest (data 
taken from EIA 2010). Features shown include power plants (distinguished by fuel type), 
petroleum refineries, coal mines, and transmission lines (of 345kV or more). 

12.3  Potential Climate Impacts on Energy 

This section discusses the energy future of the Southwest, particularly the potential 
effects of climate change on energy demand, supply, and delivery.ii The potential im-
pacts are organized and discussed according to eight distinct themes: energy demand, 
electricity generation, electricity distribution, energy infrastructure, renewable source 

Figure 12.4  Energy 
distribution in the 
Southwest region. 
�Source: EIA (2010).
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intensity, evolution of the energy sector, primary energy production, and the cost of 
climate change. Each theme is explored in terms of linkages to climate change: observed 
climate-related change; projected range of climate-induced change, mitigation, and ad-
aptation strategies; and related data and knowledge gaps. 

Climate-induced impacts to peak and annual electricity demand

A potentially important impact of projected climate change would be on peak electricity 
demand due to changes in peak summer afternoon temperatures. Climate warming in 
the region is expected to increase peak period electricity demands for summer cooling 
and possibly increase peak winter heating electricity demand as well if electricity is used 
for space heating (Wei et al. 2012. Projected climate-induced changes in mean annual 
and extreme temperatures, including projected changes in cooling degree days, can be 
found in Chapters 6 and 7. 

Using recent data, Sathaye and others (2011) correlated temperatures above 77ºF 
(25ºC) with statewide peak loads during the month of August from 2003 to 2009. In Cali-
fornia, 90th percentile per-capita peak loads (a measure of extreme energy demands) are 
projected to increase between 10% and 20% at the end of the century due to the effects 
of climate change on summer weekday afternoon temperatures.iii Others have also ana-
lyzed the influence of increasing temperature on energy demand in California (Miller 
et al. 2007; Franco and Sanstad 2008). No similar studies have been conducted for the 
Southwest as a whole, but a similar range of impacts on peak demand is expected. One 
approach would be to use the projections of Franco and Sanstad (2008) who provide an 
overview and a simple methodology to estimate annual and peak demand using histori-
cal and projected temperature data.  

Vulnerability of electricity generation to climate impacts

The areas in which electric power plants are vulnerable to direct climate impacts include 
reductions in power plant efficiency, loss of hydropower generation, and disruption of 
thermoelectric production. 

Temperature impacts on natural gas turbines. A warming climate 
would decrease the capacity and efficiency of a natural gas turbine in several ways. 
Warmer air is less dense than cooler air, so the air mass of the turbine at higher tempera-
tures is less for a given volume intake. In addition, ambient, or background, temperature 
influences the air’s specific volume, which in turn influences the work of and the power 
consumed by the compressor. Finally, the pressure ratio within the turbine is reduced at 
higher temperatures, reducing mass flow (Kehlhofer et al. 2009). 

The relationship between temperature and natural gas power plant performance 
varies by the type of natural gas power plant, the cooling equipment installed at the 
plant, and the geographic location of the plant. In many applied studies, the basic power 
output-to-temperature relationship is assumed linear, such that power plant capacity 
is decreased 0.25% to 0.5% for every °F increase in ambient air temperature (Sathaye 
et al. 2012). Maulbetsch and DiFilippo (2006) estimated the relationship between am-
bient temperature and the capacity potential of natural gas power plants. They found 
that combined-cycle power plant capacity drops 0.15% to 0.25% per °F and air-cooled 
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combined-cycle power plant (dry cooling) capacity drops 0.35% per °F rise in ambient 
temperature. Using these assumptions, climate change projections suggest natural gas 
thermal power plant capacity in California could drop on average between 2% and 5%, 
and as much as 6% during hot summer afternoons by the end of the century. During 
peak load periods, reserve margins can be low and natural gas power plants are run-
ning near capacity. 

Delivery of electricity may become more vulner-
able to disruption due to climate-induced extreme 
heat and drought events as a result of:

•	 increased demand for home and commercial 
cooling,

•	 reduced power-plant efficiencies due to high 
temperatures,

•	 reduced transmission-line, substation, 
and transformer capacities due to elevated 
temperatures,

•	 potential loss of hydropower production,
•	 threatened thermoelectric generation due to 

limited water supply, and
•	 threat of wildfire to transmission 

infrastructure.

Box 12.1

Compounding Impacts of Drought

Figure 12.5 C ompounding impacts of drought on energy. �
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Similar studies of climate change impacts on power plants in other Southwestern 
states have not been undertaken. However, the temperature increases simulated for 
those states match or exceed temperature simulations for California and a similar im-
pact on power plant performance should be anticipated for those plants as well. Never-
theless, additional research is needed to estimate temperature impacts on different types 
of electricity generating capacity and on power plant performance outside of California. 
Types of electric power plants that may be affected by climate warming include coal 
power, nuclear power, wind, solar, bio-power, and geothermal plants as well as natural 
gas-fired plants. 

A variety of adaptive measures may be taken by utility planners to offset the impact 
of climate change on thermal power plant performance, such as installing new types of 
cooling equipment or simply expanding the existing capacity in anticipation of future 
losses. 

Climate impacts on hydropower generation. Hydropower generation 
depends on such factors as total runoff, timing of runoff, reservoir operations, and the 
profile of electricity demand, each of which is vulnerable to climate change. Projected 
changes in runoff due to potential decreased precipitation and increased evaporation 
(Chapter 6) means less water for hydropower production. Earlier snowmelt (Chapter 
6) and shifts in the frequency of extreme events (Chapter 7) could lead to important 
changes to the timing of streamflow and thus reservoir storage. Climate change could 
also impact water-demand regimes downstream of the reservoir, such as with urban 
(Chapter 13) and agricultural (Chapter 11) uses. Hydropower production could be com-
promised as reservoir operations are adjusted to address changing patterns of reservoir 
storage coupled with changes in competing water uses for in-stream flow requirements, 
flood control, water supply, and recreation (National Energy Education Development 
Project 2007). Also, the way in which hydropower is utilized for electricity production 
may change in the future (for example, with increased use to balance intermittent loads), 
so that changes in water availability may have different impacts than they do today.

Since 1990, hydroelectric power has satisfied about 11% of the Southwest’s total elec-
tricity demand (46.9 gigawatt hours [GWh]), of which, as mentioned earlier, California 
supplied about 34.3 GWh (73%) (EIA 2010). Hydropower production in the region var-
ied widely year to year, ranging from 31.1 GWh (8% of regional demand) to 66.7 GWh 
(16% of regional demand). Similar variability was noted in the California production 
record. A unique feature of California hydropower is that much of it (greater than 70%) 
is generated by a fleet of more than 150 small, single-purpose reservoirs located high in 
the Sierra Nevada that depend on snowmelt (Madani and Lund 2009). These reservoirs 
have little storage capacity and thus are uniquely vulnerable to shifts in streamflow that 
might result from climate change (Vicuña et al. 2008). 

Recent droughts provide insight into climate-related impacts on hydropower pro-
duction. Severe drought in California and the Pacific Northwest significantly reduced 
hydroelectric power generation in 2001, contributing to tight electricity supplies and 
high prices (the crisis was enhanced by market manipulation). While significant outages 
were largely avoided, there were financial impacts due to the large increase in prices 
(BPA 2002). The Northwest Power and Conservation Council (2005) estimated the to-
tal regional economic impact of the drought to be between $2.5 and $6 billion. Impacts 
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of the drought were intensified by energy-water interdependencies linking the Califor-
nia coastal basins, Columbia River Basin, and Colorado River Basin (Cayan et al. 2003). 
These cross-basin linkages provide the opportunity to compensate hydropower losses if, 
during dry conditions in one basin, the others experience wetter conditions, or to inten-
sify the effects if two or more basins are simultaneously drier (as was the case in 2001). 

Over 70% of hydropower production in the Southwest is associated with the Colo-
rado River and with high-elevation dams in the Sierra Nevada (EIA 2010). Several stud-
ies suggest that both systems are vulnerable to future climate change. Specifically, a 
recent water-budget analysis showed a 50% chance that minimum power pool levels in 
both Lake Mead and Lake Powell will be reached under current conditions by 2017 if 
no changes in water allocation from the Colorado River system are made. This would 
impact over 3,700 MW of generating capacity on the lower Colorado River (EIA 2010). 
Such a result would be driven by a combination of climate change associated with global 
warming, the effects of natural climate variability, and the current operating status of 
the reservoir system (Barnett and Pierce 2008). 

Numerous studies have explored potential future climate impacts on Sierra Nevada 
hydropower production. Harou and others (2010) used geologic evidence suggesting 
two extreme droughts occurred in California during the last few thousand years, each 
120 to 200 years long, with mean annual streamflows 40% to 60% of the historical aver-
age. They used an engineering-economic simulation model to evaluate impacts under 
such conditions to power production, irrigation, and environmental resources, based on 
projected demands in 2020. Under current operating rules, a 60% reduction in hydro-
electric power generation was projected for low-elevation hydropower units that tradi-
tionally contribute about 30% of the hydropower generation in California (Phinney et 
al. 2005). Another study investigated the impact of increased air temperatures of up to 
11°F (6°C) on mean annual streamflow, peak runoff timing, and duration of low-flow 
conditions. Vulnerabilities to these three flow characteristics were found to differ by 
region and hence their susceptibility to altered hydropower production (Null, Viers, and 
Mount 2010). Other studies have used climate data from multiple general circulation 
models (GCMs) under different greenhouse gas (GHG) emissions scenarios to investi-
gate potential impacts on California hydropower production (Madani and Lund 2010) 
and adaptation options (e.g., K. P. Georgakakos et al. 2011; A. P. Georgakakos et al. 
2011). For scenarios resulting in reduced annual streamflow, hydropower production is 
reduced but to a lesser extent than revenues, reflecting the ability of the system to store 
water when energy prices are low for use when prices are high. The opposite was true 
when projected annual flows increased (Vicuña et al. 2008). 

Opportunities to mitigate the impact of climate change on hydropower production 
include expansion of hydropower resources (DOE 2010). According to preliminary esti-
mates from the Electric Power Research Institute (2007), the United States has additional 
water power resource potential of more than 62,000 MW (or about 79% of current conven-
tional hydroelectric capacity).

 
This includes efficiency upgrades at existing hydroelectric 

facilities and development of new low-impact facilities. Issues of cost, environmental 
impacts, and suitability of construction sites are potentially limiting factors. Adaptation 
opportunities also exist, primarily in the form of altered reservoir operations. Several 
of the studies noted above for the California Sierra Nevada reservoirs have shown that 
climate impacts could be mitigated through adaptive management strategies (Harou 
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et al. 2010; A. P. Georgakakos et al. 20011). However, identifying “optimal strategies” 
that balance multiple objectives (hydropower, water supply, flood control, recreation, 
and instream flow) is problematic as it would require agreement among stakeholders to 
change longstanding operational rules.

Two key data gaps are apparent. First, there has been relatively little effort to directly 
quantify potential climate change impacts on hydropower production in the Colorado 
River Basin; however, a recent study by the U.S. Bureau of Reclamation (2011) should 
help to fill this gap. The second gap is in evaluating the broad implications of climate 
change for the entire, interconnected West, including evaluating concurrent impacts on 
hydropower and thermoelectric production and on shifts in electric power demand. 

Climate and drought impacts on thermoelectric generation. 
Thermoelectric generation can be limited when power plant water supplies are threat-
ened, such as when the surface of a water supply drops below intake structures of the 
generating plant (NETL 2009b), when access to water is limited by priority of power 
plant water rights (Stillwell, Clayton, and Webber 2011), or when water discharge tem-
peratures exceed environmental limits (Averyt et al. 2011).

There are no examples from the Southwest where drought has threatened thermo-
electric power production. However plants have been shut down in other regions due to 
drought, including the Alabama Browns Ferry facility in 2007, 2010, and 2011 (Nuclear 
Regulatory Commission [NRC] 2007, 2010, 2011); the Exelon Quad Cities, Illinois, plant 
in 2006 (NRC 2006); the Minnesota Prairie Island plant in 2006 (NRC 2006); and plants 
in France in 2003 (De Bono et al. 2004). All these cases involve nuclear plants whose 
production was limited by effluent temperatures exceeding regulated discharge limits. 
In contrast, the 2011 drought in Texas threatened to impact a variety of thermoelectric 
power plants there due to limited water availability (e.g., Galbraith 2012).

There are several studies that have assessed power plants’ vulnerability to drought. 
Each utilized different criteria to assess vulnerability and each focused on different sub-
sets of the electric power industry. A study by NETL (2009a) identified five plant sites in 
four western states with a total capacity of 3,284 MW as vulnerable on the basis of shal-
low intake structures (NETL 2009b) and historic severity of local drought measures. In a 
study focused on coal-fired generation, twenty-six power plants in the Southwest region 
were identified as vulnerable based on eighteen unique indicators of water demand and 
supply (NETL 2010). A recent study by the Union of Concerned Scientists (2011) identi-
fied twenty power plants in the Southwest that discharge cooling water at a maximum 
temperature that exceeds 90°F (32°C), most of which is into streams with high biodiver-
sity. Taking a slightly different approach, Sovacool (2009) identified Denver, Las Vegas, 
and San Francisco as places where water resources are likely to be scarce or declining 
due to growing and competing demands for thermoelectric and non-thermoelectric wa-
ter supply. Based on these studies it is difficult to assess exposure of thermoelectric pow-
er production to drought/climate change as none of the studies consider the existence 
and robustness of contingency plans that individual plants may have in place. 

Mitigation of drought vulnerability can be achieved through integrated water-energy 
planning (e.g., Western Governors’ Association 2010, 2011) or utilization of non-potable 
water sources.iv Adaptation measures can be achieved through contingency planning and 
include options such as allowing power plants to lease water from farmers with senior 
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water rights in times of drought or developing backup groundwater sources. Dry cooling 
(which uses air rather than water to cool a power plant’s working fluid) is another option 
that is already utilized to generate 4,150 MW in the intermountain West (Cooley, Fulton 
and Gleick 2011). However, dry cooling is more costly, requires additional land, and re-
sults in reduced generation efficiencies on hot days. Dry-cooled plant capacity declines 
on hot days more than water-cooled plant capacity, but hybrid units are also available. 
In some cases, dry-cooled plants lose 0.5% of their capacity for every 1°F increase in peak 
temperature—roughly twice the loss of wet cooled plants (Sathaye et al. 2012). 

To fully evaluate the vulnerability of thermoelectric power production to drought 
will require assessing local hydrologic conditions together with plant-level operational 
characteristics and institutional controls. Plant contingency plans must also be reviewed 
in terms of their robustness in the context of future climate extremes. 

Vulnerability of electricity distribution to climate impacts

This section discusses the vulnerabilities of electricity distribution infrastructure to di-
rect climate impacts, specifically the temperature impacts on electric transmission line 
capacity (220 KV and higher) and on substation/transformer capacity. 

Temperature impacts on transmission line capacity. Transmission 
lines incur incremental power losses as the temperatures of conductors increase (IEEE 
2007). In general, higher temperatures increase the resistance of a conductor, which de-
creases the carrying capacity of the transmission line and requires additional generation 
to offset the increased resistance over the lines. Climate change is expected to increase 
mean and peak period temperatures across the Southwest, thereby increasing demand 
for electricity while at the same time increasing the resistance of transmission lines and 
decreasing their carrying capacity. One study of the impact of a 9°F increase in ambient 
air temperature suggests that while climate warming would cause very little resistance 
loss, capacity losses might be more significant, amounting to an additional 7% to 8% of 
peak (Sathaye et al. 2012). 

The potential for climate change-induced line capacity losses should be researched 
further, including identification of operating practices that minimize loss and of new 
design parameters (e.g., underground transmission lines). Also, utilities generally count 
on the presence of at least 2 feet per second of wind on hot days. If a “zero-wind” condi-
tion should happen during extremely high temperatures, conductor temperatures may 
rise into the “emergency” range (i.e., above 212°F [100°C]), where continued operation 
may cause excessive conductor sag, permanent damage, and even lead to wildfires. Fur-
ther investigation into the effects of climate change on the probability and duration of 
no-wind conditions on hot days is necessary to more accurately evaluate the impacts on 
transmission capacity (Sathaye et al. 2012).

One option for coping with the impacts of climate change on the transmission sys-
tem is decentralized generation: producing a larger fraction of the power at or near the 
end-use reduces the line capacity requirements. Examples of such generation are low-
pressure methane to support local industry (Welsh et al. 2010) or even utilization of 
traditional windmills to circumvent electric-powered groundwater pumping. Another 
option for avoiding the impacts of higher temperatures would be to place transmission 
lines underground. 
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Temperature impacts on substation/transformer capacity. Major 
substations contain clusters of transformers that allow alternating current voltage to be 
“stepped up” or “stepped down” between various components of the power system. 
A number of studies have looked at the performance of transformers under different 
operating conditions, including changing ambient temperatures (Lesieutre, Hagman, 
and Kirtley 1997; Swift et al. 2001; Li and Zielke 2003; Li et al. 2005; Askari et al. 2009). 
Higher ambient temperatures reduce the peak-load capacity of banks of transformers 
in substations.v High minimum temperatures can affect transformer performance as 
well as high peak temperatures. For example, in some extreme cases, excessive hot spot 
conductor temperature within the transformer can lead to catastrophic failure of the 
transformer, so improved methods to monitor these internal temperatures are proposed 
(Lesieutre, Hagman, and Kirtley 1997). 

Other studies have quantified the general relationships between air temperature and 
transformer lifespan and capacity (Swift et al. 2001; Li et al. 2005). The basic relationship 
of power capacity to temperature used in most studies is linear, with some research sug-
gesting that transformer capacity decreases approximately 0.35% for each 1°F of higher 
ambient temperature (Li et al. 2005). 

One study indicates that substations in California could lose, on average, an addi-
tional 1.6% to 2.7% capacity by the end of the century (Sathaye et al. 2012). Other parts of 
the Southwest with similar or higher temperature increases from climate change would 
face similar substation capacity losses as well. Judging by the spatial distribution of the 
simulated change in the number of days with maximum temperatures greater than 95°F 
(35°C), the southern and eastern parts of the Southwest are more at risk to lost substa-
tion peak capacity than areas in the region’s north and west. 

Utility planners may take several adaptive measures to offset future losses to substa-
tions and increase their capacities, including proactively installing new types of cooling.

Vulnerability of infrastructure to indirect climate impacts

This section looks at two key indirect vulnerabilities from climate change: risk of wild-
fire to electric transmission lines and the effects of sea-level rise and coastal inundation 
on power plants and substations.

Wildfire risk to electricity transmission. Fire is a natural component of 
ecosystems in western North America, and its occurrence is strongly correlated with 
climate variability. Weather-related effects on fire include behavior (wind conditions), 
fuels (combustible material), and ignitions (lightning). Wildfires are also greatly affected 
by moisture availability, as influenced by temperature, precipitation, snowpack, and 
other meteorological factors, all of which may be impacted by climate change.

Increases in the size and frequency of wildfires in the Southwest will increasingly af-
fect electricity transmission lines (see Box 12.2). Transmission line-related impacts from 
wildfires are not restricted to the actual destruction of the structures (Aspen Environ-
mental Group 2008; personal communication, Fishman and Hawkins, CAISO [Califor-
nia Independent System Operator Corporation], 2009). In fact, only smaller lines may 
be directly destroyed in a wildfire, because these types of power lines are typically 
built with wooden poles. But the transmission capacity of a line can be affected by the 
heat, smoke, and particulate matter from a fire, even if there is no actual damage to the 
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The most recent study of fire risk in California 
suggests that most transmission lines in the state 
will be exposed to an increased probability of fire 
risk across a range of different climate models, 
emission scenarios, and time periods (Sathaye et 
al. 2012). This figure summarizes changes by the 
end of the century in the length of lines exposed 
to areas of either increasing or decreasing burned 
area, the latter being more common. At the end 

of the century some key transmission lines cross-
ing between California and Oregon and between 
northern and Southern California may face a par-
ticularly high fire risk. Certain areas will be less 
at risk. For example, transmission lines passing 
through the desert areas in southeastern Cali-
fornia are projected to see reduced exposure to 
wildfires in the future, in part due to changes in 
vegetation projected for the future.

Box 12.2

Transmission Line Exposure to Wildfire

Figure 12.6 T ransmission 
line exposure to wildfire. 
�The probability of damage is 
taken as the product of the 
probability fire and the relative 
length of the line in a given 
region. Used in this study are 
the GFDL (Geophysical Fluid 
Dynamics Laboratory), PCM1 
(Parallel Climate Model), and 
CNRM (Centre National de 
Recherches Météorologiques) 
GCM, and the high- and low-
emissions scenarios as defined 
by the Intergovernmental 
Panel on Climate Change 
(IPCC) (Nakicenovic and Swart 
2000). Modified from Sathaye 
et al. (2012).
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physical structure. The insulators that attach the lines to the towers can accumulate soot, 
creating a conductive path and causing leakage currents that may force the line to be 
shut down. Ionized air in smoke can act as a conductor, causing arcing either between 
lines, or between lines and the ground, that results in a line outage. Finally, even if the 
lines are protected from fire, the effects of firefighting can also negatively affect trans-
mission operation, such as by aircraft dumping loads of fire retardant that can foul the 
lines or through preventive shutdowns for safety measures. 

Several studies have shown that climate change will increase the size and frequency 
of wildfires in California, which leads the region in wildfire-related economic losses 
(Flannigan et al. 2000; Lutz et al. 2009; Westerling et al. 2009). Of the ten largest wildfires 
in California’s history, seven have occurred since 2001 (CDFFP 2009). Texas, Arizona, 
and New Mexico have all experienced record-breaking wildfire seasons in recent years 
as a result of increasing temperatures and advanced evaporation (Samenow 2011). 

Many adverse effects of wildfire risk to the transmission grid can be avoided by 
careful planning, increasing fire corridors around transmission lines, building excess 
transmission capacity, and using new transmission line materials that provide better 
protection against the effects of soot and heating.

There are no studies of fire risk to the transmission grid in the Southwest, outside of 
California. Since fire frequency and cost due to climate change are likely to be particu-
larly high, studies of this issue across the Southwest are recommended. (For further dis-
cussion of the effects of climate change on the occurrence of wildfires in the Southwest, 
see Chapter 8, Section 8.4.2.) 

Projected impacts of sea-level rise and coastal inundation on 
power plants and substations. California is the only state in the Southwest 
region facing impacts from sea-level change (see a detailed discussion in Chapter 9). 
Mean sea level along California’s coast has risen at a rate of about 8 inches (20 cm) per 
century for several decades—a rate that may increase (Cayan et al. 2009). Mean high wa-
ter, which poses an even more significant threat, is increasing at an even faster rate (Flick 
et al. 2003). Extreme surge events at high tides, often provoked by winter storms, are 
also expected to increase (Cayan et al. 2009). The confluence of these three trends puts 
increasing amounts of coastal energy infrastructure at risk: recent studies of sea level 
along the California coast indicate that twenty-five to thirty power plants—including 
thirteen located in the San Francisco Bay Area—are at risk of impact from what would 
be currently a 100-year flood (which will become more frequent) caused by a 4.6-foot 
sea-level rise (Figure 12.7) (Sathaye et al. 2012).vi Many of the plants shown to be at risk, 
though, are likely to be retired over the next few decades.

The vulnerability of power plants to flooding is very site-specific and more infor-
mation should be gathered on a site-by-site basis. It should be noted that in addition 
to increasing flood risk, sea-level rise may accelerate shoreline erosion and destabilize 
coastal power plants and related infrastructure. Further studies are needed to evaluate 
the risk posed by soil erosion to energy infrastructure along the coastline. 

Adaptive measures may be taken to protect power plants against flooding and desta-
bilization from sea-level rise. For example, new power plants should be constructed at 
higher elevations, farther from the ocean, and out of reach of tidal flooding. In addition, 
existing plants may be protected by building higher levees. 
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Climate impacts on renewable source intensity 

To estimate the potential impacts of climate change on renewable sources of energy, 
spatial details are needed on how the electricity system would evolve. For example, if 
climate change causes shifts in wind regimes, areas now suitable for wind farms may 
be less suitable in the future and new areas may become an attractive option for wind 
energy development. Few studies, however, have been published on this topic for the 
Southwest. 

Wind power. Some research suggests that wind speeds in the United States as a 
whole are declining, based on the 50th and the 90th percentile wind speeds from 1973 to 
2005 (Pryor et al. 2009; Pryor and Ledolter 2010). However, for the Southwest region no 
significant changes in wind speeds are reported (Pryor and Ledolter 2010).vii 

Figure 12.7  Power plants 
potentially at risk to a 100-
year flood with 1.4-m (4.6-ft) 
sea-level rise. �Reproduced 
from Sathaye et al. (2012).
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Pryor and Barthelmie (2011) estimated potential changes of wind-energy density (the 
mean annual energy, in watts, available per square meter of the area swept by a tur-
bine) for the conterminous United States using results from outputs from a handful of 
regional climate models (with spatial resolutions of about 31 miles [50 km]), driven by 
the outputs from atmospheric-ocean global climate models. The reported changes in 
wind-energy density for the next fifty years are not beyond what could be expected from 
natural variability. This implies that current and planned wind power facilities likely are 
not in danger of experiencing reductions in their ability to generate electricity, and areas 
that are presently suitable for wind-power generation would not be affected by climate 
change at least for several decades. 

Rasmussen, Holloway, and Neme (2011) attempted to estimate the potential impacts 
of climate change on three California sites with significant installed wind capacity: Al-
tamont Pass (562 MW), San Gorgonio Pass (710 MW), and Tehachapi Pass (359 MW). The 
authors used the same outputs from the regional climate models as did Pryor and Bar-
thelmie (2011). Rasmussen , Holloway, and Neme (2011) reported wide disagreement 
between the regional climate models on how wind resources would be affected. This 
may be explained in part by the fact that the 31-mile spatial resolution of the regional cli-
mate models are much wider than the relatively narrow passes where wind resources in 
California are located (i.e., the models cannot resolve the topographic features in these 
passes that contribute to the acceleration of the wind). Mansbach and Cayan (2012) used 
a different approach, developing a statistical model that relates large-scale atmospheric 
features that are supposed to be adequately modeled by the global climate models with 
local wind speed at three California wind farms. Their results were mixed, precluding 
any conclusions about the potential impacts of climate change on wind farms.

In summary, no trend in wind-energy density has been observed in the Southwest and 
it seems likely that wind power will continue to be a viable resource in the Southwest. 
However, further analyses and modeling studies are needed to resolve the current dis-
crepancy between model results and to address the deficiencies with the existing studies.

Solar power. Climate change can affect the amount of solar irradiation reaching 
ground level mainly via its effects on clouds. Unfortunately, the simulation of clouds re-
mains one of the main sources of uncertainty in the projections of future climate regimes 
(IPCC 2007). Global and regional climate models are implemented at geographical reso-
lutions too coarse to allow for the simulation of clouds directly from physical principles. 
Instead, they use statistical relationships (parameterizations) developed using historical 
data. For this reason, caution is in order with the interpretation of estimated ground-
level solar radiation information generated by global and regional climate models.

Crook et al. (2011) used the results from two atmospheric-ocean global climate mod-
els developed in the United Kingdom to estimate the impacts of climate change on the 
future of photovoltaic (PV) and concentrated solar power (CSP) units at the global level. 
For California and Nevada they reported reductions in power output for both PV and 
CSP units on the order of a few percent at the end of this century, in comparison with 
historical conditions. But an uncertainty analysis suggests a low level of confidence in 
their results for this region. In addition, as suggested by Rasmussen, Holloway, and 
Neme (2011), reliance on just a few models is not advisable because modeling results at 
the regional level can change, depending on the model used for the study.
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High ambient temperatures affect the performance of some PV systems (Kawajiri, 
Oozeki, and Genchi 2011) such as crystalline silicon PV modules, which are one of the 
most popular technologies on the market but do not perform well under the dry and hot 
conditions common to the Southwest. There are, however, other PV technologies that 
are less sensitive to ambient temperatures (Crook et al. 2011). 

In summary, solid scientific information is lacking on how climate change would 
affect the amount of solar irradiation reaching ground level in the Southwest and, there-
fore, how it would affect PV and CSP systems. But higher ambient temperatures will 
have some detrimental effects on some PV system technologies.

Evolution of the energy sector

Climate-related policies have the potential to significantly alter the energy sector. A shift 
from the traditional fossil fuel economy to one rich in renewable energy sources has 
significant implications for related water use, land use, air quality, national security, 
and the economy. This section explores potential evolutionary paths for both electricity 
generation and transportation fuels.

Evolution of the electricity generation fuel mix. Climate change 
and the policies adopted to address climate change are likely to cause a shift in the fuel 
mix used to generate electricity. There are multiple sources of information on potential 
global and U.S. energy scenarios (e.g., Wilbanks et al. 2007), but they lack regional detail 
and do not allow for an estimation of how the energy system in the Southwest could be 
transformed. Nevertheless, two potential illustrative scenarios are explored that, broad-
ly speaking, are consistent with a business-as-usual path and with a future in which 
strong mandates to reduce greenhouse gas emissions materialize. These two scenarios 
could be seen as compatible with the spirit of the IPCC’s high- and low-emissions sce-
narios, respectively, as discussed before in this report (see Chapter 2), though they do 
not specifically represent these two global emission scenarios.  

The business-as-usual scenario comes from the “reference case” presented in the U.S. 
Energy Information Administration’s Annual Energy Outlook 2011 report (EIA 2010). 
Results for the EIA’s Southwest region are used; however, it should be noted that the 
regional boundaries used by EIA do not fit perfectly the boundaries for the Southwest 
used in this report (the EIA boundary captures roughly 80% of the electricity genera-
tion within the Southwest region delimited for this report). The reference case assumes 
that current laws and regulations remain in place, such as the mandates in California, 
Arizona, Colorado, and Nevada to increase the amount of electricity generated from 
renewable sources of energy. This is reflected in the contribution of renewable sources 
of energy going from 16% in 2009 to about 27% in 2035, the end year of the EIA simula-
tions. This new electricity generation would come from a mix of wind, solar, and geo-
thermal with limited additions of hydroelectric. The electricity generation from nuclear 
units and coal-burning power plants would remain at about the same levels as in the 
recent past but minor increases in generation from natural-gas-burning power plants is 
observed in the EIA scenario. We speculate that under this business-as-usual scenario 
the same general trend would continue past 2035.

There are multiple options with regard to the evolution of the electricity system in 
the Southwest if strong measures are taken to reduce greenhouse gas emissions. A new 
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study, for example, uses a long-term capacity expansion model for the electricity sys-
tem for the Western United States (Wei et al. 2012), taking into account hourly electric-
ity demand and the hourly availability of generating resources, especially intermittent 
sources such as solar and wind power plants. This modeling system uses geographical 
information about electricity generation and demand to estimate the regional evolution 
of the electricity system. As shown in Figure 12.8, by 2050, solar, wind, and geother-
mal resources would become major sources of electricity in the Southwest. Electricity 
generation from coal-burning power plants without carbon capture and sequestration 
disappears in this potential scenario.

The evolution of the electricity system will impact water resources. Thermal elec-
tricity generation withdraws copious amounts of water for cooling. While only a very 
small fraction of the water withdrawn is actually consumed (i.e., evaporated to the at-
mosphere) the water that is returned to its source, such as rivers and the ocean, is not 
pristine, containing at least some levels of thermal pollution (Averyt et al. 2011; Cooley, 
Fulton and Gleick 2011). Different power plants and energy systems can have substan-
tially different levels of impacts on water resources: energy crops for biofuels can re-
quire from very little to a substantial amount of water; wind resources do not withdraw 
water; and solar power generation requires from very little to large amounts of water, 
depending on the conversion technology (Cooley, Fulton and Gleick 2011; Kenney and 
Wilkinson 2012).

Evolution of the transportation fuels mix. The transportation system 
in the Southwest will likely mirror the transportation system in the rest of the country 
(see Chapter 14). The EIA estimates an increase of more than 15% in the amount of total 
liquid fuels consumed for the U.S. transportation sector in 2035 as compared with 2009 
consumption for the reference case (EIA 2010). As indicated before, the reference case 
assumes that only current laws and regulations remain in place. EIA also reports an “ex-
tended policies” case for which EIA assumes a 3% annual increase of corporate average 
fuel economy (CAFE) standards until 2025, then no change until 2035. In this case, total 
liquid fuel consumption for the U.S. transportation sector would increase only by about 
4% from 2009 to 2035. Hybrid electric cars and/or cars fueled by alternative fuels play an 
important role in achieving the more stringent CAFE standards. 

If drastic reductions in greenhouse gas emissions are required, several studies have 
found that for the United States it is more practical and less costly to reduce emissions in 
the electricity-generating sector and to electrify the rest of the sectors as much as possible 
(Clarke et al. 2007; Fawcett et al. 2009; National Research Council 2010); the situation is 
not different for the Southwest (Wei et al. 2012). Biofuels could play an important role in 
the availability of liquid fuels for the transportation sector (Parker et al. 2010) but could 
only replace a small percent of current levels of primary energy consumption (Field et 
al. 2008). At the same time, liquid biofuels could play a key role in replacing transporta-
tion services that cannot be easily electrified, such as air transport. Several studies sug-
gest that biofuels must be produced in a way that does not increase net greenhouse-gas 
emissions, does not hinder food security, and does not result in negative ecological im-
pacts (e.g., Tilman et al. 2009). In addition, new studies suggest that it is also important 
to consider the biogeophysical consequences of bioenergy crops, such as local cooling 
or warming, or changes in water demand (e.g., Georgescu, Lobell, and Field 2009, 2011). 
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Climate impacts on primary energy production 

As noted above, the Southwest accounts for 12.7% of our nation’s primary energy pro-
duction. Climate change has the potential to influence this production in at least three 
ways. First, energy policies aimed at mitigating the impacts of climate change could 
significantly alter the mix of primary fuels used to generate electricity and fuel transpor-
tation (see above), thus influencing the demand for the primary fuels. Specifically, emis-
sion standards could cause a move to renewables and away from coal and petroleum. 
However, demand for natural gas and uranium would likely increase, potentially off-
setting losses in coal production. Potential losses of petroleum production will be more 
difficult to offset as water availability will challenge biofuel production in the Southwest 
(DOE 2011). Because these primary energy sources are traded internationally, emission 

Figure 12.8  Projected generation and transmission flow in 2050. �The map shows projected 
average generation and average transmission flow between load areas (electricity demand zones) 
under high regulation of green-house gas emissions. The size of each pie represents the amount of 
generation in the load area in which the pie resides. The flows of electricity are depicted as straight 
lines for clarity. Reproduced from Wei et al. (2012).
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policies would need to be matched in much of the rest of the world before significant 
impacts would be felt locally.

Second, climate change could increase the demand for electricity: higher tempera-
tures are likely to be met with higher demands for cooling (Section 12.3.1). Alternatively, 
higher cooling needs could spawn improvement in cooling/energy efficiencies or higher 
energy prices, which would reduce electricity demand. 

Third, climate change could impact the availability of water needed for primary en-
ergy extraction and processing (DOE 2006). Reduced water supplies (see Chapters 6 and 
10) could affect current production and especially the development of new resources. 
A particularly good example is the ongoing struggles over water and oil shale develop-
ment in the Piceance Basin (Western Resource Advocates 2009).

Cost of climate change 

In 2009, total expenditures for end-use energy (such as retail electricity and motor gaso-
line) in the Southwest was about $160 billion. California contributed about 66% to these 
expenditures (EIA 2010).  Any changes in energy prices due to climate change or climate 
change policies will have a direct economic impact on consumers. For example, since 
retail electricity expenditure in the Southwest was about $52 billion in 2009 (EIA 2010), 
the postulated increases in electricity demand due to higher temperatures discussed 
previously would have represented a few billion dollars per year for the current electric-
ity generation and demand system. The estimation of changes of energy expenditures 
in the rest of this century due to physical changes in our climate is extremely difficult 
because it will depend on multiple uncertain factors such as the price of energy, popula-
tion growth, technology evolution, and human behavior.  

Climate policies directly limiting greenhouse gas emissions or indirectly affecting 
emissions via requirements such as renewable portfolio standards will also affect the 
cost of energy. At the same time, the potential benefits of policies such as increasing en-
ergy security, limiting climate change, reducing air pollution, and perhaps creating local 
jobs must be considered. The authors are not aware of a comprehensive study along 
these lines for the Southwest.

Climate policies at the national and international levels designed to reduce green-
house gas emissions will directly impact the energy sector, given that currently fossil-fu-
el combustion is by far the dominant source of these emissions. Conventional modeling 
studies at the national level suggest that drastic reductions of greenhouse gases would 
reduce gross domestic product (GDP) by at most a few percent, delaying a given GDP 
level only for a few years (National Research Council 2010). However, as indicated be-
fore, this represents at best only a partial economic analysis because it does not take into 
account the benefits of limiting the impacts of climate change. In addition, the economic 
models used in these studies assume perfectly functioning markets and any restrictions 
on emissions, by design, result in economic penalties (DeCanio 2003). Ironically, these 
models do not take into account the effect that climate change would have on econom-
ic activity and energy demand, for example, diverting economic resources to mitigate 
climate damages (Hallegatte and Hourcade 2007). More realistic economic models are 
sorely needed.   
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Endnotes

i	 Includes biofuel-based transportation fuels and electricity generated with renewable energy (e.g., 
solar, wind, geothermal, biomass, hydroelectric).

ii	 Several reports have considered potential climate impacts on the energy industry at the national 
and international levels (e.g., Karl, Melillo, and Peterson 2009; Beard et al. 2010; Ebinger and 
Vergara 2011). Here we direct attention to the Southwest region of the United States.

iii	 These projections are similar to estimates presented in another recent study of California peak 
loads and climate change (Miller et al. 2007), which projects 90th percentile peak demand in-
creases of 6.2% to 19.2 % under the IPCC’s (2007) high-emissions scenario.

iv	 Non-potable sources are now required in California for new permitting of thermoelectric water 
use (California Water Code, Section 13552).

v	 An 86°F (30°C) ambient temperature approximately corresponds to a 248°F (120°C) hot spot con-
ductor temperature at a typical transformer (Swift et al. 2001).

vi	 Caution needs to be taken, however, as the analysis by Sathaye and colleagues (2011) was con-
ducted at a scoping level and site-specific analyses are necessary to determine actual risks.



266	 assessment of climate change in the southwest united states

vii	 The authors caution about the reliability of these reported trends, however, given the potential 
problems with the wind measurements due to such factors as changes in the location of the moni-
toring stations, degradation in the performance of the instruments used to measure wind speed, 
and changes in land use close to the monitoring stations. 
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Executive Summary 

The unique characteristics of Southwest cities will shape both the ways they will be im-
pacted by climate change and the ways the urban areas will adapt to the change. The 
Southwest represents a good portion of the arid and semi-arid region of North America 
and many of its cities rely on large-scale, federally built water storage and conveyance 
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structures. Water regimes in this part of the country are expected to be significantly 
impacted by climate change because of higher temperatures, reduced snowpack, and 
other factors, including possibly reduced or more unpredictable patterns of precipita-
tion, which will affect cities and their water supplies. Further, the cities are likely to 
experience greater numbers of high-temperature days, creating vulnerabilities among 
populations who lack air conditioning or access to cooling shelters. Myriad and overlap-
ping governmental organizations are responsible for public goods and services in the 
region, as in other parts of the country. Their jurisdictions generally do not correspond 
to ecosystem or watershed boundaries, creating mismatches for climate adaptation pro-
grams and policies and significant barriers to cooperation and collaboration. Finally, 
many local governments are facing budget constraints, making it difficult to plan and 
implement new programs to anticipate the potential impacts of climate change. 

In summary: 

•	 The water supplies of Southwest cities, which are located in arid and semi-arid 
regions and rely on large-scale, federally built water storage and conveyance 
structures, will be less reliable due to higher temperatures, reduced snowpack, 
and other factors, including possibly reduced precipitation. (high confidence)

•	 Some Southwest cities are likely to experience greater numbers of extreme high-
temperature degree days; residents who lack air conditioning or access to cool-
ing shelters will be especially vulnerable to these changes. (high confidence)

•	 The large metropolitan areas that concentrate most of the population in the 
Southwest are governed by counties, cities, and hundreds or thousands of spe-
cial districts, which makes coordination complex and therefore decreases the ca-
pacity for cities to adapt to climate change. (high confidence)

•	 Within metropolitan regions, substantial differences in fiscal capacity and in po-
litical and decision making capacities to plan and implement new programs to 
anticipate the potential impacts of climate change reduce the capacity for cities 
to adapt to climate change. (high confidence)

•	 Options for decreasing urban vulnerability to climate change include making 
data available to improve targeted programs for energy conservation (high con-
fidence). For example, utility data (such as electric and gas bills) have heretofore 
been considered confidential, so understanding energy or gas use in a city, by 
land use, building type, or sociodemographic profile must be derived from sur-
veys or national models. This makes it impossible to target specific energy use 
for reduction or as a model for conservation. (high confidence)

•	 Data availability will also improve the ability to develop new approaches to 
understanding urban energy flows (including wastes such as GHGs). Urban 
metabolism, for example, quantifies inputs and outputs to cities (Pincetl, Bunje 
and Holmes 2012) and can include the life-cycle analysis of supply chains that 
supply cities (Chester, Pincetl and Allenby 2012). Supply chains (which span 
all movement and storage of raw materials, manufacturing, and finished goods 
from point of origin to point of consumption) are poorly understood, and there-
fore their greenhouse gas (GHG) emissions are difficult to identify and reduce.i 
(high confidence)
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•	 Monitoring for climate-related indices is weak throughout the region, and the 
data that are collected are usually not synthesized in ways that are useful to un-
derstand the urban causes and potential impacts of climate change. Most climate 
studies have been done at macro-scales or pertain to specific issues such as water 
supply. More local data, such as on water use in urban areas, would be useful in 
managing for climate change adaptation and planning for future impacts. (high 
confidence)

13.1  Cities in the Southwest 

The importance of urban lands in climate change has been articulated in a previous as-
sessment, which discussed the potential of urban planning, urban land management 
systems, and urban land regulation in addressing climate change challenges (Blanco 
et al. 2011). This chapter focuses on U.S. urban development impacts on climate and 
the potential effects of climate change on cities in the Southwest. Southwest cities grew 
throughout the twentieth century―a period of resource and land abundance―circum-
stances that shaped their land use, their residents’ dependency on automobiles for trans-
portation, the choice of building types, and patterns of resource use. Southwest cities 
have continued to grow at a tremendous pace, particularly the arid cities of Phoenix and 
Las Vegas (Figure 13.1).

Continued growth of suburban and urban areas in the Southwest will affect their 
vulnerability to climate change, depending on factors such as the geographical distribu-
tion of this growth (see Chapter 3). Figure 13.2 shows one potential growth pattern that 
is compatible with the IPCC high-emissions (A2) scenario (Nakićenović and Swart 2000; 
Bierwagen et al. 2010), a scenario in which there is continued population growth. Two 
immediate conclusions can be reached about potential impacts in urban areas taking 

Figure 13.1  Population change 
in Southwest cities, 2000–2010. 
�Source: U.S. Census Bureau, 2010 
data (http://2010.census.gov/ 
2010census/).
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into account the projected potential changes in climate discussed in Chapters 6 and 7. 
First, cities would grow in areas that are projected to experience more rapid warming for 
the rest of this century. Second, urbanization would occur in areas that are projected to 
experience less predictable precipitation.

Areas of new urbanization in (shown in Figure 13.2), such as the Central Valley of 
California, also tend to coincide with the areas that are susceptible to large floods, as 
shown in Figure 13.3. Somewhat paradoxically, the probability of large flooding events 
rises with climate change in the Central Valley (Das et al. 2011), even if total precipita-
tion levels go down.

Observed changes in climatic trends in major cities in the Southwest

Major cities in the Southwest and other parts of the United States are already experienc-
ing changes in temperature. It is unclear, however, if these changes are mostly due to 
changes in land cover (as from the urban heat island effect)ii or if they are a manifesta-
tion of regional changes in climate. A recent study by Mishra and Lettenmaier (2011) 
tackled this issue by developing time series (data) of temperature and precipitation for 
100 major cities and their surrounding rural areas in the United States and comparing 
their trends. Where the trend for an urban area is somewhat different than its surround-
ing rural area, changes in land cover (i.e., urbanization) may play a role. Therefore these 
changes may be reversible by making changes in urban morphology aimed at reducing 
the urban heat island. Mishra and Lettenmaier concluded that for the Southwest, chang-
es in nighttime minimum temperatures and heating and cooling degree days are due 
to regional changes in climate, and urbanization is not the main reason for the already 
observed warming in cities (see Figure 13.4). The implications of this finding are that: (1) 
cities should prepare for increases in energy demand for space cooling and a reduction 
in energy demand for space heating, and (2) reducing the heat island effect should help 
but may not completely eliminate overall warming in the long term. 

Figure 13.2  Human settlements (impervious surfaces) in the Southwest, 2000 and 2100. 
�The 2100 scenario is compatible with the IPCC A2 high-emissions scenario. Reproduced from the 
ICLUS web viewer (http://134.67.99.51/ICLUSonline/, accessed on 2/12/2012).
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The potential for extreme precipitation events is important for urban managers to 
consider because the amount of rain and duration of these events determine the needed 
design capacity of the stormwater infrastructure. Substantial increases in extreme pre-
cipitation events may result in the failure of stormwater systems if new extreme precipi-
tation levels are outside their design envelope. So far, the historical trends for extreme 
precipitation for cities in the Southwest are less clear, with no uniform regional trends 
as shown in Figure 13.5, suggesting that there is not a clear imminent risk to stormwater 
systems from flooding of this type. As reported in Chapter 7, climate projections for 
the Southwest and throughout the country suggest an increase in extreme precipitation 
events but these projections are highly uncertain. It is possible that the climate-change 
signal is still emerging from the “noise” created by climate variability. In any event, 
flood control managers in California are preparing for potentially unusually high inci-
dences of precipitation and consequent flooding (see, for example the projects listed on 
the California Dept. of Water Resources FloodSAFE website).iii

Figure 13.3  FEMA 100-year and 
500-year floodplains in California. 
�Adapted from Galloway et al. (2007).
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Figure 13.4 T rends in heating and cooling degree days in major urban areas of the 
Southwest. �Trends in heating degree-days (left) and cooling degree-days (right) are based on 65°F 
(18.3°C) and 75°F (23.9°C) bases, respectively, for the period 1950 to 2009 in seventeen urban areas. 
Blue circles represent decreasing trends and red increasing trends. The trends are proportional to the 
diameter of the circles. Filled circles represent statistically significant trends. See glossary for definitions 
of heating and cooling degree-days. Adapted from Mishra and Lettenmaier (2011) with permission from 
the American Geophysical Union.

Figure 13.5 T rends in the annual 
1-day maximum daily precipitation 
amounts in major urban areas of 
the Southwest. �Blue circles represent 
decreasing trends and red increasing 
trends. The trends are proportional to 
the diameter of the circles. Filled circles 
represent statistically significant trends. 
Adapted from Mishra and Lettenmaier 
(2011) with permission from the 
American Geophysical Union.
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Urban processes that contribute to climate change

The contribution of urban areas in the Southwest to climate change is a function of a va-
riety of features: urban form (dense or sprawling); the allocation of land to commercial, 
industrial, and residential uses, and their spatial disposition; infrastructure (including 
building technologies); impermeable surfaces; surface albedo; water supply and dispos-
al systems; and transportation systems. Yet the body of research and amount of available 
data about the impact of such features on emissions and climate are relatively small. For 
example, the size of buildings, their construction materials, and building standards for 
energy efficiency all have greenhouse gas (GHG) emissions implications, but the exact 
relationships are not well understood. Levels of affluence and consumption in cities; 
whether cities depend on long or short supply chains for their goods and services; the 
energy used in the manufacturing and distribution of goods: all these play significant 
but poorly accounted-for roles in contributing to climate change. These energy-related 
flows are components of a city’s urban metabolism (Kennedy, Cuddihy, and Engel-Yan 
2007; Chester, Martin, and Sathaye 2008; Kennedy, Pincetl, and Bunje 2010). Compre-
hensive accounting that includes life-cycle analyses and cradle-to-grave GHG account-
ing of cities’ metabolisms simply does not exist. Nor are the redirection of flows (such as 
water reuse and recycling or advanced nutrient recycling) well documented and quanti-
fied. Thus, both a city’s contributions to climate change and the effects of its efforts to 
reduce those impacts remain unquantified due to lack of observational data. 

Specifically, the dynamics of an increase in urban heat, or heat flux, that results from 
the transfer of heat energy to the atmosphere from pavement and other hard surfaces, 
heat generation from vehicles, and the consumption of electricity and heating fuel, are 
poorly understood. Sailor and Lu (2004) estimated these fluxes for a number of U.S. 
cities including Los Angeles and Salt Lake City, and Grossman-Clarke and colleagues 
(2005) estimated them for different land covers in Phoenix during the summer (see Fig-
ure 13.6). They found most cities have peak values during the day of approximately 
30 to 60 watts per square meter (W/m2, the power per unit area radiated by a surface). 
Salt Lake City and Los Angeles had relatively low fluxes compared to other cities, with 
peak values less than 15 W/m2 and 35 W/m2, respectively. Salt Lake City’s flux level was 
particularly low due to low population density. For all of the cities (across the United 
States) analyzed in the Sailor and Lu study, heating generated from vehicles was the 
dominant cause of heat flux in the summer, accounting for 47% to 62% of it. Wintertime 
heating was also a very important cause, but less so in Southwest cities where winters 
are not as cold as in other parts of the United States. Recently, Allen and colleagues 
(2010) developed a global model for human-caused fluxes and found that globally the 
average daily urban heat flux due to human causes has a range of 0.7 W/m2 to 3.6 W/m2. 
Globally, they found heat release from buildings to be the most important contributor.

Several studies have included the effects of anthropogenic heat fluxes in global cli-
mate models (GCMs) (Flanner 2009; McCarthy, Best, and Betts 2010; McCarthy et al. 
2012). While these models are at the global scale and cannot effectively quantify specific 
urban areas, they provide some insight into the importance of these fluxes. For example, 
McCarthy et al. (2011) ran simulations with both CO2 doubling and anthropogenic ur-
ban heat fluxes. They found that by 2050 in the Los Angeles area, the number of hot days 
experienced in urban areas would be similar to the number of hot days experienced in 
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rural areas. However, the annual frequency of hot nights would increase more in the city 
than in the rural areas for the CO2 doubling scenario. In the city of Los Angeles the num-
ber of hot nights would increase by two days with 20 W/m2 of anthropogenic heating 
and by ten days with 60 W/m2.

About 60 million people live in the Southwest, the majority of whom reside in major 
metropolitan urban centers and consume the majority of goods and services. As indi-
cated before, good information is lacking about the direct and indirect GHG emissions 
from urban populations. However, new studies have shown that the net emissions as-
sociated with imports and exports of goods and services in the United States are sub-
stantial (Peters and Hertwich 2008; Davis and Caldeira 2010), as shown in Figure 13.7. 

Estimates of consumption-based emissions (which take into account net imports and 
exports of goods and services) for the United States are about 12% higher than produc-
tion-based inventories (i.e., conventional inventories) (Davis and Caldeira 2010). Prepar-
ing consumption-based inventories for cities should be a priority to identify potential 
unrecognized sources of indirect emissions. By implementing life-cycle analysis for 
goods and services, such information could be developed. 

Figure 13.6  Anthropogenic heat flux estimates for three Southwest cities, shown in watts 
per square meter. �Urban built-up (no vegetation), urban mesic residential (well-watered flood or 
overhead irrigated), and urban xeric residential (drought-adapted vegetation with drip irrigation) are 
distinguished by their type of vegetation and irrigation, listed in parentheses. Adapted from Sailor and 
Lu (2004) and Grossman-Clarke et al. (2005).
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While direct-emission measurements of GHGs in cities are rare, a number of urban 
studies do exist (e.g., Velasco and Roth 2010; Crawford et al. 2011 and references therein; 
Ramamurthy and Pardyjak 2011). These researchers have begun to quantify CO2 emis-
sions from different types of urban surfaces using the eddy covariance (EC) methodiv 
that has been employed by researchers of non-urbanized ecosystem sites around the 
world for many years (Aubinet et al. 2000; Baldochhi 2003). The dearth of urban data is 
partly a result of a number of difficulties in making these measurements (Velasco and 
Roth 2010).v The measurements are, however, very important as they provide spatial 
and temporal information about the sources and sinksvi of emissions that cannot be 
obtained from conventional inventory methods. A framework for a global Urban Flux 
Networkvii now exists to help identify those cites that currently measure fluxes or have 
recently made such measurements around the world. Only two sites are currently listed 
in the Southwestern United States: Salt Lake City (Ramamurthy and Pardyjak 2011) and 
a USGS-operated site in Denver. 

While only a limited number of urban EC studies exist, a general understanding of 
important mechanisms related to the emissions process is starting to form. For example, 

Figure 13.7  Embodied CO2 emissions associated with goods and services exported (left) 
and imported (right), for selected countries. �Colors represent trade of finished goods by industry 
sector. Reproduced from Davis and Caldeira (2010).



276	 assessment of climate change in the southwest united states

as shown in Figure 13.8, for a wide range of urban areas around the world there is a 
surprisingly strong correlation between the proportion of vegetated area and net CO2 
fluxes during the summer. Because of their very low urban density and the presence of 
substantial vegetation (e.g., urban forests), suburban areas such as in Salt Lake City are 
relatively small net producers of CO2. These human-planted urban forests in semi-arid 
climates provide benefits such as CO2 sequestration and microclimate mediation dur-
ing the summer (e.g., temperatures are reduced from shading and evapotranspiration-
related cooling), but require irrigation. Increased water demands from urban vegetation, 
while potentially mitigating some aspects of climate change, could increase water use 
in urban areas already challenged by scarce water resources. This trade-off is still not 
well-quantified.

Yet, even the most densely vegetated suburban and urban areas have been found 
to be net sources of CO2 (Velasco and Roth 2010). Some well-vegetated suburban areas 
such as Baltimore take in more CO2 than they release in the summer through uptake 
by abundant foliage, yet they are still annual net sources of CO2 (Crawford et al. 2011). 
Salt Lake City has a very large urban forest (Pataki et al. 2009); the suburban area moni-
tored there showed significant periods of CO2 uptake during the daytime in summer, 
but daytime fluxes still were a net source of CO2. More research is needed to correlate 
urban ecosystem parameters with gas exchanges to better understand the mechanisms 
of transfer.  In addition, it is important to recognize that the quantity of CO2  sequestered 
by vegetation is dwarfed by urban emissions.

Figure 13.8  Average 
daily net CO2 
emissions for 
different cities 
around the world 
during summer 
months. �Adapted 
from Ramamurthy and 
Pardyjak (2011).



Urban Areas               277

Atmospheric CO2 concentrations in urban areas are usually much higher than an-
nual global averages because of the local sources of emissions. For example, measure-
ments in Phoenix showed peak CO2 ambient concentrations that were up to 75% higher 
than in its rural areas (Idso, Idso, and Balling 2001). In Salt Lake City, Pataki, Bowling 
and Ehleringer (2003) found peak CO2 ambient concentrations during wintertime at-
mospheric inversions that were around 60% higher than in its rural areas, while sum-
mertime afternoon values were very close to background levels. Jacobson’s 2010(a) Los 
Angeles study of the potential implications of these “urban domes” of CO2, found that 
higher ambient CO2 concentrations result in small but important increases in air pol-
lution (ozone and particulate matter; see Figure 13.9).viii This is in addition to potential 
increases in air pollution from a global increase of GHGs in the atmosphere reported by 
others (e.g., EPA 2009; Jacobson and Street 2009; Zhao et al. 2011). Local control of CO2 
emissions would provide a means of improving urban air quality conditions in cities if 
the urban “dome effect” is confirmed.

Climate change will affect Southwest cities differently, due to their unique geograph-
ical locations, settlement histories, population growth rates, shapes and infrastructure, 
economies, and socio-demographic characteristics. Impacts to residents will in turn 
depend on where they live and their own capacities and incomes. Southwestern cit-
ies—especially the largest metropolitan areas in each of the Southwestern states—have 
shared characteristics that may cause climate to impact them differently than cities in 
other regions of the country. Historic development paths of cities continue to influence 

Figure 13.9 C hanges of ozone (O3) concentrations due to the “CO2 dome” effect in Los 
Angeles. �Modeled differences in ozone concentration in parts per billion from two simulations (with and 
without CO2 emissions in Los Angeles); August-October. Contour lines indicate topography. The darker 
areas inland, to the south and west of the San Gabriel and Santa Ana Mountains (e.g., at approximately 
33.7°N, 117.2°W), show increases in surface ozone, due to increased CO2  aloft. Increased ozone is 
implicated in air pollution-related deaths. Adapted with permission from the American Chemical Society 
(Jacobson 2010a, 2501).
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development patterns and constrain the potential for mitigation and adaptation to cli-
mate change. Cities are the products of a particular historical period; most in the South-
west were shaped by the concerns and aspirations of the early twentieth century. These 
cities were built in a time when there seemed to be no resource constraints, and so their 
location and form may be less appropriate and functional than in generations past, as 
climate changes over the next century and beyond. What were hot summers in Phoenix, 
for example, may become extremely hot summers by the second half of the century, af-
fecting generations that are not yet born.

Government characteristics of large metropolitan regions in the Southwest

The largest metropolitan regions in each state are Albuquerque (New Mexico), Denver 
(Colorado), Las Vegas (Nevada), Los Angeles (California), Phoenix (Arizona), and Salt 
Lake City (Utah). One characteristic of Southwest cities is that they are often part of 
much larger urbanized regions. For example, the city of Los Angeles is one of eighty-
eight cities in Los Angeles County, a fully urbanized political jurisdiction. To distinguish 
Los Angeles from the other cities within the county in terms of its climate contributions 
or impacts is difficult, as all are intertwined through shared infrastructure and airsheds 
(shared paths of airflow and pollutants). Thus, one of the important obstacles for cities 
relative to potential impacts of climate change and adaptation is coordinating gover-
nance in complex, fragmented metropolitan regions. 

Jurisdictional boundaries in these metropolitan areas are particularly important 
for the management of environmental resources. Political jurisdictions—such as cities, 
counties, and special district governments—are superimposed upon ecosystems, water-
sheds, groundwater resources, and climate zones in ways that do not conform to their 
physical processes and properties, making it challenging to manage them in a coherent 
or integrated fashion. There are few requirements for coordinated management or inte-
grated approaches across jurisdictions with regard to infrastructure, natural resources, 
or any of the daily tasks of local government. This jurisdictional fragmentation of the 
built environment and infrastructure is complex and place-specific, making it compli-
cated to manage emissions from these large urban areas or to plan and implement miti-
gation and adaptation measures to address climate impacts. For example, coordinated 
watershed management for greater water recapture and reuse is difficult because of the 
number of jurisdictions that have to be integrated (Green 2007). Jurisdictional complex-
ity, differences in scale, and differences in the way data are gathered and made available 
are significant problems to overcome in order to understand regional contributions to 
climate change and how those regions may respond. 

Southwest cities as distinctive federal creations

To understand the distinctiveness of Southwest cities, it is useful to put their develop-
ment in historical context. As the nation developed, lands west of the 100th meridian 
were a source of interest to the federal government (because of their potential) and of 
special concern (due to their aridity). For the region to become populous and develop 
a viable economy, providing water was essential (see also Chapter 10). Localities, terri-
tories, and states lacked sufficient resources to develop the size and scale of water proj-
ects necessary to move water long distances and store it for when it was needed, or the 
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infrastructure to harness major rivers such as the Colorado River (Hundley 2001). Feder-
al water infrastructure was the major factor (driver) for growth of Southwest cities. Fed-
eral investments in water development were accompanied by expansion of the electric 
grid and provision of electricity (Lowitt 1984), which also contributed to urban growth 
(Table 13.1). At the turn of the twentieth century, the federal government invested the 
financial resources of the nation to build Southwest water projects, enabling both large-
scale agriculture and urban development to occur. Federal water development projects 
harnessed the Colorado River and other rivers to provide essential water for the growth 
of the Los Angeles region, and subsequently Phoenix and Las Vegas. Denver benefited 
from the Colorado-Big Thompson Project. Salt Lake City too complemented its water re-
sources with the Central Utah Project that included water storage (Lowitt 1984). Though 
Albuquerque relies on groundwater and some surface water, federal funds were pro-
vided to relieve flooding and drainage issues in the area, and to bring Rio Grande water 
in for irrigators and urban use. There are also many small water providers in these cities 
and region that may rely on local water sources as well. Understanding the full water 
supply system in these metropolitan regions is very difficult as there are many retail 
water suppliers, created over time as city regions grew, that buy water from large wa-
ter wholesale agencies like the Southern California Metropolitan Water District, and/or 
have small local water resources they sell directly or blend with water from large-scale 
suppliers. Federally subsidized water projects made water abundant and inexpensive 
in the Southwest. Water agencies’ mission became one of meeting demand from what 
seemed to be limitless water availability (Hundley 2001).

With increasing uncertainty about snowpack and rainfall due to potential climate 
change impacts, the historic allocation of Colorado River water distributed by fed-
eral infrastructure is once again becoming an increasingly contentious issue among 
Southwestern states and between competing urban and agricultural demands (see also 

Table 13.1 M ajor water supply projects for Southwestern cities

City Major Water Supply Projects

Albuquerque
Rio Grande Project (1906–1952), Elephant Butte Dam (1916), Middle Rio Grande Conservancy 
District (1928– present), Rio Grande Compact (1938–present), San Juan-Chama Project (1962–
present) 

Denver Colorado-Big Thompson Project (1938–1957)

Las Vegas Colorado River dams (1932–1961), Southern Nevada Water Authority (~1947)

Los Angeles Colorado River dams (1932–1961), Central Valley Project (1937–1979)

Phoenix Central Arizona Project (1946–1968), Horseshoe Dam (1944–1946)

Salt Lake City Central Utah Project (1956)
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Chapter 10, Box 10.1). Natural areas and ecosystems have been the last to receive rights 
to water, due to the relatively recent acknowledgement of the importance of ecosystem 
services (which recognize the value of services provided by an ecosystem, such as rec-
reation, flood control, and reduction of nitrates and other contaminants) and the protec-
tion of endangered species. Water rights are hierarchical in time, the oldest users having 
the first rights under prior appropriation water law. The new ecological concerns have 
added yet one more water client. Water rights among the different water constituents 
in the West raise delicate policy questions about the best use of water: for irrigation, for 
municipal and industrial use, or for ecosystems. Colorado in 1973 recognized the impor-
tance of protecting streamflows for the preservation of the natural environment and has 
a program of water rights acquisitions through the Colorado Water Conservation Board. 
In New Mexico, in-stream water transfers are left largely to the state engineer, but it is 
unclear who is eligible to transfer the rights or to hold them. California’s in-stream pro-
tections derive from the federal Central Valley Project Improvement Act, passed in 1992, 
which mandated changes in the management of the Central Valley Project to protect and 
restore habitat for fish and wildlife and has influenced water management throughout 
the state. Nevertheless, during drought years there is contention about water allocation, 
and in a future of restricted or unpredictable water supply, determining priorities for 
water will become more pressing. There are currently no institutions or frameworks 
to resolve these trade-offs, either within the states themselves or among them. Histori-
cally, abundant and inexpensive water (supplied by the federal water systems and more 
recently by state systems) fueled expectations of an infinite water supply and enabled 
profligate water use in the Southwest, including extensive outdoor water use in resi-
dential areas. Fortunately this is beginning to change (Cohen 2011), but expectations of 
an infinite water supply were directly linked to federal investments in the West. Urban 
water use is now consistently declining in every Southwest city, which may reflect in-
creasing awareness of scarcity and the implementation of water conservation policies 
(Figure 13.10).

Concerns about demands for water and other resources for the Southwest and its 
emerging cities also led to the setting aside of lands in forests and mountains that still re-
mained in the public domain at the end of the nineteenth century. At that time, no large-
scale water transfer systems had been put in place to bring water to growing cities from 
far-flung places, and the growing understanding that poor forest practices led to floods 
provided a strong justification for watershed protection. President Benjamin Harrison, 
for example, designated the lands surrounding the Los Angeles Basin as national forests 
in 1892 (Pincetl 1999). This federal policy shift resulted in most of the contemporary 
metropolitan regions in the Southwest being surrounded by public lands that provide 
important ecological services, including flood control and recreation. This shift also cre-
ated an extensive wildland-urban interface. Despite their size, the largest Southwestern 
cities are relatively isolated from other metropolitan areas, are often surrounded by pub-
lic lands, and rely heavily on imported water (see the satellite images of Los Angeles and 
Phoenix in Figure 13.11). 

Federal spending in the Southwest region during and after the Second World War 
also fueled growth and created multiplier effects throughout the economy. Airfields 
and military bases were built, Los Alamos National Laboratory was created in New 
Mexico, and other investments in the aerospace and ancillary industries provided the 
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employment base for urban development. The Southwest became the home of new tech-
niques for mass home building (also made possible by the expanding water supplies) 
and populations in the metropolitan areas grew rapidly (Nash 1985; Kupel 2003). The 
Kaiser Company, for example, built worker housing in Los Angeles near its manufac-
turing facilities, pioneering the development of planned, dense, automobile-dependent, 
single-family tracts with nodal shopping malls and other services. Home building was 
modeled on assembly-line aircraft construction, making it possible to considerably ac-
celerate the pace of construction (Hise 1997). These factors have made cities of the South-
west both expansive and relatively denser than other cities in the country: ten of the 
fifteen densest metropolitan areas in the United States are located in California, Nevada, 
and Arizona (Eidlin 2010). Growth of the Southwest cities coincided with both automo-
bile-dominant transportation and federal investment in it, including the Federal High-
way Act of 1956, a Cold War-related national system built for defense purposes. As a 
result, the morphology of Southwest cities is densely suburban. Nationally, the automo-
bile-dependent urban form is a product of post-war suburban growth, with highways 
and home mortgages subsidized by the federal government.

Figure 13.10  Per capita water use in Southwest cities (2000–2010). �Source: Great Western 
Institute (2010), Salt Lake City Department of Public Utilities (SLCDPU 2009), Los Angeles Department 
of Water and Power (LADWP 2011), City of Albuquerque (http://www.cabq.gov/), City and County of 
Denver (http://www.denvergov.org/), Southern Nevada Water Authority (http://snwa.com/), Salt Lake 
City Public Utilities (http://www.slcclassic.com/utilities/), City of Phoenix (http://phoenix.gov/), Los 
Angeles Department of Water and Power (http://www.ladwp.com/).
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13.2.  Pathways Through which Climate Change Will Affect  
Cities in the Southwest

Fire hazards

The extensive public lands surrounding these major metropolitan regions and the corre-
sponding urban-wildland interface make them susceptible to increased wildfires driven 
by a drier climate, extensive and scattered urbanization in the public lands, a history of 
fire suppression, and changing vegetation in the natural lands themselves. 

The Southwest cities are not equally prone to wildfires (Figure 13.12) nor are they 
equally likely to suffer increased fire impacts due to differences in the types of ecosys-
tems in the surrounding natural lands. But for the cities at risk, the cost of fire protection 
is significant. Increased fire incidence will cause property damage and impose related 
costs, some of which are only beginning to be understood. Issues such as who should 
pay for fire protection can be contentious, as can be the development of new building 
regulations for greater fire resistance and land-use regulations to prevent construction 

Figure 13.11  Satellite image of urban 
Los Angeles (top) and Phoenix (bottom). 
�The two cities are surrounded by undeveloped 
mountainous areas and public lands. Image by 
Geology.com using Landsat data from NASA.
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in high-fire-zone areas (Pincetl et al. 2008). Less evident impacts are also likely. For ex-
ample, in the Los Angeles National Forest Station Fire, vegetation burned that had not 
burned since before the introduction of air pollution controls. Stormwater samples taken 
after the Station Fire showed high levels of heavy metals that had been deposited before 
Clean Air Act requirements were imposed (Burke et al. 2011). Water from the front range 
of the Los Angeles National Forest is a key source of groundwater recharge, and infiltra-
tion basins have been inundated with these post-fire pollutants. Except for the study of 
the L.A. Station Fire, little or no monitoring of such impacts has been done. Increased 
incidents of urban-fringe fires will require improved post-fire monitoring and manage-
ment and treatment of stormwater runoff to reduce impacts to city water supplies and 
downstream ecosystems (see also Chapter 3, Section 3.2.1, and Chapter 8, Section 8.4.2). 

The built environment

The built environment itself can be a conduit for climate impacts. High percentages of 
impermeable surfaces like asphalt—which is commonly used in cities—increase surface 
temperatures, amplify heat waves, and reduce stormwater infiltration, contributing to 

Figure 13.12 T otal acres burned in wilderness/urban interface zones of six Southwestern 
cities. �Source: U.S. Department of the Interior’s Geospatial Multi-Agency Coordination Group 
(GeoMAC) Wildland Fire Support (http://www.geomac.gov), State of California Fire and Resource 
Assessment Program (http://frap.cdf.ca.gov).
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potential flooding. Lack of energy-conservation standards increases the vulnerability 
of residents to heat waves. For example, Arizona, Colorado, and Utah have no state-
wide energy codes for building construction, deferring to the localities to develop their 
own. In contrast, California that has energy conservation regulations at the state level, 
continues to lead the nation in building-energy efficiency. State-level regulations cre-
ate an even playing field, relieving localities from having to develop their own codes, 
and provide the technical expertise that can be required. Instead, currently there is a 
patchwork of different energy-conservation standards, and some states have none at all. 
New Mexico, Nevada, and California have statewide mandatory requirements to which 
specific cities have imposed additional requirements.ix Building-energy standards are a 
method to reduce the impact of extreme heat incidences. 

In each of the cities, energy providers have instituted financial incentives for conser-
vation and in some cases the use of alternative energies; city and county governments 
have also developed various types of regulatory frameworks to encourage efficiency 
and “green” building (Table 13.2) (see also Chapter 12, Section 12.3.5).

Cities in the Southwest also have very different patterns of infrastructure use and 
regulation. The percentage of each city’s population using public transit, for example, 
ranges from 1.6% in Albuquerque to 6.2% in Los Angeles (Figure 13.13). According to 
the American Association of State Highway and Transportation Officials, light-duty 
trucks and automobiles contribute 16.5% of U.S. GHG emissions. Cities have done in-
ventories on their own vehicle use and GHG emissions, but city-wide and county-wide 
GHG emissions are not available across the Southwest though under Senate Bill 375 in 

Table 13.2 E nergy-efficiency incentives and regulations in Southwestern cities

City Financial Incentives Rules, Regulations and Policies

Albuquerque Green Building Incentive program Energy conservation code

Denver Energy-efficiency rebates from service provider “Green building” requirement for city-
owned buildings

Las Vegas Energy-efficiency rebates from service provider County-wide energy conservation code

Los Angeles Renewable energy and energy-efficiency support and 
rebate programs from service provider

County-wide green building programs 
and LEED certification for public  
buildings

Phoenix Renewable energy and energy-efficiency support and 
rebate programs from service provider

Design standards for city buildings; 
renewable energy portfolio goals

Salt Lake City Renewable energy and energy-efficiency support and 
rebate programs from service provider

Green power purchasing by city; high-
performance buildings requirement

Sources: City of Albuquerque (http://www.cabq.gov/); City and County of Denver (http:// www.denvergov.org/);  
                City of Las Vegas (http://www.lasvegasnevada.gov/); City of Los Angeles (http://www.lacity.org/); City  
                of Phoenix (http://phoenix.gov/); Salt Lake City (http://www.slgov.com/).



Urban Areas               285

California, such inventories are being conducted. Still, fossil-fuel combustion generates 
GHGs and in regions where there is a greater reliance on fossil fuels and on single-oc-
cupancy vehicles, there will be more production of GHGs. While public transportation 
also emits GHGs, reducing overall vehicle miles traveled (as by single occupancy ve-
hicles rather than multiple passenger public transportation) will reduce regional GHG 
emissions. (More information on passenger travel and emissions can be found in Chap-
ter 14, Section 14.2.)

Smart growth and new urbanism initiatives have been influential in the Southwest. 
The concept of smart growth is to place new development near existing urban infrastruc-
ture, especially transportation, and to make urban areas more compact. New urbanism 
promotes the creation and restoration of diverse, walkable, compact, and mixed-use 
communities based on specific design principles (Haas 2012). These ideas for new ways 
to build cities were inspired by concerns about health, walkability, and livability, as well 
as cost. Living near transit lines and in walkable neighborhoods has multiple benefits; 
it so happens that these benefits are lined up with the mitigation of climate change as 
well. One major initiative has been the California and Utah Regional Blueprint Planning 
Program, with the federal Environmental Protection Agency acting as a partner. In the 
Salt Lake City region, this effort, along with the infrastructure development for the 2002 

Figure 13.13  Public transit use and carbon footprints of Southwest cities. �Source: U.S. Census 
Bureau American Community Survey 2009 (http://www.census.gov/acs/www/data_documentation/ 
2009_release/), and Brown, Sarzinski and Southworth (2008).
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Olympics, created the infrastructure and incentives for more compact development and 
development adjacent to already developed areas. For the major cities in California, the 
process has engaged thousands of residents in articulating a vision for the long-term 
future of their region and understanding the implications of different types of growth 
relative to impacts on land use, transportation, energy, and (increasingly) climate. This 
has also led to yearly California Regional Progress reports, available online at the Cali-
fornia Department of Transportation website. The Phoenix, Mesa, and Valley Metro 
Rail systems are also receiving assistance from EPA to develop a regional strategy that 
will encourage compact, mixed-use, and transit-oriented development (see its Region 9 
SmartGrowth web pagex).

Climate change and urban water 

In the Southwestern United States, potential impacts of climate change on water re-
sources have been summarized by numerous researchers (e.g., Knowles and Cayan 2002; 
Miller, Bashford, and Strem 2003; Hayhoe et al. 2004; Mote et al. 2005; Cayan et al. 2010; 
MacDonald 2010; and Chapters 6 and 10 of this report). Most climate models indicate 
that the Southwest will become drier in the twenty-first century, and that there will be 
increased frequencies of extreme weather events, including drought, flooding, and heat 
waves (IPCC 2007). Increasing temperatures are expected to alter precipitation patterns 
(i.e. volume, frequency, and intensity) and correspondingly alter regional streamflow 
patterns. Increasing temperatures will impact urban populations in the Southwest; their 
impacts may be already felt in communities such as Phoenix, whose annual number of 
misery days (days where people feel strongly impacted by temperature and there can be 
adverse health impacts) has been increasingxi (Figure 13.14) (Ruddell et al. forthcoming). 
Annual minimum temperatures in all six of the Southwest cities considered here are also 
increasing (Figure 13.15). For further discussion on the effects of climate change on hu-
man health in urban areas, see Chapter 15.

Precipitation patterns in the Southwest are typically highly variable (Figure 13.16). Cli-
mate change is anticipated to make variable and extreme precipitation even more common 
and to result in changes in flood frequency and extreme runoff events (Lopez, Hogue, and 
Stein 2011). Highly structured and in-filled cities (cities that have high proportions of im-
permeable surfaces due to roads and buildings, little open space, and existing infrastruc-
ture such as for stormwater) have little capacity to adapt to increasing flows―for example 
by devoting existing open spaces to stormwater infiltration―and so may be especially vul-
nerable to extreme flooding. Enhanced, intensified water flows will increase the wash-off of 
suspended sediments and other pollutants, degrading water quality, as was the case in the 
Station Fire in Los Angeles mentioned above (Benitez-Gilabert, Alvarez-Cobelas, and An-
geler 2010; Lopez, Hogue, and Stein in review). Altered flow regimes and degraded water 
quality also have significant implications for downstream ecosystems that receive polluted 
urban stormwater. There have been some initial efforts to restore such ecosystems. For ex-
ample, since 1997, the Wetlands Recovery Project (WRP) in Southern California has invest-
ed over $500 million in the acquisition and restoration of coastal wetlands. Unfortunately, 
they are now at accelerated risk of degradation due to increased potential for increased 
high-precipitation events and fires. Wetlands in other parts of the Southwest are at similar 
risk of fire impacts on water quality.
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Temperature increases will also impact vegetation across the Southwest, increasing 
evapotranspiration rates. If this holds true, water demand in urban ecosystems will in-
crease. This is especially true in cities with extensive vegetation that is not climate-ap-
propriate and has heavy water demand. For instance, the city of Los Angeles likely uses 
40% to 60% of its residential water for outdoor and landscaping application (LADWP 
2011), much of this going to non-native and non-climate-appropriate species such as turf 
grass. The trend toward urban tree planting to reduce the urban heat island effect and 
provide other benefits, as exemplified in the Los Angeles Million Tree Planting program, 
may also lead to unintended increased water demand (Pataki et al. 2011).xii However, 
landscaping and greenspace (protected and reserved areas of undeveloped land) are 
unequally distributed in many of the Southwest urban centers. Many residents will be 
limited in their capacity to plant and maintain greenspace relative to local resources and 
incomes, compromising their ability to mitigate increased temperatures and their associ-
ated energy needs. There are complex environmental justice implications in the distribu-
tion of greenspace as many low income neighborhoods suffer from lack of tree canopy 
and other vegetation and so are hotter (Grossman-Clarke et al. 2010; Chow, Chuang, and 
Gober 2012; Pincetl et al. 2012).

Figure 13.14 N umber of misery and frost days in Phoenix, 1900–2010. �Note the increase in 
misery days, and decrease in frost days during the last 40 years. Source: Ruddell et al. (2012).
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Figure 13.15  Average annual minimum temperatures for six Southwestern cities (in oF). 
�Source: Prism Climate Group (2011), Oregon State University, http://prism.oregonstate.edu.



Urban Areas               289

Figure 13.16 Average annual rainfall (in inches) in six Southwestern cities, 1895–2010. 
�Source: Prism Climate Group (2011), Oregon State University, http://prism.oregonstate.edu.
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Sea-level rise in Southwest cities is a third consequence of rising temperatures. Its 
potential impacts are described further in Chapter 9. Observations over the last century 
show sea-level rise of about 8 inches (about 203 mm) along California’s coast (see Chap-
ter 9, section 9.2.2). Sea-level rise has a range of associated consequences, but a key con-
cern for Southwest coastal cities, such as Los Angeles, is the salinization of groundwater 
and estuaries, which reduces freshwater availability (Bloetscher et al. 2010; Quevauviller 
2011). Sea-level rise is expected to shift the fresh water/saline interface inland due to salt 
water intrusion, potentially contaminating groundwater supplies used in urban coastal 
cities. Ultimately, this may result in increased costs associated with infrastructure to 
segregate sea water from fresh water (these include barrier well injections13 and/or the 
implementation of additional barrier systems) (Webb and Howard 2011).

Wastewater and stormwater infrastructure, as well as reclamation and recharge 
projects are also vulnerable to sea-level rise, especially in low-lying coastal regions 
(Bloetscher et al. 2010). Model simulations by Webb and Howard (2011) indicate that 
aquifers can take several centuries to gain equilibrium following a cessation in sea-level 
rise, largely dependent on the aquifer’s properties. 

Sea-level rise will likely affect private property and also infrastructure such as sew-
age treatment plants located along the coast, as well as roads and rail lines. A number 
of coastal cities and regions are beginning to prepare for the potential of this impact, 
integrating costs and plans in their capital improvement programs. The Port of Los An-
geles is planning for adaptation to sea-level rise by seeking expert advice, contracting 
with Rand Corporation to identify key vulnerabilities and develop a set of general ap-
proaches based on alternative models. (See additional discussion in Chapter 9, Box 9.4). 
Such planning raises questions of jurisdictional responsibility, as infrastructures such as 
sewage treatment plants often serve regional cities. Land-use impacts may affect only 
some jurisdictions and not others, and funding can be complicated as well. 

13.3  Critical Missing Data and Monitoring in Cities

For complex urban regions, where the majority of the Southwest population lives, great-
er inter-jurisdictional collaboration of data collection and planning will be required to 
allow cities to adapt to climate change and become more resilient. One such approach is 
the Los Angeles Regional Collaborative for Climate Action and Sustainability,xiv which 
operates at the level of Los Angeles County (the county encompasses eighty-eight cities, 
10 million inhabitants and over 1,000 special districts). The goal of the collaborative is to 
develop a plan for climate action and sustainability that draws on the strengths of each 
member to build an integrated and coherent response to potential impacts of climate 
change. Best management practices across the region will be shared, as well as funding 
for programs and projects. Although few examples of this type of initiative currently ex-
ist, it represents a feasible strategy for Southwest cities to move adaptation forward. (See 
additional examples in Chapter 18.)

Quantification of energy flows into urban regions and pollution sinks is also required 
so that carbon-mitigation strategies can be based on rigorous data analyses that incor-
porate a life-cycle-based understanding of the generation of GHGs. Tracking of pollu-
tion sinks—such as methane from landfills or the deposition of air pollutants on soils 
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that may then become captured in runoff—will help determine the impacts of urban 
systems. Such urban energy flow studies—known as urban metabolism—can improve 
our understanding of a host of climate-change vulnerabilities. A key need in conducting 
such analyses are geographically specific data, such as household, commercial, and in-
dustrial energy-use data, that are currently not available due to privacy concerns. Cou-
pling household-level energy use with land-use data will reveal important aspects of 
urban activities and help identify mechanisms by which they may be improved. 

Observations on land-atmosphere interactions in Southwest urban centers are also 
lacking. For example, while local temperature data are generally available from gov-
ernment agencies, the scattered distribution of temperature gauges often do not accu-
rately reflect the spectrum of microclimates in an urban area. There is also a need for 
more measurements of atmospheric CO2 and urban energy fluxes, as discussed, and for 
distributed runoff data. Other key data that would be useful in evaluating urban wa-
ter consumption patterns and trade-offs are vegetation type and species used in urban 
areas and separate metering for indoor and outdoor water use. Air-quality monitoring 
is equally sparse and often limited to criteria pollutants. GHG monitoring is nonexis-
tent, as are comprehensive data on the health impacts of heat waves and air-quality 
deterioration. 

Cities in the Southwest of the United States have unique but regionally shared charac-
teristics. They are artifacts of federal policy, including protection of the public lands that 
surround many of them. Federal land, transportation, and water policies have shaped 
the urban form, creating a dense urban sprawl characterized by thirsty, climate-inap-
propriate vegetation in urban areas that are dependent on inexpensive and abundant 
fuels and water. The impacts of climate change on these arid cities are largely centered 
on probable water scarcities over the course of the twenty-first century, punctuated by 
extreme weather events that will bring flooding, fires, and extreme heat events. Fortu-
nately, water consumption per capita is beginning to decrease in most western states 
(Cohen 2011). In some states there is increased investment in and ridership of public 
transportation, offering the hope that transportation-related GHG emissions will de-
crease. Measures such as capturing landfill GHGs are advancing as well, and numerous 
cities and towns are planning, directly or indirectly, for climate change impacts, includ-
ing requiring buildings to become more energy-efficient.

The fragmented governance of these cities makes coordinated and integrated pro-
grams and responses difficult, and budgetary constraints are significant. Governance 
experiments such as the Los Angeles Regional Collaborative for Climate Action and 
Sustainability provide a vision of a process that could effectively coordinate climate re-
sponses in fragmented Southwest cities. Governance and fiscal capacity will play an 
important role in the ability of regions to adapt.
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Endnotes

i	 An urban metabolism refers to the total urban systems flows of materials, energy and inputs, and 
outputs in the form of waste. Supply chains are components of the urban metabolism.

ii	 Urban heat island effect was defined as “the relative warmth of a city compared with surround-
ing rural areas, associated with changes in runoff, the concrete jungle effects on heat retention, 
changes in surface albedo, changes in pollution and aerosols, and so on” by the IPCC (2007).

iii	 See http://www.water.ca.gov/floodsafe/.
iv	 The EC method is a widely used micrometeorological technique designed to measure turbulent 

exchanges of mass, momentum, and heat between an underlying surface and the atmosphere 
(see Aubinet, Vesala and Papale 2012 and references within). For CO2 exchange, rapid measure-
ments of vertical velocity fluctuations and CO2 mixing ratio are made on a tower well above the 
buildings and trees of an urban surface in the so-called constant flux layer. From these quantities, 
a covariance is computed (Baldocchi 2003). If appropriate assumptions are satisfied, the covari-
ance is a measure of the net differences between the uptake of CO2 by photosynthesis and the 
emission of CO2 by anthropogenic and biological processes.

v	 Difficulties are both practical and technical. Practical difficulties include funding for such equip-
ment as flux towers, their siting in urban areas, and funds to conduct the monitoring and data 
analysis. Additional technical difficulties exist related to quantifying important contributions to 
fluxes, such as those related to complex distributions of sources and sinks and their relation-
ship to advection and non-homogeneous surfaces that are common in urban areas (Feigenwinter, 
Vogt, and Christen 2012).

vi	 A source is a process or activity through which a greenhouse gas is released into the atmosphere. 
A sink is something that acts as a reservoir to absorb it on a short- or long-term basis.

vii	 See http://www.urban-climate.org.
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viii	 CO2 concentrations can cause higher levels of PM 2.5 by increasing vapor pressures in some loca-
tions (Jacobson 2010b).

ix	 See http://www.energycodes.gov/states/state (U.S. Department of Energy’s Building Energy 
Codes Program).

x	 See http://www.epa.gov/region9/climatechange/smart-growth.html.
xi	 Misery days are days when the temperature maximum is greater than or equal to 110°F or when 

the temperature minimum is less than 32°F.
xii	 Stomata, the microscopic pores on the leaves and stems of plants, are the means by which plants 

transpire, or lose water vapor to the atmosphere. Although there is some debate on plant sto-
matal response to increasing temperatures, a significant body of research indicates that evapo-
transpiration rates (the combination of evaporation and transpiration) may increase (Gutzler and 
Robbins 2011; Matonse et al. 2011; Lopez, Hogue, and Stein in review).

xiii	 A barrier well intrusion barrier is a well used to inject water into a fresh water aquifer to prevent 
the intrusion of salt water.

xiv	 See http://www.environment.ucla.edu/larc/.
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Executive Summary 

The Southwest transportation network includes major freeways, rail corridors of nation-
al importance, and major port- and border-crossing facilities. Recent passenger-travel 
trends suggest that vehicle ownership and per capita vehicle miles traveled (VMT) may 
have stabilized across the Southwest, which may be partly attributed to the economic 
recession as well as transportation planning strategies such as pricing, transit service 
improvements, managed lanes, and changes in land-use configurations. However, the 
Southwest appears poised to show gains in rail-freight traffic due to imports of foreign 
products, often in containerized cargo or bulk materials. 

The following key messages highlight major climate issues facing the Southwest 
transportation sector:

•	 Many transportation infrastructure projects, currently in planning, design, or 
construction, do not necessarily address the potential effects of climate change. 
As climate change effects begin to manifest, design and operational vulnerabili-
ties of these transportation system elements will appear. (high confidence)

Chapter citation: Niemeier, D. A., A. V. Goodchild, M. Rowell, J. L. Walker, J. Lin, and L. Sch-
weitzer. 2013. “Transportation.” In Assessment of Climate Change in the Southwest United States: A 
Report Prepared for the National Climate Assessment, edited by G. Garfin, A. Jardine, R. Merideth, M. 
Black, and S. LeRoy, 297–311. A report by the Southwest Climate Alliance. Washington, DC: Island 
Press.
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•	 Alternative-fuel vehicle sales steadily increased throughout the Southwest until 
2008. Yet, hybrid and alternative-fuel vehicles constitute less than 5% of the total 
passenger vehicle fleet in the Southwest. Increased heat events, which are confi-
dently projected for the region, may increase vehicle air-conditioner usage and 
emissions and decrease fuel economy. (high confidence)

•	 The seaports of Los Angeles and Long Beach comprise the largest port complex 
in the United States and handle 45% to 50% of the containers shipped into the 
United States. Direct impacts of projected climate changes (such as sea-level rise 
and flooding) to California ports, include more frequent dredging of harbors 
and channels, realignments of port infrastructure—such as, jetties, docks, and 
berths—relative to rising waterline. (medium-high confidence)

•	 Extreme heat events, projected to increase during the course of the next 100 
years, can shorten the life of pavements. Roadway deterioration will have an 
impact on all trade—including local trade circulation—that occurs between the 
Southwest and other U.S. regions, and trade between the Southwest and Mexico. 
(medium-low confidence)

•	 Increased precipitation intensity, which some studies project for the Southwest 
region, is associated with reductions in traffic safety, decreases in traffic effi-
ciency—such as speed and roadway capacity—and increases in traffic accidents. 
(medium-low confidence)

14.1 Introduction

The transportation system in the Southwest comprises a number of major freeways, 
more than 514,000 lane-miles of rural roads, and more than 350,000 lane-miles of urban 
roads (FHWA 2011). Rail corridors of national importance and major port and border-
crossing facilities also serve the region. Recent national statistics show about 484,000 
million vehicle miles traveled (VMT) in the Southwest in 2008, roughly 16% of the na-
tional total (BTS 2008). After a number of years in which per capita VMT increased rap-
idly throughout the United States, per capita passenger VMT in the Southwest tended 
to be relatively stable or even declined during the late 1990s. Yet, in certain parts of the 
Southwest total VMT continued to increase.

Increased transportation activity combined with an expanding economy until about 
2007 and increased electricity generation significantly contributed to the long-term rise 
in total CO2 emissions generated by fossil-fuel combustion. In 2009, transportation uses 
accounted for about one-third of the total CO2 emissions generated by fossil fuels (EPA 
2012). California’s transportation-related CO2 emissions, which are higher on average 
than most states, were close to 40% of the state’s total CO2 emissions (California Air Re-
sources Board [CARB] 2008), while Colorado’s transportation-related emissions account 
for about 24% of the state’s greenhouse gas (GHG) emissions (Climate Action Panel 
2007). Despite increased numbers of “clean” vehicles and reduced tailpipe emissions 
of traditionally regulated pollutants, the proportion of total GHG from transportation 
increased slightly from 29.1% in 1990 to 31.2% in 2009 (EPA 2012). This may be attribut-
able to increased VMT.
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This chapter begins by describing current trends in passenger and freight transporta-
tion in the Southwest. The chapter then reviews the potential effects that climate change 
may have on transportation infrastructure, on the movement of passengers and goods, 
and on the risks to infrastructure integrity. A concluding overview examines the uncer-
tainties associated with estimating future climate impacts and how these uncertainties, 
coupled with the timescales upon which infrastructure decisions normally are made, 
complicate adaptation planning and management. 

14.2  Passenger Transportation Trends in the Southwest 

While the Southwest states vary in their approaches to reducing GHG, all rely on a 
similar suite of options that include increased use of cleaner and more efficient vehi-
cle technologies, new incentives to encourage people to change their travel behavior, 
and cleaner burning fuels. The U.S. Environmental Protection Agency (EPA) sets emis-
sions standards for motorized vehicles nationally; however, the state of California has 
passed its own legislation regulating vehicle GHG emissions. The California standards 
are stricter than the national standards and were subsequently adopted by Arizona and 
New Mexico.i There also have been changes in vehicle fleet composition over time.

The success of hybrid-electric and alternative-fuel vehicles has been notable in the 
last decade. Not unexpectedly, California has led the way in terms of sales: one in four 
hybrid vehicles sold nationwide between 2003 and 2007 were purchased in California 
(Figure 14.1). Alternative-fuel vehicle sales steadily increased throughout the Southwest 
until 2008. While electric vehicles comprise a quarter of the total alternative-fuel vehicles 
registered in California, their share remains negligible in other Southwest states, where 
cars using an ethanol-fuel blend tend to dominate the alternative-fuel vehicle market. 
Although these figures are encouraging, hybrid and alternative-fuel vehicles constitute 
less than 5% of the total passenger vehicle fleet in the Southwest.

As fuel efficiency rises, the cost of driving declines, which historically has increased 
travel. Recent trends, however, suggest that vehicle ownership and per capita VMT may 
have stabilized across the Southwest (Figure 14.2), likely aided by the economic reces-
sion but also helped by transportation planning strategies such as pricing, transit service 
improvements, managed lanes, and changes in land-use configurations. Drops seen in 
the late 2000s in registered new hybrid vehicles, vehicles owned per capita, and vehicle 
miles traveled per capita are likely to be largely due to the effects of economic recession.

14.3  Freight Movement in the Southwest 

Freight transportation includes both pick-up and delivery services and the movement of 
goods into and out of a region. Pick-up and delivery services include package-delivery 
services, such as UPS and Federal Express, as well as waste and recycling pick-up. Over 
the past thirty years, increased use of lean supply chains, “just-in-time” manufacturing, 
and Internet shopping has increased the demand for this sector. Broadly speaking, truck 
delivery is generally more efficient with respect to VMT and CO2 emissions than having 
shoppers make individual trips to commercial centers. Nationally, pickup and delivery 
freight is expected to grow with increased use of delivery services (Golob and Regan 2001). 
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Figure 14.1 N umber of new registered hybrid vehicles in California and throughout the 
United States. �Source: RITA (2008); state transportation statistics.

Figure 14.2  Per capita vehicle ownership and annual vehicle miles traveled in the 
Southwest. �Source: RITA (2008); state transportation statistics.
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Transportation services distribute Southwest-produced agricultural, commodity, 
and manufactured goods across and outside the region. Freight export volumes moved 
by the trucking sector have stayed reasonably constant over the last three decades. Eco-
nomic conditions currently suggest that export cargo volumes will increase (WTO 2011), 
which may in turn increase use of rail for cargo, particularly for non-time-sensitive items 
such as empty containers, waste, and recyclable materials. 

The Southwest is poised to show gains in rail-freight traffic due to containerized and 
bulk foreign imports. The volume of this cargo grew dramatically between 1990 and 
2008 (WTO 2011). In 2010, the value of goods imported by the Port of Los Angeles was 
estimated at $293.1 billion, compared with $32.7 billion in goods imported by land into 
California from Mexico the same year.

Foreign imports are typically transported from a seaport or across a land border to an 
intermodal terminal, handling facility, or distribution center from which the goods are 
then distributed throughout the United States. The seaports of Los Angeles and Long 
Beach comprise the largest port complex in the United States and handle 45% to 50% of 
the containers shipped into the United States. Their regional and national importance 
is illustrated by the 2002 lockout at the Port of Los Angeles, which is estimated to have 
cost the U.S. economy $1 billion per day (Cohen 2002). Of the containers unloaded at the 
Port of Los Angeles, 77% leave California; roughly half of those leave by rail and half by 
truck transport (Heberger et al. 2009). As both fuel prices and the cost of CO2 emissions 
rise, a propensity for using rail is likely to emerge (Siikavirta et. al. 2008; TEMS 2008). 
However, diversion of large amounts of cargo from trucks to rail is not likely to happen 
in the immediate future due to railway congestion and the mature state of freight move-
ments via truck.

The Southwest also trades goods within the United States. Domestic freight uses the 
same transportation network as international freight and is subject to the same surface 
transportation rates and policies. Domestic freight is also intertwined with foreign trade 
in that many of the raw materials and equipment needed in domestic production are 
imported from other countries.

14.4 I mpacts of Climate Change 

Climate effects will vary by location within the Southwest. Sea-level rise is expected to 
be a significant issue for California, for example, while potential changes in temperature 
and precipitation would pose significant challenges for Arizona and Nevada. The force 
of these effects will be highly variable, but nonetheless will result in significant costs to 
infrastructure (Cambridge Systematics 2009). This section reviews the types of direct 
and indirect impacts to transportation services that are likely to emerge as a result of 
sea-level rise, extreme heat events, and increased precipitation intensity. 

Direct impacts

Flooding. Flooding of coastal infrastructure, coupled with increased intensity of 
storm events and land subsidence, poses the greatest potential threat to surface trans-
portation systems in California (NRC 2008). Without the adoption of adaptive mea-
sures, a sea-level rise as great as 4.6 feet (1.4 meters, as projected in the high-emissions 
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scenario; see also Chapter 9) would expose California’s transportation infrastructure to 
the flooding of nearly 3,500 miles of roadways and 280 miles of rail lines (Heberger et al. 
2009). The rate at which sea-level rise is projected to increase represents one of the “most 
troublesome aspects of projected climate change” (Knowles et al. 2009, 1). 

Coastal regions of California bear the majority of this risk, with vulnerability split 
roughly equally between the San Francisco Bay Area and the Pacific Coast (see Figure 
14.3). Among the areas affected, communities of color, low-income populations, and 
critical safety, energy, and public health infrastructure would be disproportionately af-
fected. While coastal erosion has also been identified as a significant problem in Califor-
nia, the statewide flooding risk exceeds that of erosion (Heberger et al. 2009). 

Flooding on the region’s roadways will damage the physical infrastructure and re-
quire increased maintenance (Heberger et al. 2009). Inundated roadways will obstruct 
freight by delaying deliveries and forcing changes in route (CCCEF 2002) and disrupt 
international and domestic supply chains that depend on reliable delivery of goods.

Both flooding and rising sea levels can change coastal ports by creating deeper water. 
Deeper water allows vessels with deeper hulls to safely navigate a channel. While deep-
er water also leaves less clearance under bridges, most bridges over shipping lanes are 
already set high in order to accommodate large ships (Titus 2002; Heberger et al. 2009). 
However, the Golden Gate Bridge could block large vessels if sea level were to rise by 
four to five feet (Perez 2009). In addition, increases in storm surges would increase silt-
ation and require more frequent dredging of harbors and channels; storm surges would 
require bridges to be built stronger and possibly higher to accommodate higher tides 
(Titus 2002); and bridges and port infrastructure would need additional protection from 
corrosion as the salt concentration and water levels change (PIANC EnviCom Task 
Group 3, 2006).

Figure 14.3 C alifornia highways affected by 140cm of sea-level rise. �Source: Heberger (2009), 
Knowles (2009), Pacific Institute GIS data downloads (http://www.pacinst.org/reports/sea_level_rise/
data/index.htm).
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Other needed changes include port infrastructure realignments relative to the water-
line, such as to docks, jetties, dry/wet/cargo docks, berths, and other port facilities, and 
modification of roll-on/roll-off operations to correct for new deck heights (Caldwell et al. 
2000). Advancing saltwater in upstream channels may also change sediment location and 
create sandbars that can obstruct safe navigation (Titus 2002). To maintain safe channels, 
dredging will have to increase and pilots will need access to updated seafloor mapping. 

Summer melting of Arctic ice may allow for a longer Arctic shipping season. The 
usability of the Northwest Passage for commercial marine shipping is highly uncertain 
and at best is predicted to vary year to year. But Canada’s International Policy Statement 
predicted in 2005 that the Northwest Passage would be sufficiently ice-free for regu-
lar use during summer as early as 2015. Arctic shipping lanes would provide a route 
that is 5,000 nautical miles shorter for Asia-to-Europe trade than would a route passing 
through the Panama Canal. Vessels too large for the Panama Canal may be attracted 
to the Northwest Passage as an alternative to truck or rail transport across the United 
States. The use of the Arctic shipping lane rather than unloading in California and truck-
ing across the United States would reduce cargo volumes in California ports (Pharand 
2007). This change in demand could lessen the vulnerability of California ports, but it 
would also reduce economic activity in the region’s transportation sector. 

Extreme heat events. Extreme heat events affect the duration of roadways and in-
frastructure. Extended periods of heat can shorten the life of and deteriorate pavements, 
force thermal expansion of bridges (thus delaying bridge operations and impacting their 
attendant maritime commerce), and deform the alignment of rail lines. Roadway dete-
rioration will have an impact on all trade—including local trade circulation—that occurs 
between the Southwest and the remainder of the United States as well as trade between 
the Southwest and Mexico.ii

High temperatures can force rail lines out of alignment in what are called “sun kinks.” 
Such a condition was responsible for injuring 100 people in a passenger train derailment 
near Washington, D.C., in 2002. The CSX Corporation, a freight transportation provid-
er and owner of the rail line, initiated temporary speed restrictions after the incident, 
which slowed supply chains. These rail slowdowns could become more problematic as 
the frequency of extreme events due to climate change occur (Caldwell et al. 2000).

Changes in precipitation. Changes in precipitation—specifically changes in in-
tensity, frequency, and seasonality—also represent a significant threat to the Southwest 
transportation infrastructure. Compared to temperature, precipitation changes are more 
difficult to predict because precipitation is highly variable and localized. However, pub-
lished studies tend to agree that while most of the Southwest is unlikely to see increases 
in total annual precipitation (Seager et al. 2007), increased precipitation intensity is like-
ly (Alpert et al. 2002; Groisman et al. 2004; Groisman et al. 2005). 

Increased precipitation intensity likely will result in one of more of the following: 
decreases in traffic demand; reductions in traffic safety; and decreases in the efficiency of 
operational features, such as speed, capacity, or travel-time variability (Table 14.1). Not 
surprisingly, severe weather events both decrease traffic demand and increase traffic 
accidents. Studies show traffic demand (measured by traffic volume) can change by any-
where from 5% to 80% due to severe weather events (e.g., Hanbali and Kuemmel 1993; 
Maze, Agarwal, and Burchett 2006). 
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Depending on the level of planning and preparation undertaken by transportation 
providers, climate change may substantially and directly impact transportation opera-
tions as well as transportation infrastructure. For example, although a submerged jetty 
can be replaced or reconfigured, until this work is completed, it can no longer support 
the mobility of goods. Failing infrastructure cannot fulfill the role for which it was de-
signed. Without advance planning to address and adapt to weather conditions that 
could reduce or limit infrastructure capacity, key infrastructure is at risk of being sub-
stantially less available. Table 14.2 summarizes the range of expected direct impacts to 
transportation infrastructure of climate change.

Indirect impacts

Vehicle emissions. Heat events in the Southwest may increase air-conditioner us-
age in vehicles, which may bump up the total emissions. The U.S. EPA’s Supplemen-
tal Federal Test Procedure (SFTP) for air conditioning (SC03) shows that total vehicular 
emissions increase 37% when air conditioning is turned on while driving, while fuel 
economy drops as much as 43% in a high-fuel-economy vehicles and 13% in conven-
tional vehicles (Farrington and Rugh 2000). 

Table 14.1 P otential impacts of precipitation events on transportation operations in  
                 the Southwest

Change in 
Precipitation 

Impacts on Land 
Transportation 
Operations

Impacts on Marine 
Transportation 
Operations

Impacts on Air 
Transportation Operations

Increase in precipita-
tion intensity and 
stormwater runoff

•	 Increased delay
•	 Increased traffic 

disruption
•	 Reduced safety and 

maintenance

Increased delay •	 Increased delay
•	 Increased stormwater 

runoff, causing flooding, 
delays, and airport closings

•	 Impact on emergency 
evacuation planning, facility 
maintenance, and safety 
management

Increase in drought 
conditions

•	 Increased suscepti-
bility to wildfires, 
causing road closures 
and reduced visibility

Impacts on river transpor-
tation routes and seasons

•	 Increased susceptibility to 
wildfires causing reduced 
visibility

More frequent strong 
hurricanes

•	 Interrupted travel and 
shipping

•	 More frequent and 
more extensive emer-
gency evacuations

Increased need for emer-
gency evacuation plan-
ning, facility maintenance, 
and safety management

•	 More frequent interruptions 
in air service

Source: NRC (2008)
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Table 14.2 P otential impacts of climate on transportation infrastructure in the Southwest

Climate 
Change 
Factor

Impacts on Land Transportation 
Infrastructure

Impacts on Marine 
Transportation 
Infrastructure

Impacts on Air 
Transportation Operations

Sea-level rise 
and more 
frequent 
heavy 
flooding

•	 Inundation of roads and rail lines 
in coastal areas

•	 More frequent or severe flooding 
of underground tunnels and low-
lying infrastructure

•	 Erosion of road base and bridge 
supports

•	 Bridge scour
•	 Loss of coastal wetlands and bar-

rier shoreline
•	 Land subsidence

•	 Reduced effectiveness of 
harbor and port facilities 
to accommodate higher 
tides and storm surges

•	 Reduced clearance under 
waterway bridges

•	 Changes in navigability 
of channels

•	 Inundation of airport 
runways located in coastal 
areas

Rising 
temperature 
and increase 
in heat 
waves

•	 Thermal expansion on bridge ex-
pansion joints and paved surfaces

•	 Concerns regarding pavement 
integrity (e.g., softening), traffic-
related rutting, migration of 
liquid asphalt

•	 Rail-track deformities

•	 Low water levels
•	 Extensive dredging to 

keep shipping channels 
open

•	 Heat-related weathering 
and buckling of airport and 
runway pavements and 
concrete facilities

•	 Heat-related weathering of 
vehicle stock

Increase in 
precipitation 
intensity

•	 Increased flooding of roadways, 
railroads, and tunnels

•	 Overloaded drainage systems
•	 Increased road washout
•	 Increased soil-moisture levels 

affecting structural integrity

•	 Changes in underwater 
surface and buildup of 
silt and debris

•	 Impacts on structural integ-
rity of airport facilities

•	 Destruction or disabling of 
navigation aid instruments

•	 Damage to runway, pave-
ment drainage systems, and 
other infrastructure

Increase in 
drought  
conditions

•	 Increased susceptibility to wild-
fires that threaten transportation 
infrastructure directly

•	 Increased susceptibility to mud-
slides

•	 Reduced river flow and 
shipping capacity

•	 Increased susceptibility 
to wildfires that threaten 
airport facilities directly

More 
frequent 
strong  
hurricanes

•	 Increased threat to stability of 
bridge decks 

•	 Increased damage to signs, light-
ing fixtures, and supports

•	 Decreased expected lifetime of 
highways exposed to storm surge

•	 Damage to harbor infra-
structure from waves 
and storm surges

•	 Damage to cranes and 
other dock and terminal 
facilities

•	 Damage to terminals,  navi-
gation aids, fencing around 
perimeters, and signs, etc.

Source: NRC (2008) and Karl, Melillo and Peterson (2009).
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Economy. The indirect economic effects of climate change on transportation infra-
structure might include the shifting of production centers for agriculture, forestry, and 
fisheries. While some predictions show that climate change would increase U.S. agri-
cultural production overall, some parts of the country likely would benefit more than 
others, such as areas at higher latitudes (see Chapter 11). Geographic shifts in the agri-
cultural, forestry, and fishery industries would necessitate shifts in transportation rout-
ing patterns as well, prompting the need for new infrastructure. Southwest agricultural 
exports may decrease and imports may increase (Reilly et al. 2003). There may also be 
downward cost effects on the food chains of local and regional agriculture (NRC 2010).

On a larger scale, changes in international imports and exports of agricultural prod-
ucts may shift seaport traffic (Caldwell et al. 2000; NRC 2008; Koetse and Rietveld 2009). 
Major storm events may also require evacuations of coastal areas, which could disrupt 
normal trade flow. In the short term, product shortages and supply-chain disruptions 
could increase costs for shippers, carriers, retailers, manufacturers, and others reliant on 
the normal flow of goods (Ivanov et al. 2008).

If the major ports in California cannot handle their usual volume due to climate-
caused damage, delay, or obstruction, ports in Oregon and Washington (or elsewhere) 
may need to be used instead. Such a diversion could tax smaller ports and their trans-
portation network, and add travel time to the movement of goods throughout the Unit-
ed States. Diverting cargo to ports in Canada or Mexico—also an option—would hurt 
the economies of the Southwest and the United States (MARAD 2009).

Health. Indirect health effects associated with added transportation infrastructure 
stress have been less emphasized in the literature, yet are critically important. Trans-
portation serves as an essential component that both defines and responds to housing 
and settlement patterns. This relationship determines access to goods and services. 
Thus, when climate change alters the environmental context of human populations and 
settlements, the transportation system is also altered. Forecasting these health effects 
hinges on predicting both the type and magnitude of environmental change and their 
associated impacts on human populations, settlements and the transportation system. 
Disadvantaged and elderly populations, who are traditionally under-served by their 
transportation systems, are likely to be hardest hit by climate-change effects (see de-
tailed discussion in Chapter 15 about the effects of climate change on the health of hu-
man populations in the Southwest).

14.5  Major Vulnerabilities and Uncertainties

There are many uncertainties associated with estimating future climate impacts. These 
uncertainties, coupled with the timescales on which infrastructure decisions are normal-
ly made, complicate responses. For example, new infrastructure construction can take 
as long as twenty years, with much of that time in the planning and engineering phases. 
Many transportation infrastructure projects already underway (in planning, design, or 
construction) were developed under priorities different than those of today and did not 
necessarily consider climate change. As the effects of climate change begin to manifest, 
the design and operational vulnerabilities of the transportation system will appear.
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Disruptions to the transportation system 

Disruptions to the transportation system, whether caused by climate change or other 
factors, have major economic effects on transportation system users. Climate change has 
the ability to impact all modes of passenger and freight transportation, including roads, 
bridges, tunnels, rail, public transportation, air transport, the vehicles that use these fa-
cilities, and the energy sources (gas, electric, etc.) that fuel them. Higher fuel and power 
consumption and the potential disruption of fuel and electric supplies cause prices to 
rise. Disruptions may prevent some trips from being made altogether. Most critically, 
when individuals can’t get to work, they lose productivity and wages. For example, 
the system-wide transportation damage caused by the 1996 flash floods in Chicago pre-
vented some commuters from reaching Chicago for up to three days (NRC 2008). Dis-
ruptions within a single link (for example, the collapse of the I-35W Mississippi River 
Bridge) can have ramifications on congestion levels throughout an urban area. Other, 
longer-term ramifications include relocation costs for households that need to follow the 
jobs, which further stress transport networks designed for lower demand and lead to 
increased congestion. 

Studies of economic impacts of climate change have mainly focused on the costs of 
rebuilding infrastructure and costs related to freight movement. The economic impacts 
to passenger travel, even basic estimates of time lost, have not been actively researched. 
The key variables necessary to quantify economic impacts are loss of human life, eco-
nomic productivity, and relocation costs. Other damages are difficult to quantify or 
estimate, such as breaks in social networks and families, anxiety, and stress. All such 
social and economic changes can have health implications. While short-term effects may 
be relatively easy to quantify, long-term effects are more important. The magnitude of 
the economic consequences will depend on the links within the disrupted network, the 
properties of both the transport network (including levels of redundancy), transport de-
mand (the amount and location of desired travel), and the duration of the event (includ-
ing recovery and rebuilding time). 

The international goods movement system relies on goods supply and demand, in-
ternational collaboration, physical and natural infrastructure, and favorable economic 
conditions. For example, the shipping community foresees climate change to be an issue 
but does not have the capacity to adequately predict and proactively combat its effects 
(see also Chapter 9). 

Ports are a major intermodal connection, transferring containers and bulk goods from 
ships to trucks and railways. Ports comprise the harbor, berths, terminals, cranes, and 
surface transportation connections. Harbors must allow safe passage of ships. Larger 
ships require that the harbor allow deep draft vessels. Height of bridges is also a factor 
in safe ship passage. Once moored in the berth, another limiting factor is the size of the 
port cranes. Cranes are located on the port terminals and extend over ships to pick up 
and lower containers. The cranes must be large enough to reach across an entire ship. 
Increasing ship size therefore drives port infrastructure development. A consequence of 
larger container ships is the transformation of international shipping from a linear sys-
tem to a hub and spoke system (Notteboom 2004; RITA 2011): cargo ships increasingly 
service only a few ports (called load centers) per region, with smaller vessels then distrib-
uting goods regionally. To increase their competiveness and likelihood of becoming a 
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regional load center, ports are making large investments such as dredging to increase 
their water depth, buying larger cranes, constructing new terminals, and raising bridges 
to add to ships’ height clearance. 

Part of the competitive strategy of American ports is to promote the use of green tech-
nology and environmentally sustainable practices at their facilities. Planning for climate 
change, however, has not been a primary concern during port infrastructure develop-
ment (IFC International 2008). As climate effects are felt, other routings and ports may 
become more competitive, for example, the Panama Canal (as well as the Northwest Pas-
sage, discussed previously). Opened in 1914, the Panama Canal connects the Pacific and 
Atlantic Oceans and now facilitates the passage of forty vessels a day (Autoridad del Ca-
nal de Panamá 2011). Even though only 25% of the world’s fleet can fit through the canal 
locks, 4% of global trade and a much higher percentage of all U.S.-destined trade pass 
through the Panama Canal (Rosales 2007). The canal is currently undergoing an expan-
sion that will allow the larger cargo ships to traverse the canal and unload cargo on the 
U.S. East Coast rather than on the West Coast. In anticipation of this diversion of cargo, 
East Coast ports are investing in their facilities (e.g., dredging, raising bridges, building 
new terminals) but with little planning for climate change (IFC International 2008). One 
study found that the cost of investment in Arctic-capable ships that could use the North-
west Passage to move between Japan and Newfoundland, Canada, would be recovered, 
but the investment would be uneconomical if the trip were extended to New York (So-
manathan, Flynn, and Szymanski 2007). There is high uncertainty involved with poten-
tial use of the Northwest Passage for shipping, including under what jurisdiction the 
passage would fall. The United States and Canada are contesting whether the passage 
falls within Canadian territorial waters or should be considered an international strait. 
Other uncertainties are whether and to what extent the Arctic will be ice-free, whether 
navigational aids of the largely uncharted Arctic will be sufficient for safe passage, and 
whether use of the Northwest Passage will prove economical (Griffiths 2004; Birchall 
2006; Somanathan, Flynn, and Szymanski 2007). 

A key uncertainty to any assessment of potential vulnerabilities is the demand for 
the movement of goods within the United States and internationally. Historically, do-
mestic vehicle miles travelled (by both passengers and goods), has tracked very closely 
with GDP. While this has changed somewhat in the last decade, the two are still highly 
correlated. Growth in world trade volume has outpaced world gross domestic produc-
tion over the last decade. Global and domestic economic activity is a key driver of the 
demand for the movement of goods, as evidenced by the drop in demand after the 2008 
economic collapse. The pattern of production and consumption is also uncertain, but 
determines the demand for goods movement both around the globe, within the United 
States, and within metropolitan regions. Of course local and regional effects depend on 
many things, including land-use policies, property values, and government incentives 
both in the United States and around the globe. Finally, given the volume of CO2 pro-
duced in the distribution of freight, another key uncertainty is the price shippers and 
carriers will be expected to pay for CO2 emissions. Any pricing of emissions (not just 
those from mobile sources) will directly affect global and local trade and the cost of 
transportation.  
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Endnotes

i	 States adopting the California standards can be found at: http://www.c2es.org/what_s_being_
done/in_the_states/vehicle_ghg_standard.cfm. 

ii	 The Southwest states contain major land ports between the two countries such as San Ysidro/
Tijuana and Calexico/Mexicali (CEC 2011).  
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Executive Summary 

Global climate models project changes in precipitation patterns, drought, flooding, and 
sea-level rise, and an increase in the frequency, duration, and intensity of extreme heat 
events throughout the Southwest. The challenge for the protection of public health is 
to characterize how these climate events may influence health and to establish plans 
for mitigating and responding to the health impacts. However, the effects of climate 
change on health vary across the region, by population, and by disease system, making 
it difficult to establish broad yet concise health promotion messages that are useful for 
developing adaptation and mitigation plans. 

Techniques are increasingly available to quantify the health effects resulting from 
climate change and to move forward into predictions that are of sufficient resolution to 
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establish policy guidelines. Strides are being made in assigning cost to both the posi-
tive and negative effects on health of proposed climate-mitigation strategies or the lack 
thereof. As a result, more tools are available for cities and states to develop mitigation 
and adaptation plans that are specifically tailored to their populations. 

For this assessment, we identify six key messages that relate to climate change and 
health in the Southwest:

•	 Climate change will exacerbate heat-related morbidity and mortality. (high 
confidence) 

•	 Climate change will increase particulate matter levels from wildfires with subse-
quent effects on respiratory health. (medium-high confidence)

•	 Climate change will influence vector-borne disease prevalence, but the direction 
of the effects (increased or decreased incidence) will be location- and disease-
specific. (medium-high confidence)

•	 Disadvantaged populations are expected to bear a greater burden from climate 
change as a result of their current reduced access to medical care and limited 
resources for adaptation strategies. (high confidence)

•	 Certain climate-change mitigation strategies have costs and benefits relevant to 
public health. Considering health costs (positive and negative) will more accu-
rately represent the costs and benefits of the mitigation strategies. (medium-high 
confidence)

•	 Mitigation and adaptation plans tailored to the specific vulnerabilities of cities 
and states will lessen the impacts of climate change. (medium-high confidence)

15.1 I ntroduction 

Summer season average temperatures in the Southwest United States are projected to be 
up to 9°F (approximately 5°C) higher than the present by the end of the twenty-first cen-
tury (see Chapters 6 and 7 for details on climate change predictions in the Southwest). 
Global climate models also forecast changes in precipitation patterns, drought, flood-
ing, and sea-level rise, and an increase in the frequency, duration, and intensity of ex-
treme heat events throughout the Southwest. These climate changes will vary across the 
region, however, they are sufficient to threaten human health and well-being (Kunkel, 
Pielke, and Changnon 1999; Parmesan, Root, and Willig 2000; Baker et al. 2002; Chris-
tensen et al. 2004; Meehl and Tebaldi 2004; Harlan et al. 2006; Ruddell et al. 2010). 

Unaddressed, there is a reasonable probability that climate change will have a nega-
tive impact on health in some Southwest human populations. There is uncertainty as to 
the timing, magnitude, and locations of these negative impacts. Population demograph-
ics, geographical differences, and socioeconomic factors that influence vulnerability also 
contribute to the uncertainty (Ebi et al. 2009). The complexity of interactions between 
these factors will require analysis and planning from multiple perspectives, including 
federal, state, tribal, and local governments, academia, the private sector and nongov-
ernmental organizations (Frumkin et al. 2008). 

This chapter focuses on those health effects related to climate change that will likely 
disproportionately affect the Southwest. It begins with a discussion of climate-related 
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health issues of current concern in the Southwest followed by a brief review of the mech-
anisms in which climate change influences health. While the health impacts expected 
from climate change can be estimated at a qualitative level, it is difficult to quantify the 
effects. Thus, the qualitative discussion as to how climate-change will influence health 
outcomes and the growing body of quantitative literature that has reported observed or 
predicted climate-change-related outcomes are discussed separately. Since few studies 
relevant to this assessment have been performed in Southwest states other than Califor-
nia, in some cases the conclusions presented are based on extrapolation of those findings 
to the rest of the Southwest. The chapter closes with a discussion of key uncertainties 
and highlights several key points for public health planning for climate change. 

15.2  Current Climate-Related Health Concerns in the Southwest

Climate, even without considering climate change, influences the health of residents in 
the Southwest in several ways. First, the topographical and climate variability of the 
Southwest, with its extreme geographical and climatic conditions, is greater than that in 
any other region of the United States. In addition, several health concerns exist only or 
primarily in the Southwest. Finally, there is variation in the vulnerability (i.e., the sensi-
tivity, resiliency, and adaptive capacity) of individuals and groups of people within the 
region (Patz et al. 2005; Bell 2011). 

Climate-related exposures can be the direct cause of morbidity (illness) or mortality 
(death), such as death from hyperthermia. Climate-related exposures can also be a con-
tributing cause of health problems by exacerbating an already existing medical condi-
tion—such as heart disease—or can exert indirect effects, as by inducing changes in the 
ranges of vectors (organisms such as mosquitoes that transmit disease from one host to 
another) that can introduce health effects to populations who have no previous history 
of infection. In this section, we discuss health issues related to air quality, heat extremes, 
wildfires, and the ecology that disproportionately affect the Southwest. These illnesses 
connote a considerable health burden in this region. 

Air quality

Air-pollution exposure is associated with mortality and morbidity (EPA 2006, 2009).  The 
U.S. Environmental Protection Agency (EPA) sets health-based National Ambient Air 
Quality Standards (NAAQS) for ozone, for particulate matter smaller than 2.5 microns 
in diameter (PM2.5)i and smaller than 10 microns in diameter (PM10), and for four other 
environmental pollutants (Figure 15.1). Ozone and PM2.5 are considered the greatest 
threats to human health. Climate is not a factor in setting these standards, since they are 
based solely on health effects attributable to air-pollutant exposure (Figure 15.2). 

The Clean Air Act requires that all states attain the NAAQS. If a state is not in at-
tainment, it must develop state implementation plans (SIPs) that outline how attain-
ment will be reached by a specified date. Currently, all or parts of forty-eight counties in 
the Southwest do not attain the 8-hour ozone standard (EPA 2011a). Thirty-six of these 
counties are in California (which has fifty-eight counties total), eight are in Colorado 
(with sixty-four counties), two are in Arizona (sixteen counties), and two are in Utah 
(twenty-nine counties). All or part of thirty-eight counties in the Southwest do not attain 
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the PM2.5 NAAQS (EPA 2011b) including twenty-nine in California, two in Arizona, 
and seven in Utah. These counties encompass the major metropolitan areas of each state 
and consequently are home to significant fractions of each state’s population.

Ozone. Ozone is a form of oxygen that forms naturally in the stratospheric portion of 
the atmosphere, where it absorbs most of the sun’s UV radiation. In the lower atmosphere 
ozone is considered an ambient air pollutant, produced through chemical reactions be-
tween nitrogen oxides and hydrocarbons typically emitted by the burning of fossil fuels. 
The health effects of ozone were most recently assessed as part of the 2008 review of the 
ozone NAAQS (EPA 2006). The EPA concluded that short-term ozone exposure is as-
sociated with acute reductions in lung function, increased respiratory symptoms (such 
as shortness of breath, pain on deep breath and coughing, airway inflammation, and 
hyperresponsiveness), and increased respiratory hospital admissions and emergency 
department visits. Some literature suggests an association between ozone and cardio-
vascular morbidity, as well as mortality in people who have chronic cardiopulmonary 
disease. Long-term ozone exposure has not been clearly linked with health outcomes, 
except for structural changes in the airways of chronically exposed animals. People who 
are physically active outdoors, such as children, outdoor workers, and recreational and 
professional athletes, are at greatest risk of adverse health effects from ozone exposure. 

Particulate matter. The most recent assessment of the health effects of PM2.5 is 
part of the ongoing review of the PM NAAQS (EPA 2009). The EPA concluded that both 
daily and long-term exposures to PM2.5 are associated with mortality for cardiovascu-
lar causes, particularly in the elderly who have pre-existing cardiovascular disease. In 
comparison, the relationship of long-term and short-term PM2.5 exposure to illness and 
death (other than that from cardiovascular causes) has not been as consistently demon-
strated. PM2.5 exposure is associated with hospitalizations and emergency department 
visits for exacerbation of pre-existing cardiopulmonary disease, mainly in the elderly. 
Reduced lung function growth,ii increased respiratory symptoms, and asthma exacerba-
tion have been noted in children. Several studies report an increased risk of mortality 
and respiratory infections in infants exposed to elevated PM2.5 concentrations.

Figure 15.1  Hazy view of Los Angeles. �The visible smog translates into poor air quality with negative 
consequences for cardiorespiratory health. Photo courtesy of David Iliff. License: CC_BY_SA 3.0.
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Heat extremes

Heat stress is the leading weather-related cause of death in the United States (CDC 2006; 
Kalkstein and Sheridan 2007; Sherwood and Huber 2010). Based on death certificates, an 
estimated 400 deaths each year are directly attributed to heat-related causes (CDC 2006), 
with the largest number occurring in Arizona (CDC 2005). However, both heat mortal-
ity and morbidity are believed to be significantly underreported (CDC 2006). Moreover, 
heat exposure can cause morbidity directly and also through exacerbation of preexist-
ing chronic disease, particularly of the circulatory system (reviewed in Drechsler 2009). 

Figure 15.2  Projected ozone response to climate in three urban areas of California, 2050.� 
A recent EPA-funded study at the University of California, Berkeley evaluated the effects of variables 
associated with anticipated changes in climate and ozone precursor emissions for cities in California’s 
Central Valley (Fresno and Sacramento) and San Francisco Bay Area. In the set of bars at left, expected 
reductions (due to existing and projected control measures) in ozone precursor emissions in 2050 would 
reduce ozone levels, assuming no change in climate. In the middle set of bars, changes in climate 
variables (such as higher temperatures) and expected increases in nitrogen oxide and hydrocarbon 
emissions lead to higher regional ozone concentrations. When these two effects are combined on 
the right, the benefits of the emissions reductions are partially or completely offset by climate-related 
increases in ozone, especially in the San Francisco Bay Area. Thus, climate change will make ozone 
standards more difficult to attain and maintain, and will increase control costs. Adapted with permission 
from American Geophysics Union (Steiner et al. 2006; California Air Resources Board, http://www.arb.
ca.gov/).
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Heat waves (periods of abnormally elevated temperature) can considerably increase the 
number of cases of direct and indirect heat-related mortality and morbidity (Semenza et 
al. 1996; Smoyer 1998; Naughton et al. 2002; Weisskopf et al. 2002; Knowlton et al. 2009; 
Ostro et al. 2009). The specific temperature associated with a heat wave varies by loca-
tion because it is defined in relation to local normal conditions (see also Chapters 5 and 
7 for more detailed discussions about heat waves in the Southwest). 

Wildfires

The high frequency of wildfires in the Southwest presents several health concerns. Wild-
fire smoke can lead to PM2.5 levels that greatly exceed national standards (Phuleria et al. 
2005; Wu, Winer, and Delfino, 2006), contributing to adverse health effects. Other health 
concerns related to wildfires include death and burn injuries through direct contact 
with the fire or from indirect effects such as evacuation and dislocation, physical loss of 
home or other property, and increased risk of mudslides during subsequent rainstorms. 
Whether or not health effects derive from a specific wildfire depends on many factors, 
including the proximity of the fire to a population; the size, intensity, and duration of 
the fire; and whether the smoke plume moves across a populated area.

Permissive ecology

Climate affects the seasonality, geographic distribution, and transmission frequency of 
infectious illnesses through the regulation of permissive habitat for pathogen establish-
ment. Many of the climate-related infectious illnesses that occur in the United States 
(e.g., West Nile virus, influenza, food- and water-borne pathogens) also affect the South-
west. These illnesses contribute considerably to U.S. morbidity and mortality. For ex-
ample, food-borne illnesses affect 25% of the U.S. population and cause some 76 million 
cases annually (Mead et al. 1999). 

Certain infectious diseases are more prevalent or are almost exclusively found in the 
Southwest. The Centers for Disease Control and Prevention (CDC) reports that from 
2005 to 2009, most cases of valley fever (99.1% of 44,029 cases nationwide), plague (93% 
of 43 cases), and Hanta pulmonary syndrome (61% of 136 cases) occurred in the six 
Southwestern states (Figure 15.3) (Hall-Baker et al. 2009; Hall-Baker et al. 2010; Hall-
Baker et al. 2011; McNabb et al. 2007; McNabb et al. 2008). 

15.3  Climate Change and Potential Health Implications 

Climate change is expected to increase injury and death related to extreme events, to 
alter the distribution of infectious diseases, and to exacerbate current climate-related 
health issues (Frumkin et al. 2008). These changes in climate have varying effects de-
pending on location, event, population susceptibility, and disease. Here we discuss the 
changes in climate and the way in which they influence human health outcomes. The 
focus is on health effects that affect the Southwest disproportionately compared to other 
parts of the United States. The 2006 California heat wave is presented as a “case study” 
because it had the characteristics of future heat waves predicted for the Southwest. 
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Emissions and air pollution

Rising temperature will accelerate atmospheric chemical reactions, tending to increase 
concentrations of ozone and possibly PM2.5 (Steiner et al. 2006; Jacobson 2008; Kleeman 
2008; Mahmud et al. 2008; Millstein and Harley 2009). However, other meteorological 
characteristics, such as relative humidity, wind speed, and mixing height3 also interact 
with temperature and influence pollutant concentrations (Steiner et al. 2006; Jacobson 
2008; Kleeman 2008; Mahmud et al. 2008; Millstein and Harley 2009). Changes in ozone 
and PM2.5 levels are unlikely to be uniform across an air basin. There remain many un-
certainties in our current understanding of the influence of meteorological parameters 
on air quality. In addition, current strategies for modeling ozone cannot yet factor in the 
reduction of air pollution that is expected from regulations and control strategies that 
will be adopted to meet NAAQS attainment requirements. Thus, current knowledge is 
inadequate to project future health impacts. However, without implementation of new 
air-pollution-control strategies, the concentrations of these pollutants could increase 
with climate change, and consequently contribute to increased air pollution-related 
health effects (Knowlton et al. 2004; Peng et al. 2011). 

Increases in extreme events

Increased climate extremes (heat waves and winter cold) and their direct effects, along 
with indirect effects related to vector populations, are expected to have an overall neg-
ative effect on human health (McMichael 2001). In particular, future heat waves are 

Figure 15.3 I ncidence of selected diseases in the Southwest as a percent of total for the 
United States.�The proportion of the total cases in the United States of West Nile virus, valley fever, 
plague, and Hanta pulmonary syndrome reported annually from the Southwest to the CDC shows 
consistency from year to year. Data from cases reported to the CDC.
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expected to be more humid (Gershunov, Cayan and Iacobellis 2009), with higher over-
night low temperatures. Heat waves are expected to increase more in coastal areas com-
pared to inland (Guirguis and Gershunov forthcoming; see also Chapter 7). In addition 
to rising temperatures in the Southwest, climate models predict that the frequency, in-
tensity, spatial extent, and duration of heat waves will continue increasing through the 
remainder of this century (Gershunov, Cayan, and Iacobellis 2009; Climate Action Team 
2010; see also Chapters 6 and 7). 

Heat-related mortality and morbidity. Heat stress (the physiological re-
sponse to excessive heat) can lead to morbidity and mortality and is the primary health-
related threat to human health and well-being related to climate change both nationally 
and within the Southwest (Sherwood and Huber 2010). Heat stress is greater when el-
evated temperatures continue for several days (Kalkstein et al. 1996; Ruddell et al. 2011) 
or when conditions are hot and more humid. Humid heat poses a greater physiological 
stress than dry heat because it reduces the body’s ability to cool itself through evapora-
tion (Gagge 1981; Horvath 1981). Increases in daily mortality have been observed to vary 
by community and the intensity, duration, and timing of the heat event (Anderson and 
Bell 2011). 

Increased physiological stress due to global temperature rise; more frequent, humid, 
intense, and longer lasting heat waves; and intensification of heat stress by urban heat 
islands will likely increase heat-related morbidity and mortality in the Southwest (Oke 
1982; Brazel et al. 2000; Meehl and Tebaldi 2004; Rosenzweig et al. 2005; IPCC 2007; see 
also discussion in Chapter 7). This trend will be exacerbated by a projected demographic 
shift toward an older population (Figure 15.4) (Basu, Dominici and Samet 2005; Basu 
and Ostro 2008; Sheridan et al. 2011). Basu and Malig (2011) found that higher tempera-
tures were associated with significant reductions in life expectancy and did not only af-
fect extremely frail individuals.

Figure 15.4 U .S. census 
population predictions 
by age. �Predictions that are 
stratified by age show an 
increase over the coming 
decades in the proportion of 
the 65-and-older population. 
The decadal estimates were 
generated using 2000 U.S. 
Census data. Source: Vincent 
and Velkoff (2010).
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Outcomes of an unprecedented ten-day humid heat wave in California during late 
July 2006 are instructive for considering future climate-change-related mortality and 
emergency room (ER) visits. Studies showed that excess mortality related to the heat 
wave was at least three times greater than what was reported by coroners and that a 
greater proportion of deaths occurred in the elderly (Ostro et al. 2009). Knowlton et al. 
(2009) and Gershunov et al. (2011) confirmed that there were proportionally more ER 
visits in the cooler coastal areas than in the hotter inland regions, likely because popula-
tions living in the cooler parts of the state are less physiologically adapted to heat expo-
sure, have less air conditioning, and are less knowledgeable about protective behaviors. 
Ownership and usage of air conditioners has been shown to reduce the adverse effects 
of increased temperature on some chronic health outcomes (Ostro et al. 2010). 

Collectively, these studies suggest that: (1) mortality to which heat is a contributing 
cause will continue to exceed that in which heat is the underlying cause; (2) absolute 
risks of heat-related mortality will continue to be high in hotter areas, although coast-
al areas may see greater increases in risk over time with climate change; (3) relatedly, 
changes in risk of heat-related mortality and morbidity will likely be greater in areas 
that currently have relatively low peak temperatures (for example coastal or high-al-
titude areas), and consequently are less adapted to heat than areas that currently have 
frequent periods of high temperature; and (4) an aging population will increase the size 
of the at-risk population.

Wildfires. Climate change is expected to increase wildfire frequency and size (West-
erling et al. 2006, 2009; Flannigan et al. 2009), which in turn will increase the contribution 
of wildfire smoke to ambient PM2.5 levels. Forest flammability will increase because 
of projected changes in the patterns of precipitation and drought, and their attendant 
effects on vegetation stressors such as insects, disease, soil-moisture loss, and tree mor-
tality (Figure 15.5). These changes, along with human factors and land management 
practices (such as livestock grazing, wildfire suppression, and increased human pres-
ence) are expected to increase the number of wildfires, their contribution to ambient air 
pollution levels, and related health effects (see Chapter 8, Section 8.4.2).

Studies in the Southwest (Shusterman, Kaplan, and Canabarro 1993; Lipsett et al. 
1994; Vedal and Dutton 2006) have found no significant relationship between wildfire 
smoke (measured as PM2.5) and mortality during fire periods. Fire-related deaths were 
principally related to burns, even in individuals who also had smoke-inhalation injury 
(Shusterman, Kaplan, and Canabarro 1993). In the Southwest, fire smoke exposure has 
been associated with respiratory and eye symptoms (Sutherland et al. 2005; Künzli et 
al. 2006). ER visits and unscheduled physician’s visits increase during wildfire periods 
(Duclos, Sanderson, and Lipsett 1990; Shusterman, Kaplan, and Canabarro 1993; Lip-
sett et al. 1994; Vedal 2003; Künzli et al. 2006). Künzli and others (2006) also found that 
non-asthmatic children were more affected than asthmatic children, probably because 
asthmatic children were more likely to take preventive actions, including remaining 
indoors, reducing physical activity, using air conditioning, and wearing masks when 
outdoors. This is the first published study that showed a benefit from adopting these 
actions. Delfino and colleagues (2009) reported a 34% increase in asthma hospital admis-
sions during the 2003 Southern California wildfires that increased PM2.5 by an average 
of 70 micrograms (one millionth of a gram) per cubic meter. The greatest increase in 
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risk was for people over 65 years of age and for children up to four years of age. Risk of 
asthma admissions for school-age children was not statistically significant. The greatest 
increases in risk for hospital admissions were for acute bronchitis and pneumonia, par-
ticularly among the elderly, with no significant change in risk for cardiovascular effects 
or disease. Together these studies suggest that people with acute or chronic respiratory 
disease at the time of wildfire smoke exposure are the individuals most at-risk.

Valley fever. The majority of valley fever (coccidioidomycosis) cases in the United 
States occur in the Southwest (99.1% or 43,634 cases from 2005 to 2009), almost exclusive-
ly in Arizona and California (Hall-Baker et al. 2009; Hall-Baker et al. 2010; Hall-Baker et 
al. 2011; McNabb et al. 2007; McNabb et al. 2008), and mainly affecting people over age 
65 (CDC 2003). Potential infection occurs when a dry spell desiccates the soil-dwelling 
fungus and subsequent soil disruption releases the spores, which are then inhaled. It is 
hypothesized that moisture in the soil preceding a dry spell promotes fungal growth 
(Kolivras et al. 2001; Comrie 2005; Comrie and Glueck 2007; Tamerius and Comrie 2011). 
Changes in extreme climatic events are expected to influence the growth and airborne 
release of this fungus. 

Investigations into the relationship of weather patterns and valley fever found a 
weak correlation (4% of variance explained) between disease incidence and preceding 
precipitation for California (Zender and Talamantes 2006) while a substantially stronger 
correlation was found in two Arizona counties (69% of variance in Maricopa and 54% 
in Pima Counties explained; Tamerius and Comrie 2011). These disparities are likely 
related to the complexity of the relationships between climate factors and the fungus, as 
well as human susceptibility, habitat availability, model and variable selection, and data 
quality. This complexity impedes precise predictions of how climate change will influ-
ence the future incidence of valley fever.

Figure  15.5 
2010 Wildfire in  
Great Sand 
Dunes National 
Park, Colorado. 
�© University 
Corporation for 
Atmospheric 
Research.
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Long-term warming trend

The warming climate is expected to increase the length of the freeze-free season (the 
time between the last frost of spring and first autumn frost). These changes are in turn 
expected to influence many vector-borne diseases. The life cycles of vectors and their 
hosts are influenced by temperature and other climate factors (Gage et al. 2008), which 
in turn influence the time between vector infection to disease transmission (Reisen et al. 
1993; Reisen, Fang and Martinez  2006). Warm temperatures increase the rate at which 
vector populations grow, speed vector reproductive cycles (Reisen 1995), shorten the 
time between exposure and infectivity (Reisen et al. 1993; Gubler et al. 2001; Gage et al. 
2008; Reisen, Fang and Martinez 2006), and increase vector-host contact rates (Patz et al. 
2003). 

Vector ranges may change over time, depending on whether or not future local cli-
mate is suitable for a given vector (Box 15.1). Thus, previously unexposed populations 
may become exposed, while some currently exposed populations may no longer be ex-
posed (Lafferty 2009). Understanding the effect of climate on vectors, hosts, and patho-
gens can help us estimate the geographic extent and intensity of disease risk. Research is 
continuing to improve our understanding of the association between disease incidence 
and climate, which brings us closer to predicting the future disease risk.

Mosquito-borne diseases. Mosquitos are a vector for the transmission of patho-
gens worldwide. Their abundance varies over time and space due to variations in tem-
perature and the water available for their larvae (Barker, Eldridge, and Reisen 2010; 
Morin and Comrie 2010). Abundance of vertebrate hosts and the extent of suitable 
habitat can also be influenced by climate. Certain peridomestic birds (species that live 
around human habitation) are effective hosts for viruses such as West Nile virus (Rei-
sen, Fang, and Martinez 2005; Kilpatrick 2011). Models that incorporate the interaction 
of vectors, hosts, and pathogens in a manner to also be explicit with respect to time and 
spaces are exceedingly complex. Quantifying these interactions, which are influenced 

Entomologic risk is a term used in describing the 
distribution of insects with respect to insect-borne 
disease. It is a helpful topic here as it highlights 
how a vector can exist in the absence of the oc-
currence of disease. For example, the dengue 
and yellow fever vector, Aedes aegypti, occurs 
in Tucson, Arizona (first noted in 1946, but more 

recently since 1994 [Merrill, Ramberg, and Hage-
dorn 2005]), but neither dengue nor yellow fever 
are known to occur. This notion can be expanded 
to other health concerns: behavioral adaptation to 
heat can reduce the possibility of heat- related ill-
ness in spite of increasing heat events.

Box 15.1

Entomologic Risk
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by climate in multiple ways, creates a challenge for predicting with precision the future 
health consequences of these diseases. 

Long-term warming trends are expected to have several effects on mosquito-borne 
diseases. Longer-living vectors will increase the likelihood that a mosquito will obtain a 
potentially infectious blood meal, survive the pathogen’s incubation period, and become 
infectious (Gubler et al. 2001; Cook, McMeniman, and O’Neill 2008). More days with 
temperatures exceeding minimum thresholds will increase vector-host contacts and de-
crease the period of time it takes for a mosquito to become able to transmit infection after 
ingesting an infecting blood meal (Kilpatrick et al. 2008; Hartley et al. 2012). Above cer-
tain maximum temperature thresholds, however, the mortality of adult female mosqui-
tos increases by around 1% per day for each 1.8°F (1°C) increase in temperature (Reeves 
et al. 1994). This reduced survival may be compensated for by increased mosquito biting 
rate and viral replication (Delatte et al. 2009; Hartley et al. 2012). These thresholds vary 
by vector species and their location, making uniform predictions, such as country-wide 
predictions about changes in generic mosquito-borne disease risk, inappropriate. 

Plague. Plague is a flea-borne bacterial disease maintained in rodents, with occasional 
spill-over to humans and companion animals. Ninety-three percent (40 cases) of all U.S. 
plague cases reported between 2005 and 2009 were from the six Southwestern states 
(Hall-Baker et al. 2009; Hall-Baker et al. 2010; Hall-Baker et al. 2011; McNabb et al. 2007; 
McNabb et al. 2008). 

Most plague outbreaks occur when temperatures are between 75°F and 80°F (24°C 
and 27°C) and cease at higher temperatures (Brooks 1917; Davis 1953; Cavanaugh and 
Marshall 1972; Cavanaugh and Williams 1980; Gage et al. 2008; Brown et al. 2010). Glob-
al climate cycles, such as the Pacific Decadal Oscillation, as well as local meteorology, 
influence year-to-year differences in human plague cases (Parmenter et al. 1999; Enscore 
et al. 2002; Ben Ari et al. 2008). To date, these findings rely on retrospective analyses 
of climate and disease incidence without predicting future risk associated with climate 
change. 

15.4 O bserved and Predicted Effects on Health from  
Climate Change 

Though the publication of research investigating the association between climate and 
health is growing, statistical models capable of predicting future health impacts are lim-
ited (Ebi et al. 2009). The World Health Organization estimated that global warming 
caused 140,000 excess deaths in 2004 compared to 1970 (WHO 2010). Climate change 
alters the distribution of physical exposures, which in turn changes the distribution of 
vulnerable populations and increases the likelihood of adverse impacts to those popu-
lations. As discussed in the previous section, climate change is expected to exacerbate 
several current health concerns, and alter the distribution of vulnerabilities by age, 
geographical, and socioeconomic factors on a local level (Ebi et al. 2009). This section 
summarizes recent findings that show already observed climate-change-related health 
effects or provide quantitative predictions of impacts.
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Air quality

The health impacts of PM2.5 and ozone exposure are proportional to their concentra-
tions in the ambient air, which is influenced by emissions, atmospheric chemistry, and 
emissions-reduction regulations driven by the National Ambient Air Quality Standards 
(NAAQS). NAAQS are reevaluated approximately every five years, and are revised if 
new information suggests that the existing NAAQS are inadequate. Overall, concentra-
tions of these two pollutants and the number of air basins in the Southwest that do not 
attain the NAAQS have declined due to emissions-reduction regulations. However, sev-
eral parts of the Southwest, particularly portions of California, do not attain the ozone 
and/or PM2.5 NAAQS (EPA 20011a, 20011b).

Some greenhouse-gas-reduction regulations provide co-benefits—multiple and an-
cillary health benefits of a program, policy, or intervention—by reducing emissions of 
other chemicals, such as hydrocarbons and nitrogen oxides that combine to form ozoneiv 
and PM2.5 (CARB 2008). Energy demand is projected to increase in the future due to 
a growing population and a warmer climate, which could increase emissions of ozone 
precursors and PM2.5 from some sectors (Climate Action Team 2010). Land use plan-
ning and policy changes will also affect emissions, particularly those from the transpor-
tation sector. Increases and decreases in emissions from various sectors, along with new 
emissions-reduction regulations and control technologies, will determine future attain-
ment of the NAAQS. Overall, climate change is likely to make it harder to achieve and 
maintain attainment with the NAAQS. 

Asthma and allergies. As climate warms, data show earlier and longer spring 
bloom for many plant species, which has led to a general increase in plant biomass and 
pollen generation, triggering allergies and asthma cases (Weber 2012). A recent EPA re-
view (EPA 2008) of the likely influence of climate change on bioallergens (pollens and 
molds) concluded that: pollen production is likely to increase in most parts of the United 
States; earlier flowering is likely to occur for numerous species of plants; changes in the 
distribution of pollen-producing species are likely, including the possibility of extinc-
tion of some species; intercontinental dispersal of bioallergens is possible (Figure 15.6), 
facilitating the introduction of new aeroallergens into the United States and increases in 
allergen content, and thus, potency of some aeroallergens are possible. Concomitant ex-
posure to ozone and allergens may also lead to greater allergic responses than exposure 
to allergens alone (Molfino et al. 1991; Holz et al. 2002; Chen et al. 2004).

Heat-related mortality and morbidity

U.S. heat-related deaths declined between 1964 and 1998 (Davis et al. 2003), likely due to 
more air conditioning, improved medical care, and better public awareness programs, 
as well as other infrastructural and biophysical adaptations. However, heat-related mor-
tality and morbidity still occur throughout the Southwest region, particularly associ-
ated with intense heat waves. Based on historical data, without additional adaptations, 
mortality and morbidity will increase as the climate warms (Karl, Melillo and Peterson 
2009). 

A few studies, all focused on California, have quantitatively estimated future heat-re-
lated mortality (Hayhoe et al. 2004; Drechsler et al. 2006; Ostro, Rauch, and Green 2011; 
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Sheridan et al. 2011). Sheridan and colleagues (2011) suggest that by the 2090s, heat 
waves lasting two weeks or longer will occur about once per year throughout the state 
and that ten-day or longer heat waves could increase nearly ten times under a higher 
emissions scenario. Without new adaptations, most of California’s urban areas could see 
significantly higher heat-related mortality by the 2090s, with a significant portion of the 
increase attributable to California’s aging population (Table 15.1). Projected heat-related 
mortality is not uniform statewide, ranging from a 1.9-fold increase in San Francisco to 
a 7.5-fold increase in San Diego, compared to present. Incorporation of adaptations into 
the modeling only partially mitigated these increases. Ostro, Rauch, and Green (2011) 
estimated that heat-related mortality in California could increase up to three times by 
the mid-twenty-first century, with about a third of the increase offset by a 20% increase 
in air conditioning prevalence.

Vector-borne disease 

The IPCC’s Fourth Assessment Report (2007) states that physical changes in the climate 
system will alter the “spatial distribution of some infectious diseases,” such as dengue 
fever, malaria, and West Nile virus (WNV). In 2007, California declared a State of Emer-
gency “due to the increasing risk of West Nile virus transmission” (CDPH 2007). The 
complexity of these systems makes forecasting the effects of climate change on disease 
outcomes difficult. However, researchers are increasingly able to generate future climate 
predictions. 

Figure 15.6 D ust 
storm on Inter-
state 10 near 
Phoenix, July 8, 
2007. �Photo cour-
tesy of Los Cuatro 
Ojos blog (http://
loscuatroojos.
com/2007/07/28/
dust-storms-over-
phoenix-looks-
worse-than-it-is/).
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West Nile virus. Recent models that focus on the physiological responses of mos-
quitos to changes in climate allow us to estimate WNV transmission using future tem-
perature predictions (Figure 15.7). Comparisons of the Southern San Joaquin Valley to 
the otherwise comparable (in terms of vegetation, land use, rainfall, and human popula-
tion) but 5.4°F–9°F (3°C–5°C) warmer Coachella Valley of California illustrates the likely 
influence of a warming climate on arboviruses (viruses spread by arthropod vectors) 
such as WNV (Reisen, Fang, and Martinez 2006). The transmission season in Coachella 
starts almost a month earlier than in the San Joaquin Valley and may persist through 
winter. However, above high temperature thresholds, the maximal intensity of patho-
gen transmission from mosquito to host may not differ markedly. WNV may be trans-
mitted throughout the winter at very southern latitudes (Tesh et al. 2004; Reisen et al. 
2006), whereas at more northern latitudes or high elevations temperatures drop below 
virus developmental thresholds for extended periods and vector populations enter dia-
pause (a period in which growth or development is suspended), which interrupts virus 
transmission (Reisen, Smith, and Lothrop 1995; Reisen, Meyer and Milby 1986). 

Warming trends apparently allow non-diapausing (not becoming dormant) portions 
of Culex mosquito population to persist through the winter (Reisen et al. 2010), especial-
ly in urban environments (Andreadis, Armstrong, and Bajwa 2010). Overall, it is likely 
that shorter winters will allow transmission of some arboviruses like WNV to continue 

Table 15.1 E stimated future heat-related mortality in nine metropolitan  
                 statistical areas of California

Urban Area

Mean Annual Heat-Related Mortality (Age 65 and older)

20th Century 2090s – Medium Growth 2090s – No growth

Fresno 15 192 – 266 26 – 36

Los Angeles 165 1,501 – 2,997 368 – 732

Oakland 49 413 – 726 85 – 149

Orange County 44 395 – 742 105 – 194

Riverside 60 741 – 1,063 113 – 162

Sacramento 27 275 – 440 55 – 88

San Diego 68 750 – 1,865 207 – 511

San Francisco 53 161 – 247 71 – 110

San Jose 27 256 – 411 44 – 69

TOTAL 508 4,684 – 8,757 1,074 – 2,051

Source: Sheridan et al. (2011).
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throughout the year. Highly efficient transmission of WNV is already evident during 
the summer, and little change is expected with warming trends. However, warming in 
the currently cooler and densely populated areas along the California coast and in the 
foothills of the Sierra Nevada and Rocky Mountains will increase risk of transmission of 
WNV and other mosquito-borne pathogens into new areas.

Figure 15.7  Model-based estimates of changes in WNV transmission potential during June, 
based on expected shortening of the incubation period in mosquitoes. �Shown is the decrease 
in the average number of mosquito bites necessary to get from infection to transmission (BT) for WNV 
by 2100, based on future temperatures derived for mean scenarios used by Dettinger (2005). Parts of 
the region with cooler climates show a progressive decrease in BT during June by 2100, increasing the 
risk of transmission, whereas areas with extremely warm or extremely dry desert climates show no 
change in BT from current estimates. Source: PRISM Climate Group, Oregon State University, http://
www.prism.oregonstate.edu.



328	 assessment of climate change in the southwest united states

15.5  Uncertainties

Quantitative estimates of future health impacts of climate change are difficult and uncer-
tain for several reasons. These include: a dearth of adequate health data and sufficiently 
downscaled climate data; incomplete understanding of how non-climate-related factors 
modify risk; incomplete understanding of the relationships between climate, health, and 
disease processes; and the influence of physiological, behavioral, and societal adapta-
tions. In addition, range shifts for infectious diseases or new introductions are difficult 
to predict. The Southwest has many large population centers located near earthquake 
faults and in coastal areas that can be struck by tsunamis. Although not the product of 
climate change, the Southwest has experienced major earthquakes that inflicted crip-
pling damage to infrastructure in its major population centers, and it continues to be 
at risk of further earthquakes. A major seismic event preceding or overlapping extreme 
climate events would further complicate planning and execution of adaptation plans. 
These issues increase uncertainty for planning adaptive capacity and interventions.

Availability of high-quality health data

Deficiencies in health data quality limit our ability to characterize the relationship of cli-
mate change and health and to develop predictive models for climate-related health im-
pacts. Multi-year data sets of consistent quality and from multiple locations, with high 
spatial and temporal resolution, are needed to assess how risk changes over time and to 
estimate future impacts on a regional basis (Frumkin et al. 2008; Ebi et al. 2009; English 
et al. 2009). Data on the spatial distribution of vector-borne and fungal diseases, the or-
ganisms that transmit them, and their seasonal abundance are needed to estimate future 
infectious disease impacts (Bush et al. 2011). 

Climate data

Uncertainties in climate modeling are discussed in Chapters 6 and 7 of this report. Ad-
equately downscaled climate projections are needed to quantify health effects at the lo-
cal level (Ebi et al. 2009). 

Disease complexity

Diseases are physiologically complex, and many factors interact with or modify disease 
(Box 15.2). For example, humans have extensive physiological and behavioral capabili-
ties that allow them to adapt to the usual temperature conditions where they live. The 
use of physiological, societal, and behavioral data in predictive modeling is limited by 
data availability and by our understanding of the interactions. These limitations are fur-
ther confounded by our ability to interpret how physiology, society, and behavior will 
change with climate change. Failure to incorporate these factors increases uncertainty 
in predicting health outcomes (Randolph 2009) and may lead to spurious attribution of 
risk (Campbell-Lendrum and Woodruff 2006). A recent review on climate and human 
health over millennia suggests that modern societies may be less flexible and thus vul-
nerable (McMichael 2012). The complexities of human behavior and adequate character-
ization of the entities involved in disease transmission create uncertainty in estimating 
future climate-related health outcomes.
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New disease introduction

Predicting where new pathogens will emerge is difficult. Certain socio-economic, envi-
ronmental, and ecological factors are common in areas where infectious diseases tend 
to emerge, which may help identify risk areas (Jones et al. 2008). Global travel and trade 
have already contributed to emergence of pathogens in new areas (Gubler 2002; Ta-
tem, Hay, and Rogers 2006; Randolph and Rogers 2010). Climate- and habitat-based 
models can identify habitat suitable for the species of interest and identify theoretical 
geographic distributions. However, the emergence of new pathogens in an area is more 
complicated, requiring suitable hosts and environmental conditions to facilitate arrival, 
establishment, and spread (Randolph and Rogers 2010). 

15.6  Public Health Planning for Climate Change

Current climate-related human health effects, combined with forecasts for a warming 
climate and an increase in the vulnerable population, demand development and im-
plementation of mitigation and adaptation strategies (Bollen et al. 2009; Jack and Kin-
ney 2010). Immediate improvements to health would result from strengthening public 
health infrastructure to respond to climate-induced threats (Costello et al. 2011). The 
initial challenge is to assess linkages between climate and human health at city, state, 
and regional levels, and develop mitigation and adaptation plans for each spatial scale 
(Frumkin et al. 2008). Only certain states and cities in the Southwest currently have ac-
tion plans (e.g., Boulder, Colorado; Phoenix, Arizona; California; Colorado; and New 
Mexico―for examples see ACCAG 2006, City of Boulder 2002, and NMCCAG 2006), 
with most focusing on reduction in anthropogenic waste heat (heat produced by human 
activities for which there is no useful application, such as the heat generated to cool a 

A key challenge in predicting the impacts of cli-
mate change on disease is determining the net im-
pact of a multitude of individual effects, including 
some that offset others. The difficulty is to predict 
the net impact of all these climate influences act-
ing simultaneously. Mathematical models pro-
vide a powerful method for this integration.

For example, a strong empirical test of the 
impacts of global warming on mosquito-borne 
disease transmission would require data (prefer-
ably weekly or monthly) on temperature, rain-
fall, mosquito abundance, infection prevalence in 

mosquitoes, and infection prevalence in humans 
(ideally age-structured), in addition to human 
density and vector control efforts over the time 
period in question. Since substantial year-to-year 
variation in climate is ubiquitous, a minimum 
time series of a decade is likely needed to success-
fully disentangle the influence of the myriad in-
fluences that control incidence of mosquito-borne 
disease in humans. Unfortunately, such datasets 
are rare or non-existent for even the most impor-
tant human infectious diseases.

Box 15.2

Linking Data with Models: Lessons from Mosquito-borne Disease
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structure), air quality improvement, promotion of active lifestyles, and efficient use of 
natural resources. 

Barriers to developing climate action plans include reduced tax revenue due to the 
2007 financial downturn, along with competing budget priorities that have reduced 
the public funding available for long-term investment in mitigations to reduce human 
vulnerability to climate change. Several of the Southwest states (Arizona, California, 
Nevada) have been particularly affected by the ongoing recession (Heinberg 2011), in-
cluding large reductions in the workforce of many local health departments (NACCHO 
2010). Institutional barriers can limit development of partnerships between public, pri-
vate, and non-profit groups to address climate change concerns (Harlan and Ruddell 
2011), leading to lack of coordination, inefficient use of resources, or continued neglect 
of the most vulnerable and disenfranchised. Moreover, little is known about the cost-
effectiveness of many climate change mitigation actions (Kalkstein et al. 1996; Kalkstein 
and Sheridan 2007). Together these factors provide challenges to action plan develop-
ment. A recent publication provides a framework for identifying and organizing bar-
riers to managing the risk and impacts of climate change (Ekstrom, Moser, and Torn 
2011). 

Adaptation

The health sector is more involved in adapting to climate change than mitigating it 
(Frumkin et al. 2008). Surveillance (for temperature-related morbidity and mortality, ad-
verse effects related to air pollution and wildfire smoke exposure, and vector-borne dis-
eases) is a key adaptation strategy that must be coordinated with first-alert systems and 
emergency services. For example, Los Angeles County has established an automated, 
near-real-time surveillance system to detect health changes in incidence of increased 
morbidity and mortality related to environmental stresses (LACDPH 2006). Public com-
munications to both policy makers and the public should clearly emphasize that (a) 
climate change is already upon us, (b) it will be bad for human health, (c) the conse-
quences will be worse if no adaptation or mitigation measures are taken, and (d) there 
are actions we can take individually and as a society that will simultaneously reduce the 
consequences of climate change and improve health (Maibach et al. 2011). To be effec-
tive, the framing of climate-change communication should be sensitive to concerns of 
various segments of the population. Public education campaigns, in multiple languages, 
should emphasize protective behaviors to reduce risk and provide care for vulnerable 
individuals and groups (Naughton et al. 2002; Weisskopf et al. 2002; Drechsler 2009). 
Access to cooling centers and other services to prevent climate-related morbidity and 
mortality are needed, particularly for the elderly, infirm, and economically disadvan-
taged. Vector-control programs and occupational safety standards for outdoor work-
ers should be reviewed and strengthened. The federal block grant LIHEAP program5 
provides reduced energy rates during the cooling season for low-income residents of 
Arizona, Nevada, and New Mexico. Reduced energy rates are available only during the 
heating season in California, Utah, and Colorado. The influence of climate change on 
emissions and atmospheric chemistry will need to be included in future planning efforts 
to reduce emissions and attain the health-based NAAQS. 
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Co-benefits 

Though the health sector usually focuses on adaptation to climate change, evidence is 
increasing that certain mitigation policies also provide ancillary health benefits. Quan-
tifying the economic benefits to health may provide additional support for the imple-
mentation of these mitigation policies and help reduce the future public health impacts 
of climate change. For example, many actions that reduce greenhouse gas emissions 
also reduce emissions of PM2.5 and ozone precursors. Community designs that pro-
mote walking and bicycling to reduce emissions from vehicles also can help improve the 
health of individuals (Frumkin et al. 2008). An emerging body of research demonstrates 
a large potential source of health co-benefits from different mitigation strategies is the 
physical activity component of active transport (Woodcock et al. 2009; Grabow et al. 
2011; Maizlish et al. 2011; Rabl and de Nazelle 2012). Health consequences of the mitiga-
tion activities themselves should be incorporated into cost-benefit analyses of mitigation 
strategies (Haines et al. 2009; Costello et al. 2011).
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Endnotes

i	 The smaller size of PM2.5 particulates allows them to lodge deeply in the lungs.
ii	 This is a smaller amount of growth in lung function during the child’s growth period.  Both the 

growth rate and the attained lung function at adulthood seem to be smaller in children growing 
up in high PM2.5 areas.

iii	 Mixing height is the level of the inversion layer.  It is like an atmospheric ceiling that limits the 
volume of air into which air pollution can mix. High air pollution is associated with a low mixing 
height/inversion layer, while a high mixing height is associated with better air quality.

iv	 Ozone forms in the atmosphere as the result of reactions involving sunlight and two classes of 
directly emitted precursors.  One group of precursors includes various oxides of nitrogen, such as 
nitric oxide and nitrogen dioxide, and the other group includes volatile organic compounds (also 
called reactive organic gases), such as hydrocarbons.

v	 Low Income Home Energy Assistance Program (LIHEAP), http://www.liheap.ncat.org. 
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Executive Summary 

This chapter examines climate-related vulnerability in the western portion of the U.S.-
Mexico border region from the Pacific coast of California–Baja California to El Paso– 
Ciudad Juárez, focusing primarily on border counties in the United States and munici-
palities in Mexico. Beginning with a brief overview of projected climate changes for the 
region, the chapter analyzes the demographic, socioeconomic, institutional, and other 
drivers of climate-related vulnerability, and the potential impacts of climate change 
across multiple sectors (e.g., water, agriculture and ranching, and biodiverse ecosys-
tems). The border region has higher poverty, water insecurity, substandard housing, 
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and lack of urban planning relative to the rest of the United States, and multiple socio-
economic asymmetries exist between the U.S. and Mexico sides of the border. These 
asymmetries create challenges for governance, planning, effective communication of 
climate-related risks, and design of adaptation strategies. Although they represent an 
important part of the picture, a comprehensive assessment of regional adaptation strate-
gies was not within the scope of the chapter. 

The chapter highlights the following key findings relating to climate change and so-
cioeconomic and cultural diversity, water, wetlands ecosystems, and institutions and 
governance.

•	 Climate change exposes the populations in the border region to uneven impacts, 
due to their cultural and institutional diversity and uneven economic develop-
ment. (high confidence) 

•	 Climate change exposes sensitive wetland ecosystems, which are hotspots of 
border region biodiversity, to impacts such as reduced precipitation and extend-
ed drought. (high confidence)

•	 Projected climate changes will put additional pressure on severely stressed wa-
ter systems and may exacerbate existing vulnerabilities relating to water sup-
ply and water quality. Cascading effects of additional stress on water systems 
include: challenges to energy infrastructure, agriculture, food security, and tra-
ditional farming and ranching cultures prevalent in the border region. (medium-
high confidence)

•	 Building adaptive capacity to climate change generally benefits from efforts to 
cooperate and collaborate to resolve trans-border environmental problems, yet 
asymmetries in information collection, the definition and scope of problems, and 
language create challenges to effective cooperation and collaboration. (medium-
high confidence)

•	 Institutional asymmetries, including distinctions in governance approaches—
centralized (Mexico) versus decentralized (United States)—and institutional 
fragmentation and complexity, make the task of collaboration daunting, and re-
duce the potential adaptive capacity in the region. (medium-high confidence)

16.1 I ntroduction

While the U.S.-Mexico border has been called a “third country” and has been identified 
as a distinct region (Anzaldúa 1987), the challenges it faces are due in large measure 
to its high degree of integration into global processes of economic and environmental 
change. The border region is characterized by a so-called “double exposure” (Leichenko 
and O’Brien 2008)—meaning that environmental change in the region is driven by accel-
erated processes of global economic integration (such as foreign-owned industries and 
international migration) coupled with intensive climate change. It is critical to under-
stand the drivers of climate-related vulnerability and capacities for adaptation in the re-
gion in the context of the region’s distinct history and contemporary challenges, shared 
climate regime, transboundary watersheds and airsheds, and interdependent economies 
and cultures. 
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This chapter defines the border region and how observed climate trends since 1961 
and projected climate change conditions have affected or are likely to affect the region. 
Next, the chapter provides a framework to understand climate-related vulnerability, 
adaptive capacity, and adaptation, and examines the major drivers (forces) that lead to 
vulnerability and the evidence of sectoral impacts of climate change resulting in vulner-
ability in the border region. 

There are three important caveats as to the scope and analysis of this study. First, con-
sistent with the risk-based vulnerability framework suggested by the National Climate 
Assessment, this discussion assesses the sensitivity, exposure, and capacity for response 
for a given population or sector. The evidence for this analysis is based on qualitative 
and (to a lesser extent) quantitative studies in specific contexts within the border region. 
With regard to the climatology, vulnerability, consequences, and impacts, there are no 
comprehensive studies that encompass the western portion of the U.S.-Mexico border. 
The highlighted vulnerabilities presented in the executive summary are those that are 
sustained by strong evidence from multiple contexts within the region. In most cases (es-
pecially drawing on qualitative studies), while the evidence of a vulnerability, impact, 
or consequence may be strong, it is often not sufficiently calibrated to assess degrees 
of exposure or sensitivity (of populations or sectors) to a climate risk. Thus, to a large 
extent, there is an imperfect fit between the kind of evidence available and the require-
ment to assess precisely the relative exposure and sensitivity. Second, for the purposes 
of this report, this chapter analyzes and highlights those areas of vulnerability (e.g., ur-
ban, agriculture, socioeconomic) judged to be of paramount importance and for which 
there is robust evidence, while excluding other important regional vulnerabilities (such 
as health and livelihoods). Third, this chapter focuses on assessing key vulnerabilities. It 
is not within the scope of this chapter to fully represent the adaptation activities—ongo-
ing or planned—that may aid in reducing these vulnerabilities, but some are discussed 
here. (See also Chapter 18 for a general overview of solutions and choices for respond-
ing to climate change in ways that reduce risks and support sustainable development.) 
Throughout this chapter, four callout boxes present evidence of successful trans-border 
cooperation or collaboration. Collaboration is a significant component for strengthening 
the region’s adaptive capacity and for building resilience. 

16.2  Definition of the Border Region 

The analysis here focuses on the U.S.-Mexico border—delimited for the purposes of this 
chapter to the western portion of the border from San Diego-Tijuana on the Pacific coast 
to the Paso del Norte areai of the Rio Grande—which has been identified as a distinct re-
gion that serves as the interface between Mexico and the western United States (Ganster 
and Lorey 2008) (Figure 16.1). The western portion of the border region corresponds to 
the definition used in the National Climate Assessment (NCA) for the Southwest region, 
which includes among the U.S. border states only California, Arizona, and New Mexico 
(and excludes Texas, which is part of the NCA’s Middle West region). Nevertheless, this 
analysis incorporates the Paso del Norte corridor due to its key importance in the New 
Mexico portion of the border region. 
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Most of the border’s population is concentrated along the international boundary 
in fourteen city pairs (eight of them in the western portion)ii that constitute binational 
urban systems. Rural population is scarce except for the irrigated areas of the Colorado 
River and the Imperial-Mexicali valleys. 

The border region can be defined in a number of ways (Ganster and Lorey 2008; 
Varady and Ward 2009). These include the six Mexican and four U.S. border states, the 
region of shared culture and language bisected by the border, the watersheds and sub-
basins along the boundary, the 62-mile zone (100 kilometers) on each side of interna-
tional line as defined by the La Paz Agreement between Mexico and the United States, 
or by the administrative boundaries of the U.S. counties and the Mexican municipalities 
(municipos) that abut the international boundary. This chapter covers three U.S. states 
(California, Arizona, and New Mexico), the El Paso corridor, and three Mexican states 
(Baja California, Sonora, and Chihuahua). For present purposes, the latter category—
border counties and municipios—is most important in terms of societal vulnerability to 
climate change, given the border population concentration in major urban areas. While 
the focus is on the region that includes the counties and municipalities along the border, 
data from these local administrative units are supplemented with state-level data. 

Figure 16.1  Western portion of the U.S.-Mexico border region. �Source: EPA (2011).
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16.3  Border Region Climate Variability, Climate Change,  
and Impacts

The border region considered here is characterized by high aridity and high tempera-
tures. Typically, about half of the eastern part of the region’s precipitation falls in the 
summer months, associated with the North American monsoon, while the majority of 
annual precipitation in the Californias falls between November and March. The region 
is subject to both significant inter-annual and multi-decadal variability in precipitation.iii 
This variability, associated with ENSO, has driven droughts and floods and challenged 
hydrological planning in the region.iv Further challenging this understanding is a pau-
city of data, particularly on the high-altitude mountainous regions in northern Mexico. 
Differences in the availability of high-quality and continuous meteorological and hy-
drological records spanning long periods of time, and relatively poor data sharing com-
plicate understanding of the border region’s climate. The scarcity of such data makes it 
difficult to verify climate model projections at fine spatial scales. 

Also, reconciling differences in projected changes in temperature, based on global cli-
mate model (GCM) studies conducted separately by U.S. and Mexican scientists (Table 
16.1),v is complicated by the fact that (1) they use different sets of models from the IPCC 
Fourth Assessment archive; (2) they use different methods of downscaling output from 
coarse spatial scale models to finer regional spatial scales;vi (3) in some cases they do not 
use the same greenhouse gas (GHG) emissions scenarios; (4) they average future projec-
tions for different spans of years; and (5) they use different spans of years for providing 
a measure of average historical climate. High quality data are essential for statistically 
downscaling GCM output. Thus, issues with meteorological observations add to several 
other sources of uncertainty (see discussion in Chapters 2 and 19). 

Table 16.1 S ummary of projected changes in selected climate parameters

Projected Change Direction of Change Border Subregion Affected Confidence

Average annual 
temperature

Increasing Throughout the border region; lowest magnitude of 
increase is near the coast; greatest is Arizona-Sonora 
border or New Mexico-Chihuahua border

High

Average summer 
temperature

Increasing Throughout the border region; greatest increases in 
the Sonoran Desert border region

High

Average winter 
temperature

Increasing Throughout the border region; greatest increases in 
the Sonoran Desert border region

High

Average annual 
maximum 
temperature

Increasing Throughout the border region; greatest increases 
in the eastern Chihuahuan Desert; only estimated 
south of the border

Medium-High

Average annual 
minimum 
temperature

Increasing Throughout the border region; greatest increases 
in the Sonoran Desert; only estimated south of the 
border

Medium-High
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Temperature

Overall, climate models show trends of increasing temperatures for the border region; 
this result is robust throughout the course of the twenty-first century, regardless of 
which combinations of models, downscaling method, and emissions scenario were used 
(Tables 16.1 and 16.2 and IPCC 2007b).vii For the border region, average annual tempera-
tures are projected to increase on the order of 2°F to 6°F (1°C to 3.5°C) during the mid-
century time frame (around 2041−2070, according to the high-emissions scenario), with 
the greatest increases inland (see Chapter 6, Figure 6.1 and Magaña, Zermeño, and Neri 
2012). The magnitude of temperature increases is greatest during the summer, as high 

Table 16.1 S ummary of projected changes in selected climate parameters (Continued)

Projected Change Direction of Change Border Subregion Affected Confidence

Length of freeze-free 
season

Increasing Throughout the border region; only estimated 
north of the border

Medium-High

Annual number of 
days with maximum 
temperatures > 100°F

Increasing Throughout the border region; greatest increases 
in the central Sonoran Desert border and in north-
west Chihuahua

Medium-High

Heat wave duration Increasing Throughout the border region High

Cooling degree days Increasing Throughout the border region High

Cold episodes Decreasing Throughout the border region Medium-High

Annual  
precipitation

Decreasing Greatest decreases along the coast and parts of the 
Arizona-Sonora border

Medium-High

Winter  
precipitation

Decreasing Greatest and most consistent decreases (over time) 
are projected for the Arizona-Sonora border, into 
the western Chihuahuan Desert

Medium-Low

Spring  
precipitation

Decreasing Occurs along the length of the border, from CA 
coast to NM-TX border (based on studies that 
only examine the U.S. side of the border)

Medium-High

Summer  
precipitation

Decreasing Mid-century decreases are greatest for the 
Sonoran Desert border region

Medium-Low

Drought Increasing Throughout the border region; increasing mark-
edly during the second half of the twenty-first 
century

High

Colorado River 
streamflows

Decreasing Measured at Lees Ferry, AZ High

Note: See Chapters 2 and 19 for a discussion of how confidence levels are assessed.
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as 6°F to 7°F (3°C -4°C) during the mid-century, with areas of especially high increases 
concentrated in the western Sonoran Desert (Montero and Pérez-López 2010) and the 
northern Chihuahuan Desert (see Chapter 6, Figures 6.1 and 6.8).viii 

Associated with the maximum and minimum temperature projections are an array 
of projections for derived parameters and temperature extremes (Table 16.1). Some key 
derived and extreme temperature projections include large projected increases in cool-
ing degree days in Southern California and Arizona (up to 100 degree days, using a 65°F 
(18°C) baseline; see Chapter 6), large increases in the annual number of days with maxi-
mum temperatures greater than 100°F (38°C), including increases of more than 30 to 35 
days in the central Arizona and northwest Chihuahua border regions (see Chapter 6 and 
Figure 16.2), increased heat wave magnitude (but with more humidity, therefore having 
a larger impact on nighttime minimum temperatures; see Chapter 7),ix and diminishedx 
frequency of cold episodes (see Chapter 7). 

Figure 16.2 C hange in the number of days with a maximum temperature greater than 
100°F (38°C). �The top map shows the change between the NARCCAP (Mearns et al. 2009) multi-
model average for 1971–2000 (lower left) and the average for 2041–2070 (lower right). Map generated 
by Laura Stevens.
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Precipitation

Future precipitation in the border region, as projected by climate models, is dominated 
by a continued high degree of annual precipitation variability, indicating that the re-
gion will remain susceptible to anomalously wet spells and also remain vulnerable to 
drought (see Chapters 6 and 7). Precipitation projections have generally low to medium-
low confidence, due to variability over shorter periods and the lack of firm consensus 
among GCM simulations. Nevertheless, spring precipitation is projected to decrease in 
all but one of sixteen models, exacerbating dryness in the border region’s driest season 
and probably aggravating the dryness that initiates the summer period. Areas that are 
already prone to little precipitation are expected to see longer runs of days with little or 
no precipitation. 

Table 16.2 P rojected mean annual temperature increases (in °F) in         
                 comparison to 1971–2000 along the U.S.-Mexico border,  
                 from the California coast to the New Mexico-Texas border

Period
Higher Emissions (SRES A2) 

Projected Temperature
Lower Emissions (SRES 

B1) Projected Temperature

2021–2050 2–3° 2–3°

2041–2070 4–5° 3–4°

2070–2099 7–8° 4–5°

Note: Based on studies that only examine the U.S. side of the border
Source: Kunkel (2011).

Table 16.3 M ean temperatures for 1961–1990 (in °F) and projected     
                 changes under the high-emissions scenario for 2061–2090,   
                 averaged for the Mexican border states

State

1961–1990 2061–2090

Winter Summer Annual Winter Summer Annual

Baja California 56.2° 83° 69.3° +5.2° +5° +5.2°

Sonora 54.6° 82° 68.2° +5.9° +6.5° +6.4°

Chihuahua 48.1° 76.8° 62.8° +5° +4.9° +5.1°

Source: Montero and Pérez-López (2010).
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There is greater confidence in projections of decreased annual precipitation as one 
moves south. Statistically downscaled studies by Mexican scientists (under the high-
emissions scenario) confidently project border region annual precipitation decreases of 
more than 20% by mid-century, with the largest seasonal decreases projected for winter 
in the Arizona-Sonora border region (Montero and Pérez-López 2010; Magaña, Zerme-
ño, and Neri 2012).xi 

Drought

Seager and colleagues (2007) project (under high-emissions SRES A1b) increased 
drought for a region that encompasses the border region.xii Their projections have been 
confirmed in subsequent studies (e.g., Seager et al., 2009), and independently by Maga-
ña, Zermeño, and Neri (2012).xiii Cayan and others (2010) describe a tendency for in-
tensified dryness in hydrological measures in the Southwest from downscaled climate 
model projections. In the first half of the twenty-first century, Magaña, Zermeño, and 
Neri’s (2012) drought projections exhibit high interannual and multidecadal variability, 
characteristic of the region.xiv Dominguez, Cañon, and Valdes (2010) note that La Niña 
episodes, which are associated with drought in the border region, may become warmer 
and drier in the future.

We find that the results of these studies, in conjunction with the temperature and 
precipitation projections of Montero and Pérez-López (2010) and projections for the 
U.S. side of the border (summarized in Chapter 6), provide a compelling case for an 
increased likelihood of drought, with ramifications for northern Mexico water supplies 
(Magaña, Zermeño, and Neri 2012) and probably for groundwater recharge (e.g., Serrat-
Capdevila et al. 2007; Earman and Dettinger 2011; Scott et al. 2012).xv Moreover, these 
assessments are consistent with projections of streamflow for trans-border rivers, such 
as the Colorado River and Rio Grande (known as the Río Bravo in Mexico, and hereafter 
Rio Grande), which show decreasing streamflow, lower flow extremes during drought, 
and potential water resource deficits greater than those previously observed (see Chap-
ters 6 and 7; Hurd and Coonrod 2007; Reclamation 2011).

16.4  Understanding Vulnerability, Risk, and Adaptive Capacity  
in the Border Region 

Definitions and concepts

Vulnerability to climate variability and climate change is the experience (by an indi-
vidual, household, ecosystem, community, state, country, or other entity) of negative 
outcomes due to climate stresses and shocks (Leichenko and O’Brien 2008). Experts 
have approached vulnerability in two distinct but related ways. One approach centers 
on the underlying political and socioeconomic structures, institutions, and conditions 
that affect vulnerability, including asymmetries in power and resource distribution (e.g., 
Adger 2006; Eakin and Luers 2006; Lahsen et al. 2010; Ribot 2010; Sánchez-Rodriguez 
and Mumme 2010). Vulnerability may be reduced through poverty alleviation and de-
velopment strategies in developing countries with persistent inequalities (Seto, Sánchez-
Rodriguez, and Fragkias 2010). A second approach centers on developing systematic 
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measures of climate-related risk in a system, calibrated by exposure and sensitivity (of 
actors at multiple scales, including households and neighborhoods to cities, states or 
countries) and the coping (or adaptive) capacity to deal with it (Yohe and Tol 2002; NRC 
2010; Moss 2011). Adaptive capacity is the ability (of a household, community, or other 
unit of organization) to reduce its vulnerability to climate-related risks through coping 
strategies such as application of social, technical, or financial resources (Yohe and Tol 
2002; NRC 2010). Consistent with the NCA framework, the analysis presented here uses 
the second, risk-based approach, but draws on both types of approaches to provide evi-
dence for its conclusions. 

This analysis uses the IPCC definition that “vulnerability is a function of character, 
magnitude and rate of climate change to which a system is exposed, as well as the sys-
tem’s sensitivity and adaptive capacity” (IPCC 2007a, 6). Risk embodies the likelihood of 
harm plus the consequences; thus the consequences of a harm occurring are embedded 
within the concept of vulnerability. Vulnerability to a climate-related risk is mediated by 
sensitivity (for example, by the degree of dependence on resources and activities that are 
impacted by climate change and non-climate parameters), by exposure (for example, the 
probability of experiencing change in non-climatic and climatic factors), and by capac-
ity to cope or to adapt (for example, the demographic, socioeconomic, institutional and 
technological characteristics that enable response to stress). In general, where resources 
for coping are relatively abundant, vulnerability is relatively low; but where resources 
for coping effectively are lacking, vulnerability is typically high. This definition char-
acterizes vulnerability both in terms of stressors and the stressed. Stressors here are re-
garded as the interactions of economic and cultural globalization, demographic change, 
and climate change. The vulnerability of the stressed border region includes both the 
specific attributes of the place and population that transform those stressors into specific 
risks that threaten the quality of life and the capacities to effectively cope with such 
stressors. Capacity can be considered a function of assets—financial, material, natural, 
human, political and social—as well as knowledge, perception of risk, and willingness 
to act (Grothman and Patt 2005; Moser and Sattherwaite 2010). 

The primary determinants and outcomes of vulnerability can vary across scales 
(from local to international). Vulnerability is ultimately a nested phenomenon in which 
the impacts and adaptive actions taken at one scale can have ramifications for the whole 
system (Adger et al. 2009; Eakin and Wehbe 2009). Institutions (the rules, norms and 
regulations that govern the distribution of resources and their management) are instru-
mental in mediating risks. Effective cross-scalar governance is thus a critical element of 
addressing vulnerability (Adger, Arnell and Tompkins 2005), particularly in the border 
region where trans-border collaboration at multiple governance scales is critical. Trans-
border collaboration among formal government agencies and informal governance 
stakeholders may help reduce regional vulnerability through a shared understanding 
of the priority vulnerabilities, shared data, and cooperative means of reducing these 
vulnerabilities (Wilder et al. 2010).xvi While non-collaboration has led to less than op-
timal outcomes in the past (see Box 16.1 for a case study on collaboration and non-col-
laboration), collaboration may help to reduce regional climate-related vulnerability and 
to promote appropriate adaptive strategies for the border region (see Box 16.2 for an 
example on the Colorado River Joint Cooperative Process in the Colorado River delta). 
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Collaboration takes place at multiple scales in the border region, ranging from formal 
intergovernmental collaborative agreements (such as the U.S.-Mexico Transboundary 
Aquifer Assessment Program) to informal networks of local water managers working 
with the climate research community to develop regional adaptive strategies (such as 
the Climate Assessment for the Southwest Program in Arizona and New Mexico). 

Transboundary cooperation to address the im-
pacts of climate variability and climate change is 
essential to promoting the best outcomes and to 
building regional adaptive capacity on both sides 
of the border. Despite formal agreements between 
the United States and Mexico to cooperate to re-
solve key transboundary environmental problems 
(e.g., La Paz Agreement; Minute 306), there are 
recent important examples where lack of coop-
eration has led to suboptimal (e.g., win-lose rather 
than win-win) outcomes:

•	 In 2002, Mexico invoked its privilege to de-
clare conditions of “extraordinary drought” 
on the Rio Grande and withheld delivery of 
irrigation water to Texas farmers, causing mil-
lions of dollars in losses.

•	 When the United States extended the security 
fence at the border between Nogales, Arizona, 
and Nogales, Sonora, it was done without ref-
erence to local hydrological conditions and 
without input from officials on the Mexico 
side. Floodwaters in 2008 became impounded 
behind the fence on the Nogales, Sonora side 
of the border, causing millions of pesos worth 
of damage in Sonora.

•	 The lining of the All-American Canal (AAC) 
was completed in 2008, under formal protest 
and after legal challenges by Mexican and 
U.S. groups. The change resulted in increased 
water for households in San Diego County 
and decreased water for farmers in Baja Cali-
fornia. Farmers in the irrigation district of 
Mexicali had used groundwater recharged by 

seepage flows from the earthen-lined canals 
for over sixty years, and concrete-lining of 
the AAC stopped groundwater recharge and 
therefore reduced groundwater availability.

Despite these examples of non-collaboration, 
the trend toward transboundary collaboration has 
been strong over the last twenty-five years and ex-
amples of successful collaboration to reduce envi-
ronmental vulnerability abound:

•	 Emergency Response. The Border Area Fire 
Council (BAFC) provides collaborative emer-
gency fire services on both sides of the Cali-
fornia-Baja California border. The BAFC was 
formed during the 1996 fire season to facilitate 
cross-border assistance for wildfire suppres-
sion (GNEB 2008). Operating under a mutual 
assistance agreement that is updated periodi-
cally, BAFC has improved communications 
across the border, held many joint training ex-
ercises, implemented fire safety campaigns on 
both sides of the border, coordinated devel-
opment and maintenance of fire breaks along 
the border, and jointly conducted prescribed 
burns along the border. BAFC operates in a 
number of natural protected areas in the re-
gion and has improved awareness and pro-
tection of biodiversity. It includes more than 
thirty federal, state, and local organizations 
representing fire protection, law enforcement, 
elected officials, the health sector, natural re-
source managers, and others from both sides 
of the border. Examples of BAFC’s efforts in-
clude assistance in the fall of 2007 when sixty 

Box 16.1

Case Study 1: Why Is Trans-border Collaboration Important? 
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Key drivers of border vulnerability 

Growth trends, urban development patterns, socioeconomic factors, and institutions 
and governance mechanisms can be drivers of border region vulnerability. 

Context-shaping vulnerability. Today, rapid growth and uneven economic 
development are two major contributors to climate-related vulnerability. Institutional 

Baja California firefighters crossed the border 
to help with the San Diego County firestorm. 
Previously in June 2006, ten engines and 
crews from the California Department of For-
estry and Fire Protection had crossed into Baja 
California to support Mexican fire authorities 
for six days with a fire that burned 5,200 acres.

•	 Scientist-Stakeholder Research. The Climate 
Assessment for the Southwest (CLIMAS) 
at the University of Arizona is a NOAA Re-
gional Integrated Science Assessment pro-
gram, focused on Arizona and New Mexico. 
The program brings together scientists and 
researchers from many disciplines in the nat-
ural and social sciences with citizen groups 
and decision makers to develop a better fit 
between climate science products (such as 
forecasts and projections) and the resource 
managers (such as water or forest managers) 
and decision makers who use the data. Since 
2005, CLIMAS has actively worked with part-
ners at the Colegio de Sonora, Universidad 
de Sonora, and other Mexican institutions of 
higher learning to build regional adaptive ca-
pacity in the border region via the bilingual 
Border Climate Summary, workshops with 
stakeholders and researchers, webinars, and 
fieldwork focused on identifying common 
understandings of regional vulnerability and 
appropriate adaptive strategies. Other fund-
ing partners who have collaborated in these 
projects include the Inter-American Institute 
for Global Change Research and NOAA’s Sec-
toral Applications Research Program.

•	 Trans-border Data Sharing. The U.S.-Mexico 
Transboundary Aquifer Assessment Program 
(TAAP), authorized by U.S. federal law and 
supported institutionally and financially by 
both the U.S. and Mexico, is a successful bi-
national program focused on the assessment 
of shared aquifers. Although the United States 
did not appropriate funds for TAAP in fiscal 
year 2011/2012, during this period the Mexi-
can government began funding assessment 
activities on its side of the border. TAAP is im-
plemented by the U.S. Geological Survey and 
the state water resources research institutes of 
Arizona, New Mexico, and Texas, with collab-
oration from Mexican federal, state, and local 
counterparts, as well as IBWC and CILA. Two 
central aims of TAAP include the scientific as-
sessment of shared groundwater resources; 
and development of dual adaptive-manage-
ment strategies through expanded binational 
information flows and data exchange (Wilder 
et al. 2010; Megdal and Scott 2011). Mutually 
defined priorities for Arizona’s and Sonora’s 
common Santa Cruz and San Pedro aquifers, 
for example, are meeting human and eco-
system water requirements in the context of 
growth and climate change (Scott et al. 2012). 
TAAP is a model of successful trans-border 
cooperation in data sharing and assessment 
that supports water-management decision-
making in both countries and enhances the 
adaptive capacity of the region in the face of 
climate change.

Box 16.1 (Continued)
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asymmetry and governance fragmentation on both sides of the transboundary region 
create challenges for reducing vulnerability and for trans-border cooperation. Multiple 
characteristics define the border region, including high rates of poverty in a landscape 
of uneven economic development; diverse ethnic identities; environmental, social, eco-
nomic, and cultural interdependency; and rapid growth and urbanization relative to 
both U.S. and Mexico averages. 

History. Tribal peoples occupied the border region for many thousands of years be-
fore the arrival of Spanish, Mexicans, and then Americans to the area (see also Chap-
ter 17).xvii Today there are twenty-three Native nations on the U.S. side in the border 
region, and about eight indigenous groups on the Mexican side (Starks, McCormack, 
and Cornell 2011); some of these peoples (such as the Kumeyaay, the Cocopah/Cúcapa, 
the Yaquis, and the Tohono O’odham) continue to have strong trans-border ties. They 
manage diverse lands and water and economic resources in the border region. Span-
ish colonizers in the sixteenth century expropriated significant land and resources, and 
mestizos, whose land use practices combined Indian and Hispanic traditions, settled in 
the border and created many of the current border towns. English-speaking colonizers 
of the United States introduced their beliefs of commercial capitalism and the frontier vi-
sion to land use and resource practices in the nineteenth century. The successive arrival 
of farmers, workers, investors, migrants, and bureaucrats has continually transformed 

Trans-border collaboration is playing a signifi-
cant role in addressing environmental challenges 
in the Colorado River delta. The Colorado River 
Joint Cooperative Process (CRJCP) formed un-
der the auspices of the International Boundary 
and Waters Commission (IBWC) and its Mexi-
can counterpart (Comisión Internacional de 
Límites y Agua, CILA) in 2008 to develop “bi-
national processes for meeting municipal, agri-
cultural, and environmental needs” in the delta 
(Zamora-Arroyo and Flessa 2009). The CRJCP 
includes government agencies, NGOs, and wa-
ter stakeholders from both countries. The CRJCP 
has a difficult task ahead, given that excess flows 
from the United States are likely to be elimi-
nated in the near future, operational losses are 
likely to decrease, groundwater supplies will be 

reduced, and agricultural return flows are likely 
to decrease as water moves from agriculture to 
the cities (Zamora-Arroyo and Flessa 2009). The 
supply of municipal effluent is likely to increase, 
however, although it may be captured for urban 
use rather than for ecological flows. A new treaty 
Minute (Minute 319) adopted on November 20, 
2012 establishes a new commitment by the U.S. 
and Mexico to cooperate around water and eco-
logical needs in the region. The CRJCP is a col-
laborative model for other trans-border areas and 
issues. Although it ultimately received formal 
federal approval in both the United States and 
Mexico, the CRJCP originated from an informal 
coalition of local stakeholders that led ultimately 
to the formal collaborative process.

Box 16.2

Case Study 2: Colorado River Joint Cooperative Process
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the border over the last 100 years and created one of the most dynamic and diverse 
sociocultural landscapes in the world. The diversity of the border region’s population—
including differences in languages used at home and access to technology—challenges 
effective communication about climate-related risk.

Contemporary trends. Currently, most of the U.S.-Mexico border population is 
concentrated in fourteen fast-growing, paired, adjacent cities with a common history, 
strong interactions, and shared problems (CDWR 2009). Eight of these binational pairs 
are on the western end of the border in the area included in this chapter (see Figure 16.3). 
In 2002, there were approximately 1 million (legal) border crossings daily by residents 
in the border’s twin cities to work, shop, attend classes, visit family, and participate in 
other activities (GAO 2003); the number of crossings declined to half a million by 2010. 
Mexican border towns are part of a very centralized national political system, suffer 
from limited fiscal resources, and lack a tradition of urban planning. Across the border, 
U.S. towns have had greater political autonomy, are part of a strong and stable national 
economy, and have broadly applied land use planning and supplied basic infrastructure 
and services to their residents. Thus, the “twin cities” along the U.S.-Mexico border are 
places of encounter but also of intense political, social, and physical contrasts. 

The per capita income within the U.S. border counties is only about 85% of the U.S. 
per capita income. If wealthy San Diego County is excluded, the GDP per capita of the 
border region is only about 64% of the national level (2007 data). In 2006, if the twenty-
four U.S. counties along the border were aggregated as the fifty-first state, they would 
rank 40th in per capita income, 5th in unemployment, 2nd in tuberculosis, 7th in adult 
diabetes, 50th in insurance coverage for children and adults, and 50th in high school 
completion—all characteristic of regions of poverty (Soden 2006; and www.bordercoun-
ties.org). In the 2010 U.S. Census, Arizona and New Mexico were tied for the fourth-
highest poverty level in the United States.

Demographic drivers. The binational border region from San Diego-Tijuana to 
Paso del Norte is demographically dynamic, growing much faster than the average of 
either nation (Figure 16.4). 

Since 1970, the U.S. side of the border region has attracted huge flows of domestic mi-
grants—mostly non-Hispanics, seeking a Southwestern “sunbelt” lifestyle (and climate), 
retirement, or job opportunities—and international immigrants—mostly from Mexico 
and Central America, seeking jobs and economic opportunities. Between 1983 and 2005, 
the population almost doubled (from 6.9 million people to over 13 million). Since the 
economic recession began in 2007−2008, however, growth rates have declined in border 
states, except Texas (Cave 2009; Frey 2011).xviii Growth rates have also declined in many 
border counties. For example, growth slowed in the counties bordering Sonora, from a 
rate of 5.3% between 2000 and 2005 to 1.6% between 2007 and 2008 (Mwaniki-Lyman, 
Pavlakovich-Kochi, and Christopherson, n.d.). 

Population projections for the region (reported in USEPA’s 2006 State of the Border 
Region) estimate that the region’s population will grow to between 16 million and 25 
million people by 2030, an increase of 46% (based on the medium scenario analyzed). 
Declining growth rates since the onset of recession in 2008 may represent slower than 
projected regional growth.
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Figure 16.4  Population growth in the western portion of the U.S.-Mexico border region 
(2000–2010). �Adapted from Good Neighbor Environmental Board 14th Report (GNEB 2011). Source: 
U.S. Census Bureau and Instituto Nacional de Estadistica y Geografia (INEGI).

Figure 16.3  Population density in U.S.-Mexico border region. �Population density shading refers 
to the areas on either side of the border, and not the borderline. Reproduced from EPA (2011).
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Ninety percent of the border population resides in cities and the remaining 10% live 
in smaller tribal and indigenous communities or in rural areas. Over 40% of the region’s 
population resides in California and Baja California, which are home to the major border 
cities of San Diego, Tijuana, and Mexicali (EPA 2011). Most population growth in the 
next few decades will occur in mid-size and large urban centers, intensifying border 
urbanization and metropolization (Lara et al. 2012). Especially on the Mexican side, the 
pace of urban growth will be highest in the large border cities and municipalities: the 
proportion of population living in urban Mexican centers with more than 500,000 people 
is predicted to rise to 58.1% in 2030, from about 44.6% in 2005 (CONAPO 2007). Already, 
cities like Ciudad Juárez, Chihuahua, and El Paso, Texas, are practically “fused” or con-
tinuous across the border and are merging with adjacent cities and towns forming trans-
border metropolitan corridors. 

This analysis indicates that in the future, exposure to climatic stress will not only 
increase with population growth, particularly in urban areas, but sensitivity may also 
increase through water-food-energy dependent growth trajectories that will be sensitive 
to climatic disturbance. Sustainable growth will be critical for adaptation.

Socioeconomic drivers

Multiple studies have identified the border as a region of high social vulnerability due to 
intersecting processes of rapid growth, domestic and international migration, economic 
intensification and globalization, and intensive climate change (Liverman and Merideth 
2002; Austin et al. 2004; Varady and Morehouse, 2004; Hurd et al. 2006; Ray et al. 2007; 
Collins 2010; Jepson 2012; Wilder et al. 2010; Wilder et al. 2012). Climate impacts are not 
uniformly distributed across populations and space but instead affect specific vulner-
able populations and places (Romero-Lankao et al. 2012). 

Ethnicity is a significant factor in sensitivity and exposure to climate-related risk 
(Verchick 2008; Morello-Frosch et al. 2009). Hispanics are the largest ethnic group in 
the border region and in 2008 were 42.2% of the population of the U.S. border coun-
ties in the study area; if San Diego with its large non-Hispanic population is excluded, 
then the U.S. border region is 55.7% Hispanic.ixx In California, for example, Latino and 
African-American communities were found to be more vulnerable to heat exposure and 
heat stress than the state population as a whole (Morello-Frosch et al. 2009). Research in 
the South and in the Southwest United States documents a higher climate vulnerability 
among Latino and African-American populations due to relatively low incomes, sub-
standard housing, structure of employment (e,g, outdoor laborers in landscaping and 
construction), lack of affordability of utility costs, and lack of transportation (Vásquez-
León, West, and Finan 2003; Verchick 2008; Morello-Frosch et al. 2009). Minority com-
munities have a greater exposure to the urban heat island effect and suffer more health 
problems due to poorer air quality and concentration of industrial uses in the areas 
where they live (Harlan et al. 2008; Ruddell et al. 2010).

The diverse cultural meanings and practices associated with resource allocation and 
management traditions (Sayre 2002; Sheridan 2010) are also likely to affect adaptation. 
For example, the water resources in the Rio Grande Valley, which bisects New Mexico, 
are challenged by multiple sector claims and increasing demand associated with popu-
lation growth. These water resources must also serve the traditions and economic needs 
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of Native American tribes and pueblos, and flow through traditional acequias—canals—
the lifeblood of four-hundred-year-old Hispanic communities (Hurd and Coonrod 2007; 
Perramond 2012). 

In general, climate change research has paid limited attention to socioeconomic vul-
nerability and adaptation in human communities. This analysis indicates that in the fu-
ture an increasingly diverse population will be exposed to climatic stress (e.g., floods, 
storms, hurricanes [in coastal areas], heat waves, and drought) with implications for 
the languages and technologies used to communicate about climate risks and hazards 
that affect the region (Vásquez-León, West, and Finan 2003; Morello-Frosch et al. 2009; 
Wilder et al. 2012). In addition, development initiatives (such as infrastructure, sewerage 
networks, and improved housing) to address uneven development are critical to future 
adaptation.

Urbanization, infrastructure, and economy

Regional impacts associated with the climate changes described in Table 16.1 increase 
the stresses on urban infrastructure (such as energy for cooling) and water (to meet both 
consumptive and nonconsumptive demands for energy generation), exacerbate air pol-
lution, create public health challenges associated with heat waves, and cause increased 
demand for urban green spaces. These concepts are explored further in Chapter 13.

Urban vulnerability is structured not only by demographic change, but rather occurs 
in multiple sectors, including the built environment and urban economy (Romero-Lankao 
and Qin 2011), especially with the increasing urbanization of poverty (Sánchez-Rodri-
guez 2008). Three processes of urban change at the city level have relevance for under-
standing and managing risks from climate variability and climate change generally and 
in the border region. First, cities have expanded into areas that are prone to droughts, 
heat waves, wildfires, and floods (Collins, Grineski, and Romo Aguilar 2009; Moser and 
Sattherwaite 2010; Seto, Sánchez-Rodriguez, and Fragkias 2010). Second, large sections 
of the urban population along the U.S.-Mexico border live in unplanned communities 
in “informal” housing, lacking the health and safety standards needed to respond to 
hazards, and with no insurance (Collins, Grineski, and Romo Aguilar 2009; Wilder et 
al. 2012). Third, characteristics of the built environment (such as the heat island effect, 
high levels of atmospheric pollutants, impervious surfaces, and inadequate drainage 
systems) can amplify the impacts of high temperatures, storms and other hazards asso-
ciated with climate change (Wilbanks et al. 2007; Romero-Lankao and Qin 2011). While 
the urban infrastructure of many urban areas on the U.S. side of the border needs major 
upgrades to prepare for likely climate change impacts (Field et al. 2007), many Mexican 
cities have the additional burden of overcoming development deficits. Among these def-
icits are inadequate all-weather roads, lack of paved roads, poor water treatment (lack of 
water treatment plants or treatment plants with insufficient capacity for drinking water 
and sewage); decaying water infrastructure, and institutional constraints such as lack 
of financing from taxes, uncoordinated planning, and competition among agencies for 
agendas and resources. 

Even at the neighborhood scale, certain characteristics of the built environment can 
amplify risks. For instance, studies showed variations in vegetation and land-use pat-
terns across Phoenix produce an uneven temperature distribution that was correlated 
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with neighborhood socioeconomic characteristics. In other words, affluent areas were 
less densely settled, had lower mean temperatures, and thus had lower vulnerability 
to heat stress, while low-income areas had more rental housing, greater prevalence of 
multi-generational families sharing a household, and a higher prevalence of non-Eng-
lish language speakers (Harlan et al. 2008). These findings point to the need for climate 
hazards and risks to be communicated to the public in a way that respects the diversity 
of media, technology, and languages in used in the region. In the long run, these prob-
lems could be reduced through improved urban development and investment in mar-
ginalized areas.

Infrastructure. Dense urban areas in the border region contain substantial popu-
lations who are vulnerable to natural disasters linked to climate change because they 
live in substandard housing in floodplains or on steep slopes or in housing located in 
areas on the urban periphery that are susceptible to wildfires (GNEB 2008). Tijuana and 
Nogales, two border cities experiencing rapid population growth, have received an in-
flux of immigrants seeking employment in the maquiladora industry. Many settle in 
informal (unplanned) colonias (border-region residential communities that are econom-
ically distressed and usually underserved by infrastructure) with unsuitable topogra-
phy, characterized by steep slopes and canyons. With few measures to control erosion, 
extreme rain events and the prevalent topography lead to runoff and floods during ex-
treme conditions (Cavazos and Rivas 2004; Lara and Díaz-Montemayor 2010).

Border cities are also underserved by water and wastewater infrastructure as well 
as other urban infrastructure such as paved streets and lighting (Lemos et al. 2002; Jep-
son 2012). In 2007, for example, the Border Environment Cooperation Commission es-
timated that there was nearly $1 billion in unmet investment in water and wastewater 
infrastructure in the border region (BECC 2007). An estimated 98,600 households in the 
United States and Mexico border region lacked safe drinking water, and an estimat-
ed 690,700 homes lacked adequate wastewater collection and treatment services (EPA 
2011). Thus, on both sides of the border, large numbers of residents do not have safe 
potable water piped into their homes and lack proper sewage collection and treatment 
services (GNEB 2008). 

Informal colonias from Tijuana to Nogales to Juárez often are off-the-grid for water, 
sanitation, and electricity and rely on purchased water from trucks at relatively higher 
cost than municipal tap water (Cavazos and Rivas 2004; Collins 2010; Wilder et al. 2012). 
Water-scarce states like Sonora have water rationing in major cities—including the capi-
tal, Hermosillo, and its largest border city, Nogales—based on a system known in Span-
ish as tandeo. Basic infrastructure is limited in the informal colonias, and construction on 
unsafe hillsides in floodplains leads to increased risk to human residents from severe 
flooding when it rains.  Flooding of unpaved roads may disrupt water-truck deliveries 
for households not on the municipal grid. 

Economy. The border is a region of dynamic growth in both industry and employ-
ment. The region is of critical value to the global economy and both countries’ national 
economies due to its production of agriculture and manufactured goods. Its economic 
significance therefore enhances its exposure to climatic stress. Its integration into the 
global economy means that climate stresses have potential impacts beyond local borders 
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because of the potential of disrupted trade. The economy of the border is highly inte-
grated through manufactured and agricultural trade, export-oriented production and 
labor, and markets that include cross-border manufacturing clusters in aerospace, elec-
tronics, medical devices, automotive products, and other sectors. 

Mexico’s maquiladora industry experienced declines due to the 2001−2002 reces-
sion and the period that followed. Maquiladoras are duty-free, foreign-owned assembly 
plants responsible for nearly half of Mexico’s exports in 2006 (GAO 2003; Robertson 
2009). At their peak in 2000, they employed over 1 million people, of which 78% (839,200) 
were from the five major border cities of Tijuana, Mexicali, and Juárez (and Matamoros 
and Reynosa in the eastern border region) (GAO 2003).xx After 2006, Mexico no longer 
tracked maquiladora exports separately from its other exports.xxi

Cities on the U.S. side of the border have benefited from the substantial flow of trade 
created by maquiladoras, with more than 500,000 jobs added to the U.S. border region 
between 1990 and 2006, in services, retail trade, finance, and transportation. While ma-
quiladoras drive higher employment in Mexican border cities, Cañas et al. (2011) found 
that Texas border cities experienced the highest maquiladora-related employment in-
creases, with El Paso providing the third-most maquiladora-related jobs of all border 
cities (after McAllen and Reynosa). By comparison, California and Arizona border cit-
ies experienced a smaller benefit. Asian production inputs have displaced U.S. suppli-
ers, whose share dropped from 90% in 2000 to 50% in 2006, notably affecting Tijuana 
maquiladoras and San Diego suppliers. Maquila employment declined as a result of 
the 2001−2002 recession and global low-wage competition from southeast Asia. By 2006, 
maquiladoras employed over 750,000 people in border cities (Cañas and Gilmer 2009). 
Other forms of integration are trade and capital flows.xxii 

This analysis indicates that urban areas in the border region are vulnerable based on 
exposure to climate stressors. Urban infrastructure is sensitive to flooding (and related 
erosion) and drought, and urban-based economic activities of both regional and global 
consequence may be sensitive to impacts caused by climate stressors (such as water scar-
city or water shortage). Urban areas could be set on a more sustainable development 
path through urban and economic development strategies such as extending water and 
sanitation networks and improving their efficiency; improving flood and erosion con-
trol; promoting water conservation at the household (e.g., rainwater harvesting) and 
municipal (e.g., expanded water treatment and reuse) levels; improving substandard or 
inappropriately-sited housing; and extending urban green spaces in low-income areas. 

Institutional and governance drivers

Institutional asymmetry and fragmentation—meaning differences in governance frame-
works and lack of cohesion and coordination among multiple government agencies and 
actors on the two sides of the border—create potential vulnerabilities in managing trans-
border environmental resources. Water management is used here as a lens into insti-
tutions and environmental governance in the region. Governance refers to “the set of 
regulatory processes, mechanisms, and organizations through which political actors in-
fluence environmental actions and outcomes” (Lemos and Agrawal 2006, 298). The term 
encompasses both government and non-government actors, including communities, 
businesses, and non-governmental organizations.  On the U.S. side of the border, water 
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governance is decentralized; on the Mexican side, despite decentralization initiatives 
codified into national and state laws since 1992, it remains highly centralized (Pineda 
Pablos 2006; Mumme 2008; Scott and Banister 2008; Wilder 2010; Varady, Salmón Cas-
tillo, and Eden forthcoming).  U.S. border cities and counties are embedded in systems 
of water rights and water administration dominated by the four border states—Texas, 
New Mexico, Arizona, and California—subject to applicable international treaties, inter-
state river compacts, an assortment of federal laws affecting water development, water 
quality, and ecological values, and contracts with federal agencies with water-related 
jurisdictions. Water providers range widely in size, from small local utilities up to giant 
municipal water providers like the Metropolitan Water District of Southern California 
and the San Diego Water Authority. Farther east, agencies include El Paso Water Utili-
ties and local municipal water authorities. In irrigation, management ranges from the 
sprawling Imperial and Coachella irrigation districts, which have Colorado River water 
entitlements that dwarf those of Nevada and Utah combined, to lesser ones like New 
Mexico’s Mimbres Valley Irrigation Company and Arizona’s Upper San Pedro Water 
District.  On the Mexican side of the border, states and municipios as well as irriga-
tion districts are governed by Mexico’s National Water Law through the National Water 
Commission (CONAGUA). The western Mexican border states (Baja California, Sonora, 
and Chihuahua) each have a state-level water agency that partners with CONAGUA 
and local water utilities (organismos operadores), while irrigation districts remain under 
the direct oversight of CONAGUA or, in the case of large irrigation districts, are admin-
istered by an irrigation district authority with CONAGUA oversight. At the internation-
al level, the allocation and management of riparian surface water is governed by several 
treaties and their amendments and extensions.xxiii  

The inherent differences between these decentralized and centralized systems of 
water governance complicate binational cooperation and water planning at the border.  
Political and administrative decisions on managing scarcities and climatic variation are 
often achieved more readily in Mexico than in the United States owing to centralized 
planning in that country.xxiv Institutional fragmentation and complexity mark water re-
source management on the U.S. side, in particular (Mumme 2000; Milman and Scott 
2010; Wilder et al. 2012). The treaties and international institutions for coordinating wa-
ter also have limitations for the management of climate variability. The International 
Boundary and Water Commission (IBWC) has a limited mandate for coordinating bina-
tional activities in times of prolonged drought and lacks basin-wide advisory bodies to 
assist it as it deals with national, state, and local authorities (Mumme 1986). The IBWC 
also lacks clear jurisdiction for managing groundwater extraction of groundwater in the 
border zone (Scott, Dall’erba, and Díaz-Caravantes 2010).

These recognized policy challenges provide a strong rationale for the development 
of binational watershed partnerships and less formal arrangements aimed at supporting 
the ecological health of watersheds and water conservation in the border region.  Part-
nerships like the Tijuana Watershed Task Force, the Upper San Pedro River Partnership, 
and the Santa Cruz River Aquifer Assessment all point in the direction of sustainable 
initiatives that need be supported and strengthened. Recent IBWC-based efforts have 
extended the treaty regimes on the Rio Grande and the Colorado River to better address 
conservation and long-term water supply planning. Programs include an innovative 
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Water Conservation Investment Fund established at the North American Development 
Bank (NADB) in 2003 and the 2010 establishment of the binational Consultative Coun-
cil for the Colorado River to consider shortage challenges of an international nature 
(Mumme et al. 2009).  These arrangements comprise adaptive strategies that help the 
border region address known shortcomings in current water governance and add to 
regional resilience (Wilder et al. 2010). 

Vulnerability may be reduced and regional resilience increased through flexible and 
dynamic governance institutions and increased trans-border collaboration at the fed-
eral, state, and local scales to share information and data, respond to changing needs 
and conditions, and resolve transboundary water and other environmental issues via 
consultative or collaborative processes (see Box 16.3). In addition, a better integration of 
scientific and technological progress (such as climate variability/climate change moni-
toring and forecasts or irrigation and water distribution techniques) into planning and 
operations would help agencies and other governance actors be more responsive to cli-
mate change.

As a signatory to the Kyoto Protocol, Mexico ini-
tiated greenhouse gas (GHG) inventories, began 
a voluntary reduction program, and developed 
GHG management plans as part of a broad na-
tional approach characterized by public-private 
partnerships.xxxvii Baja California was one of the 
first Mexican states to develop a GHG inven-
tory, in March 2010, through cooperation with 
the Center for Climate Strategies, U.S. Environ-
mental Protection Agency (EPA), and the Border 
Environment Cooperation Commission (Chacon 
Anaya et al. 2010). In the absence of national pro-
grams, California took the initiative with AB 32, 
the Global Warming Solutions Act of 2006, which 
called for reducing by 2020 California’s GHG 
emissions to levels of 1990. 

As the two states have moved forward with 
GHG inventories and the planning process for 
climate plans, California and Baja California of-
ficials have exchanged information and meth-
odologies. This was facilitated by the active 
involvement of EPA and the Border Environment 

Cooperation Commission, along with the Envi-
ronmental Roundtable of the Border Governors 
Conference. At a local level, the San Diego Asso-
ciation of Governments (SANDAG) has facilitat-
ed transborder information exchange on climate 
change issues and data with counterparts in 
Baja California. This was accomplished through 
binational information meetings, including “Bi-
national Seminar: Challenges and Opportunities 
for Crossborder Climate Change Collaboration” 
(2009) and “Binational Event: Crossborder Cli-
mate Change Strategies” (2010).xxxviii The SAN-
DAG efforts have successfully placed GHG and 
climate change as topics on the planning agenda 
for local and state authorities in the California-
Baja California border region. The Border 2020 
binational environmental program will reinforce 
these regional transboundary efforts by focusing 
on reducing GHG and on actions to help border 
communities become more resilient to the effects 
of climate change. xxxix

Box 16.3

Case Study 3: Reducing Cross-Border Emissions: California-Baja California 
Cooperation on Greenhouse Gas Emission
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Drivers of biophysical changes and their impacts 

The border region is particularly rich in species and ecosystem diversity. The Good 
Neighbor Environmental Board (GNEB 2006) reports that the fragile ecosystems of the 
border region are under threat from drought, invasive species, and urban sprawl. Socio-
economic factors are related to biodiversity loss, in that population growth may drive 
higher resource use, leading to higher vulnerability to climate change. Biodiversity loss 
has many potential negative impacts, such as encouraging the encroachment of invasive 
species, decreasing water-retention capacities, and resulting in fewer locations that can 
be used as recreational areas or that can sequester carbon dioxide. (See Chapter 8 for 
more discussion of the benefits of ecosystem processes and biodiversity.)

The ecological features of the border region vary widely. About a dozen transbound-
ary rivers provide water to cities, tribes, and farms in the two countries, including two 
major rivers, the Colorado River and the Rio Grande, and many smaller sources—such 
as the Tijuana and New rivers in California and Baja California, the Santa Cruz and San 
Pedro rivers in southern Arizona and northern Sonora, the Hueco Bolsón and the Me-
silla-Conejo-Medanos in the Paso del Norte region, and the Mimbres-Los Muertos aqui-
fer and drainage system in New Mexico. Major desert ecosystems include the Mojave 
(Imperial Valley, California), Sonoran (southern Arizona and Sonora), and Chihuahuan 
(eastern Arizona and western New Mexico) Deserts (GNEB 2006; EPA 2011). Features in-
clude fertile desert estuaries on the Baja California and Sonora coasts; chaparral-covered 
coastal plains and oak savannahs in California; deserts of cactus, creosote, mesquite, 
palo verde, and sagebrush across parts of Arizona and New Mexico, mixed with pine 
and oak forests in higher mountain elevations; and hilly areas of grasses and mesquite 
moving eastward into Texas. Coastal zones at the eastern and western ends of the border 
contain important marine and freshwater habitat (Liverman et al. 1999; Varady et al. 
2001; GNEB 2006). As an example, Figure 16.5 indicates the vast ecological resources in 
protected designations within the Arizona-Sonora portion of the border region.

Within the entire U.S.-Mexico border region (including the eastern portion of the re-
gion outside the scope of this chapter), there are over 6,500 animal and plant species 
(EPA 2011).xxv On the Mexican side, 235 species found in the border region are classified 
in a risk category. Of these, 85 are considered endangered under Mexico law. In the 
United States, 148 species found in border counties are listed as endangered under the 
U.S. Endangered Species Act (EPA 2011, 15). 

The border fence erected and extended by the United States Department of Homeland 
Security to prevent undocumented immigration has had extremely negative effects on 
wildlife, including endangered species, whose habitats and ranges lie in the transbound-
ary region (López-Hoffman, Varady, and Balvanera 2009; Segee and Córdova 2009; Si-
erra Club 2010).xxvi The fence deters virtually all wildlife crossings, cutting animals and 
reptiles off from sources of water, food, and access to habitat and to potential mates.

Wetlands are a critical source of biodiversity and losses of wetlands may be irrevers-
ible, limiting or prohibiting future efforts at restoration (Beibighauser 2007). At-risk es-
tuaries include the Tijuana River and the Rio Grande, including the adjacent Laguna 
Madre coastal lagoon (Liverman et al. 1999). The Rio Grande is also home to endangered 
silvery minnows in the last remnant of their historical habitat and to flocks of migrat-
ing cranes and geese who gather in vast numbers to rest and refuge in riparian bosques 
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(woodlands) (Hurd and Coonrod 2008). Native fish, neotropical songbirds, and migra-
tory waterfowl, including threatened and endangered species, have all declined precipi-
tously in recent decades (Lacewell et al. 2010). 

The Colorado River delta is a significant border ecosystem that is most at risk from 
increasing regional water stress. Lacking a dedicated source of water to maintain ecolog-
ical flows, several wetlands of high resource value are threatened, including the Ciénega 
de Santa Clara (see case study below) (Glenn et al. 1992; Glenn et al. 1996; Liverman et 
al. 1999; Pitt and Luecke 2000; Varady et al. 2001; Zamora-Arroyo and Flessa 2009). Two 
principal vulnerabilities associated with the Lower Colorado River and delta are (1) the 
lack of dedicated ecological flows to sustain critical wetlands and bird habitat in the 
delta; and (2) the over-allocation of Colorado River water and over-reliance of the seven 
U.S. basin states and Sonora and Baja California on its water as a principal source of sup-
ply.xxvii This latter issue is addressed in the water sector analysis below; the discussion 
here is on the Colorado River delta ecosystem. 

Likely effects of the climate changes described in Table 16.1 are primarily associated 
with increasing temperatures, declining precipitation and streamflows, and increasing 
extreme events (i.e., droughts). Expected effects include: constraints on available water 
supply to major cities reliant on Colorado River water (MacDonald 2010; Woodhouse 

Figure 16.5  Protected areas in western portion of U.S.-Mexico border region. �Source: Laird-
Benner and Ingram (2011) reprinted with permission from Taylor & Francis.



Climate Change and U.S.-Mexico Border Communities               363

et al. 2010); increased urban-agriculture competition over water; constraints on meeting 
increasing regional water-energy demand; and threats to ecosystems of high resource 
value, including endangered species habitat (Pitt and Luecke 2000; Zamora-Arroyo and 
Flessa 2009). 

The Colorado River delta has been called “one of the most important estuaries in 
the world” (Zamora-Arroyo and Flessa 2009, 23) and is the largest remaining wetland 
system in southwestern North America. Although it originally comprised 2 million acres 
(800,000 hectares) of wetlands habitat, it has shrunk to only 10% of its original size since 
99% of the water has been diverted (Zamora-Arroyo and Flessa 2009). These wetland 
areas are critical stopovers on the Pacific migratory flyway and significant breeding 
and wintering habitat for 371 bird species (400,000 migratory waterbirds), including en-
dangered species such as the Yuma Clapper Rail (listed in both the United States and 
Mexico). Both the Andrade Mesa and Ciénega de Santa Clara wetlands in the delta are 
experiencing water scarcity due to increased demand and changes in water manage-
ment. The wetlands rely on system inefficiencies (water not used by agriculture or cities), 
amounting to less than 1% of its original sources (Pitt and Luecke 2000; Zamora-Arroyo 
and Flessa 2009). These “accidental” sources are now threatened as water managers in-
crease efficiency; for example, the 2008 concrete-lining of the All-American Canal may 
cut off seepage that has been important in sustaining the Andrade Mesa wetlands.xxviii 

A Colorado River Joint Cooperative Research Process involving key binational gov-
ernment agencies, non-governmental organizations, and water users has a goal of find-
ing dedicated sources to meet minimum flows required to sustain these critical wetlands 
(Zamora-Arroyo and Flessa 2009) (see also Box 16.2). The best options to ensure the 
survival of the delta are agricultural return flows, municipal effluent, and acquisition of 
new water rights (Zamora-Arroyo and Flessa 2009).

Biodiverse and environmentally significant border ecosystems are exposed to urban 
encroachment, increasing scarcity of water, and habitat threats, as well as habitat frag-
mentation and land-use change caused by the U.S. border fence. Endangered species 
habitat and wetlands systems are sensitive to the increasing scarcity of water to sustain 
critical habitats. Institutional trans-border collaborations in critical wetlands areas such 
as the Ciénega de Santa Clara and the Tijuana Estuary (see Box 16.4) are developing 
adaptive strategies that may add to the sustainability of these areas and will help con-
front the impacts of future climate change.  

16.5  Sectoral Analysis of Border Vulnerability 

Water supply and sectoral vulnerability

Climate change in the Southwest will place additional burdens on an already-stressed 
water system (see Chapter 10). As a general rule across North America, the shift will be 
from wet to wetter, in wetter areas, and from dry to drier, in arid regions like the border 
(see Chapter 6). Severely over-drafted aquifers and those aquifers affected by saltwater 
intrusion are already a challenge for the region (see, for example, Figures 16.6 and 16.7 
for northern Mexico). Regional impacts associated with these changes are anticipated 
to include: a decreased water supply in storage reservoirs for urban use and irrigation, 
especially in the Colorado system; higher summer temperatures leading to stresses on 
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energy provision during peak demand; extended and more severe drought periods; and 
higher evapotranspiration rates (Table 16.1). As Udall (2011, 12) notes, “The past century 
is no longer a guide to water management” (see also Planning Techniques and Stationar-
ity section, Chapter 10).  The principal watersheds in the region are of particular signifi-
cance to the sustainability of ecosystems and human activities.

The two major transboundary rivers in the border region—the Colorado River and 
the Rio Grande—are systems where conflicts over water are prevalent (see Chapter 10, 
Box 10.1). Both the United States and Mexico have aging water infrastructures with a 
voluminous backlog of needs that are very expensive to fix. As described throughout 
the present work, water is connected to many other sectors, including energy, transpor-
tation, human health, ecosystems, and agriculture. Higher projected temperatures will 
affect water quality; surface water temperatures are expected to increase, in turn im-
pacting the organisms and species (including humans) that depend on these resources, 

The Tijuana River Estuary is the largest and one 
of the last remaining large tidal wetlands on the 
Pacific Coast (Roullard 2005, plates 31-36; Ganster 
2010). The 2,500-acre (1,012-hectare) Tijuana River 
National Estuarine Research Reserve (TRNERR) 
is situated on the international boundary at the 
endpoint of the 1,750-square-mile (4,532 square 
kilometer) binational Tijuana River Watershed. 
One-third of the watershed is in the United States 
and the remaining area in Mexico, and includes 
much of the rapidly urbanizing areas of Tijuana 
and Tecate. The estuary’s diverse contiguous 
beach, dune, salt marsh, riparian, and upland 
habitats are home to many rare and endangered 
species of plants and animals. The estuary is vul-
nerable to human impacts and the effects of cli-
mate change that include sea-level rise, altered 
precipitation patterns and sedimentation rates, 
and invasion of exotic species. The likely effects 
of climate change also pose significant challenges 
to the viability of past habitat restoration efforts 
in the estuary (see, for example, Zedler 2001).

In order to make this system more resilient 
to both watershed and coastal stressors, the Ti-
juana River Valley Recovery Team was convened 

in 2008.xl This effort brings together over thirty 
regulatory, funding, and administrative agen-
cies with the scientific community, environmen-
tal groups, and other stakeholders. The Recovery 
Team has produced a “roadmap” that addresses 
broad ecosystem goals and identifies actions that 
can facilitate adaptation to climate change, such 
as controlling cross-border flows of sediment 
and trash, improving hydrology, changing land 
use, and restoring habitat (Tijuana River Valley 
Recovery Team 2012). The plan identifies broad 
zones of the Tijuana River estuary area that will 
serve different functions. These include (1) tran-
sitional areas designed to accommodate habitat 
shifts associated with rising sea level, (2) private 
lands that should be acquired and restored to 
habitats that can dynamically respond to chang-
ing conditions, and (3) lands that will remain in 
agricultural or recreational use and are protected 
inundation. The roadmap also specifically calls 
for the impacts of climate change to be assessed 
at more precise spatial scales and shorter time 
scales so that management practices can effective-
ly respond to evolving climate conditions.

Box 16.4

Case Study 4: Collaboration to Protect the Tijuana Estuary
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while groundwater quality in coastal aquifers may be affected by sea-level rise that leads 
to saltwater intrusion (see Chapter 9, Section 9). Chronic salt accumulation in soils as-
sociated with hot and arid climates can produce agricultural losses and places addi-
tional restrictions on regional agricultural water management.ixxx Scientific research on 
groundwater is lacking in comparison to knowledge on surface water resources, and the 
lack is particularly pronounced on the Mexican side (Moreno 2006; Scott, Dall’erba, and 
Díaz-Caravantes 2010; Granados-Olivas et al. 2012). Also, the effects of climate variabil-
ity and change on water quality are virtually unexplored territory.

There are almost no natural impoundments of any substantial size in the border re-
gion. However, there are a number of man-made reservoirs, most of which are fed by 
the Colorado River or Rio Grande (examples are the Imperial and Morelos Dams on the 
Colorado River and the Leasburg and American Dams in the border region on the Rio 
Grande), and so are replenished by water derived primarily from winter snowpack in 
distant mountains. Upper Rio Grande flows in particular rely primarily on snowpack 
(Lacewell et al. 2010). Smaller border-crossing rivers like the Santa Cruz and the San 
Pedro get their most substantial flows from summer precipitation, and somewhat less 
from winter storms and local snowpack in high elevation “sky island” mountain rang-
es. The New River in the Mexicali-Imperial Valley region receives its flow from treated 
wastewater and agricultural drains. Numerous small reservoirs in the border region 
capture rainfall and many also store imported water from the major river systems. Of 
San Diego’s twenty-five reservoirs, many import water from the Colorado River and 
from the California Water Project in Northern California. Coastal Baja California has 

Figure 16.6 O ver-drafted aquifers in Mexico. �Note the concentration of these in northeast Baja 
California, along the coast of Sonora, and in the Rio Grande/Río Bravo watershed. Source: CONAGUA 
(2011, chap. 2, 34).



366	 assessment of climate change in the southwest united states

two reservoirs that capture runoff and store water pumped over the mountains from the 
Colorado River to serve Tijuana, Playas de Rosarito, and Tecate.

Agriculture uses the largest share of water (about 80% of total supply) (McDonald 
2010; CONAGUA 2011). The next largest use is municipal/urban, followed by industrial 
and thermoelectric. Figure 16.8 shows water use in the border states in Mexico.

The eight-year period from 2000 to 2007 was “a period of unprecedented dryness 
in the Colorado River basin when compared to the roughly 100-year historical record” 
(CDWR 2009, 21). Modeling by the U.S. Bureau of Reclamation shows that shortages 
due to drought become “increasingly likely” (CDWR 2009, 21) in the future as water 
demands increase. Cayan and others (2010, 21271) call the recent drought the “most 
extreme in over a century.” The Colorado system of reservoirs is one of the region’s 
“most important buffers against drought” (MacDonald 2010, 21259). During the early 
twenty-first century drought, storage levels have “declined precipitously” and could 
potentially fall below operable levels (MacDonald 2010, 21259). Impacts of the recent 
drought include: emergency restrictions on outdoor water use (for Tucson and San Di-
ego); reductions in urban water service delivery (e.g., Metropolitan Water District of 
Southern California in 2009); agricultural revenue losses (documented at $308 million 
in California statewide); impacts to hydro-generated electricity; and forest loss due to 
wildfires and spread of bark beetle destruction (MacDonald 2010; see also Chapter 8).

Figure 16.7  Areas in the border region of Mexico affected by saltwater intrusion or saline 
soil. �Note the concentration of these problems in the irrigation districts of northeastern Baja California 
and along the coast of Sonora, as well as in the Juarez Valley. Source: CONAGUA (2011, chap. 2, 35).
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Rio Grande watershed. The Rio Grande has its headwaters in the San Juan Moun-
tains of southern Colorado, flows through New Mexico, forms the international bound-
ary between the United States and Mexico (Figure 16.9), and terminates in the Gulf of 
Mexico. Its watershed is divided roughly equally between the United States and Mexico. 
The Upper Rio Grande is defined as the headwaters area in Colorado downstream to 
Fort Quitman, Texas (about 60 miles downstream from El Paso). The Lower Rio Grande, 
from Fort Quitman to the Gulf, takes in the river’s largest tributaries, including the Pecos 
River and Devil’s River in Texas and the Río Conchos, Río Salado, and Río San Juan in 
Mexico (CDWR 2009). The Upper Rio Grande system has two large storage reservoirs, 
Elephant Butte and Caballo Reservoirs, as well as smaller dams.xxx Overall, about half of 
the basin’s 19 million acre-feet (MAF) of storage is in Mexico and the other half in the 
United States (CDWR 2009). A 1938 interstate compact divides the waters of the Upper 
Rio Grande among Colorado, New Mexico, and Texas. Two treaties between the United 
States and Mexico govern allocation of water from the river’s international reach. Above 
Fort Quitman, the United States is required annually to deliver 60,000 acre-feet of Rio 
Grande water at Ciudad Juárez, in accordance with the Convention of 1906. 

Significant shared groundwater resources that are critical supply sources for cities in 
this area include the Hueco Bolson and Mesilla Bolson aquifers in the El Paso–Ciudad 
Juárez region which are shared among New Mexico, Texas, and Mexico.  Overdraft and 
salinity challenges are major issues for both sides of the border in this region (see Fig-
ures 16.6 and 16.7). Groundwater levels and quality have declined precipitously in the 
most important aquifer, the Hueco Bolson, since 1940 (Granados-Olivas et al. 2012). The 
water supply for the Upper Rio Grande Basin is fully allocated. Its system of engineered 
storage and delivery requires precipitation “at the right time, right place, over time, and 
with adequate quantity” in order to function properly (Lacewell et al. 2010, 105). Chang-
es in the timing and amount of rainfall accompanied by an increase in temperature puts 
the system in a vulnerable situation (Lacewell et al. 2010).

Figure 16.8  Water use in Mexico’s 
border region (includes Region 1, 
Peninsula Baja California; Region II, 
Northwest; and Region VI, Rio Bravo). 
�Adapted from CONAGUA (2011, annexes, 
128-129, 133).
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The Rio Grande and its associated aquifers are the principal and often only water 
source for cities and farms from southern Colorado through New Mexico and into far 
west Texas (Hurd and Coonrod 2007). The vulnerability that these water users face in 
light of potential climatic and hydrologic changes is indicated not only by their depen-
dence on a sole source of supply but by the oversubscribed claims to and exhaustive 
use of this source (Hurd et al. 2006; Hurd and Coonrod 2007). Using a hydro-economic 
model developed for the Upper Rio Grande, Hurd and Coonrod (2007, 2008) identified 
the following significant vulnerabilities for New Mexico based on a “middle severity” 
future climate change scenario:

•	 A reduction in long-run average water supply leading to a 2% reduction by 2030 
and 18% by 2080, with the reduction affecting agriculture in 2030 and both agri-
culture and urban areas in 2080; 

•	 Increases in water prices, as demand exceeds supply due to population growth 
and projected climate change; 

•	 A concomitant shift in consumptive use by urban areas at the expense of 
agriculture; 

Figure 16.9  Rio Grande Basin. 
�Source: Lacewell et al. (2010).
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•	 Secondary economic effects resulting from reduced consumptive use by agricul-
ture, including significant economic losses from reservoir recreation and from 
job losses in the agriculture sector. For example, the 2030 middle scenario esti-
mates a total economic loss of $8.4 million associated with a 3.5% reduction in 
agricultural water use, mostly in direct losses to agriculture ($7.1 million). By 
2080, total economic losses associated with a 22.5% reduction in water use re-
sults in a loss of $61.7 million (based on year 2000 dollars). 

•	 Worrisome impacts on natural ecosystems, in particular on the endangered sil-
very minnow habitat that lacks dedicated sources with the minimal flows need-
ed to sustain it; 

•	 Increased flooding (this is anticipated but not accounted for by the authors);
•	 Negative impacts on water quality; 
•	 Negative impacts on native Hispanic communities who are likely to be among 

the first farmers to experience pressure to transfer water from their acequia sys-
tems to cities (see also Perramond 2012).

In the Paso del Norte binational area, key water resource vulnerabilities include: 

•	 The lack of trans-border “data fusion” among governmental agencies; 
•	 Higher evapotranspiration rates associated with increasing irrigation needs un-

der projected climate changes; 
•	 Increasing salinity of groundwater used for agriculture and drinking water 

(Hurd et al. 2006).

This analysis of water sector vulnerability indicates increasing risk exposure for 
agriculture, local economies, and ecosystems resulting in potentially serious impacts, 
including reduced natural water supplies; increased urban-agriculture competition; 
potentially negative impacts for off-the-grid users, including informal colonias and 
high-value riparian areas that lack a dedicated source of water. The water-energy in-
frastructure, especially during summer peak demand and during extended drought 
periods, will be sensitive to climate change. Traditional farming and ranching cultures 
may be increasingly exposed to climate-change impacts, resulting in reductions in their 
production. Finally, fundamental ecosystem changes may ensue, including reductions 
in soil moisture and increased pest infestations and disease.

Agriculture and ranching 

Agriculture and ranching account for a small share of the border region’s gross domes-
tic product (GDP). Yet farmers and ranchers are the primary managers of most of the 
region’s water and land resources. In the border region, agriculture accounts for ap-
proximately 80% of water consumption. About 74% of Arizona’s land and 85% of New 
Mexico’s land is used for farming and ranching (USDA n.d.). Agriculture and ranching 
in the border region will increasingly have to compete with cities for water. Agriculture 
and ranching also play an important cultural and political role in the regional identity 
and traditions, and agricultural ecosystems are significant. Thus climate change-related 
impacts on the Southwest landscape will most likely have significant impacts on the 
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Southwest’s agricultural sectors. Changes in water availability, vegetation cover, carbon 
dioxide levels, and frequency of extreme events like floods and drought will impact crop 
and forage production, increasing costs for both producers and consumers.

The border region contains three major irrigated agriculture areas: Imperial Valley-
Coachella (California), Yuma–San Luis Río Colorado–Mexicali (Arizona–Sonora–Baja 
California), and the Rio Grande Valley (New Mexico/Texas/Chihuahua). Agriculture 
consumes about 86% of total water resources in the Mexicali Valley (CONAGUA 2008). 
The Irrigation District 014, Colorado River, encompasses the Mexicali and San Luis Río 
Colorado valleys and provides water to about 2,500 agricultural operations over an ir-
rigated area of 204,000 hectares (about 455,000 acres). This is one of the most productive 
agriculture districts in northern Mexico, sustained mainly by water from the Colorado 
River.xxxi Wheat, cotton, and alfalfa are the most important among fifty registered crops. 
An important secondary water source is a transboundary aquifer (which is recharged by 
the Colorado River) shared by the United States and Mexico.

Climate change impacts on regional agriculture and livestock in the Mexicali Valley 
are directly linked to production and productivity reductions. According to the Pro-
grama Estatal de Acción ante el Cambio Climático—Baja California (PEAC-BC)xxxii, dur-
ing the last three decades, changes in local and regional climate conditions have been 
and will be impacting agriculture. Preliminary PEAC-BC findings indicate that chang-
ing climate conditions will: drastically reduce the quantity and quality of available wa-
ter; change the distribution and population dynamics of pest infestations and predator 
species; and cause changes in crop pollinators. A preliminary review suggests that major 
spring-summer season crops like cotton may be impacted by the more intensive and in-
creased July−August rainfall period by staining the cotton fiber and reducing the quality 
for international market grades. Fall-winter crops such as wheat may be negatively af-
fected in both yields and quality of grain protein produced because warming will reduce 
winter chill hours required for optimal results. The expected higher evaporative-transpi-
ration rates will require increased application of irrigation water per acre, resulting in 
reduced production. Acreage devoted to alfalfa may decline. This, in turn, will affect the 
regional livestock sector, which will need to obtain more expensive alfalfa from distant 
suppliers (Cortez-Lara 2011).

In Arizona, agricultural use of irrigated water accounts for about 70% of water use 
and about 80% of the state’s Colorado River allocations. Groundwater aquifers sup-
ply roughly half of total agricultural supply in Arizona, and the Colorado River and its 
tributaries supply the other half (Owen 2008). Agriculture in New Mexico uses almost 
78% of the state’s water supply (Owen 2008). Farm size and type of farm may be impor-
tant indicators of the relative vulnerability of agricultural operations to climate or other 
stresses and factors (Hoppe, Banker, and MacDonald 2010).

In New Mexico, agriculture comprises a $1.7 billion annual industry, around three-
quarters of it from livestock. Major crops include forage crops, onion, pecans, and wheat. 
In Arizona, agriculture is approximately a $2.4 billion annual industry, with over one-
third in livestock (Owen 2008). Major crops include forage crops, cotton, lettuce, and 
wheat. Farmers may opt to alter their crop mix or invest in more water efficient systems 
as an adaptation strategy.

Cattle ranching in the Southwest relies on rainfed pastures and browse, which are 
sensitive to precipitation decreases as well as seasonality of precipitationxxxiii. Thus, 
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drought is the most significant concern in some areas (Coles and Scott 2009). The yields 
of cattle (both in numbers of head and weight) will be reduced with declines in average 
precipitation (Owen 2008). Higher temperatures suppress cattle appetite, but warmer 
temperatures bode well for winter survival rates (Owen 2008). Small ranching opera-
tions are most vulnerable to drought, especially when combined with volatile cattle pric-
es and pressure from urban land markets to subdivide the land (Eakin and Conley 2002). 

Farmers with access to groundwater-supplied irrigation prefer dryness so they can 
control levels of water applied to crops (Vásquez-León, West, and Finan 2003; Coles and 
Scott 2009). The high cost of electricity for groundwater pumping is a major factor for 
irrigators (Wilder and Whiteford 2006; Coles and Scott 2009) because both energy and 
water needs increase with temperature (Garfin, Crimmins, and Jacobs 2007; Scott and 
Pasqualetti 2010). However, a study in southeast Arizona found that farmers and ranch-
ers made limited use of climate information, preferring to continue customary practices 
and lacking confidence in linking their livelihoods to seasonal climate forecasts (Coles 
and Scott 2009). This study, like that of Eakin and Conley (2002), found small operations 
had less adaptive capacity than larger ones, indicating that scale of operation is a key 
factor shaping how vulnerability is experienced in the agricultural sector.

On the eastern edge of the area considered in this chapter, Rio Grande waters are im-
pounded in Elephant Butte and Caballo Reservoirs for irrigation of 135,000 acres of land 
along approximately 200 miles of valley, including land in El Paso County, Texas. Crops 
include cotton, pecans, dairy, vegetables, and grapes in southern New Mexico and El 
Paso (Lacewell et al. 2010). Cattle and livestock are also a significant part of the economy. 

This analysis indicates that farming and ranching in the border region are exposed to 
risks from climate change, and are especially sensitive to changes in seasonality and tim-
ing of these changes. Adaptation has a vital role in promoting sustainability of these live-
lihoods and traditional ways of life. Increasing the adaptive capacity of the agriculture 
and ranching sector to reduce livelihood risks will enhance the sustainability of these 
sectors. The current and future challenges in this field in relation to water availability 
must be addressed though a perspective that includes the conjunctive use of surface and 
groundwater (i.e., coordinated management of these resources to improve efficiency), 
technological improvement in irrigation, and sustainable crops. Additional discussion 
on potential impacts from climate change and climate variability on the agricultural sec-
tor can be found in Chapter 11.

Wildfire

Wildfires pose a considerable risk to border communities and to communities through-
out the Southwest alike. Wildfires in the contiguous Western states in the United States 
increased by more than 300% from the 1970s to 2005 (Corringham, Westerling, and 
Morehouse 2008) and are extremely costly in terms of human life, loss of structures, for-
est mortality, habitat destruction, and direct fire suppression costs.xxxiv The years 2006 
and 2008 were the worst on record for wildfire activity in the United States (Grissino-
Mayer 2010). In California, the two largest wildfires on record and eleven of the twenty 
largest recorded fires occurred in the past decade (MacDonald 2010). The fire season of 
2011 was “record-setting” in Arizona and New Mexico, and the southern border region 
(southeastern New Mexico and southeastern Arizona) was hardest-hit in each state.xxxv
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Climatic factors including higher average temperatures since the 1970s and exten-
sive droughts have contributed to conditions for increased wildfire, as have land-use 
changes and fire-suppression strategies (Williams et al. 2010). The seasonality of tem-
perature and precipitation changes is especially critical; higher temperatures, earlier 
spring warming, and decreased surface water contribute to an increase in wildfires 
(MacDonald 2010). Drought-related bark beetle damage has had devastating effects on 
Southwest forests. Overall, Williams and colleagues (2010) estimate that approximately 
2.7% of Southwestern forest and woodland area experienced substantial mortality due 
to wildfires from 1984 to 2006, and approximately 7.6% experienced mortality due to 
bark beetles or wildfire during this period. 

Wildfire and land-use management play a large role in controlling the outbreak of 
wildfires, and climate information should be an important aspect of the planning process. 
Expected climatic changes will alter future forest productivity, disturbance regimes, and 
species ranges throughout the Southwest (Williams et al. 2010).  Peak fire-suppression 
periods vary from region to region, with important implications for decision making 
around wildfire (Corringham, Westerling, and Morehouse 2008; Westerling et al. 2011). 

While fire managers in the Southwest United States are integrating short-term weath-
er and climate information into their planning, long-term forecasts are less utilized due 
to a perceived lack of reliability (Corringham, Westerling, and Morehouse 2008). Trans-
border emergency response to wildfires is another critical element of effective manage-
ment. Events such as wildfires “do not respect administrative boundaries” (GNEB 2008, 
2). Trans-border communication-sharing and response systems (as appropriate) can add 
to regional resilience and improve forest sustainability.
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Endnotes

i	 The Paso del Norte area includes the Ciudad Juárez municipality in Chihuahua, El Paso County 
in Texas, and Doña Ana County in New Mexico.

ii	 Among the paired cities in the western portion of the border region are: San Diego, California-
Tijuana, Baja California Norte; Calexico, California-Mexicali, Baja California Norte; Yuma, Ari-
zona-San Luis Río Colorado, Sonora; Nogales, Arizona-Nogales, Sonora; Naco, Arizona-Naco, 
Sonora; Douglas, Arizona-Agua Prieta, Sonora; Columbus, Texas-Las Palomas, Chihuahua; El 
Paso, Texas-Ciudad Juárez, Chihuahua.

iii	 For further discussion of interannual and multidecadal precipitation variability on the U.S. side 
of the border, see Chapter 4; for Mexico, see Diaz-Castro et al. 2002; Higgins and Shi 2001; Hig-
gins, Chen, and Douglas 1999; Méndez and Magaña 2010; and Seager et al. 2009.

iv	 For further discussion of ENSO (El Niño-Southern Oscillation), droughts, floods and hydrologi-
cal planning on the U.S. side of the border, see Chapters 4 and 5 and Garfin, Crimmins, and Ja-
cobs 2007; for Mexico, see Magaña and Conde 2000; Brito-Castillo et al. 2002; Brito-Castillo et al. 
2003; Pavia, Graef, and Reyes 2006; Gochis, Brito-Castillo, and Shuttleworth 2007; Ray et al. 2007; 
Seager et al. 2009; Stahle et al. 2009; and Méndez and Magaña 2010.

v	 These studies include Hurd and Coonrod 2007; Dominguez, Cañon, and Valdes 2010; Montero 
Martinez et al. 2010; Gutzler and Robbins 2011; Kunkel 2011; Reclamation 2011; Magaña, Zer-
meño, and Neri 2012; Scott et al. 2012; and Chapter 6 of this report.

vi	 For a discussion of downscaling methods, see Chapter 6, Section 6 of this document.
vii	 One notable aspect of mean temperature projections for the border region and for western North 

America more generally is that temperatures are projected to increase over the course of the 
century, regardless of the emissions scenario.

viii	 Consistent with these estimates are statistically downscaled projections of increased maximum 
and minimum temperatures in summer and winter, with the highest minimum temperature 
increases in the western Sonoran Desert and the highest maximum temperature increases in 
the northern Chihuahuan Desert. One set of statistically downscaled estimates of temperature 
changes for the north of the border region (high- and low-emission scenario models) are summa-
rized in Table 16.2 and another set of statistically downscaled estimates for Mexican border states 
in the region (SRES A2) in are summarized in Table 16.3.

ix	 Garcia-Cueto, Tejeda-Martinez, and Jáuregui-Ostos (2010) note that, in the historic record for the 
border city of Mexicali, Baja California Norte, the duration and intensity of heat waves have 
increased for all summer months, there are 2.3 times more heat waves now than in the decade of 
the 1970s, and that the high-emissions SRES A2 projections show that for the 2020s, 2050s, and 
2080s, heat waves could increase (relative to 1961–1990), by 2.1, 3.6, and 5.1 times, respectively.

x	 A special consideration for the western part of the border region in the wintertime could be that 
the circulation may change so that there will be fewer cyclones and more anticyclones (Favre 
and Gershunov 2009) resulting in (a) less frequent precipitation (this is well corroborated by 
several studies and in many models) and also in (b) more frequent cold spells. The second result 
is less certain, studied only in one model—CNRM-CM3 by Favre and Gershunov (2009), in which 
Mexican data were explicitly considered. Some recent results from Pierce et al. (2012), based on 
several models, suggest that the magnitude of cold outbreaks in January (see Pierce et al. 2012, 
Figure 6) will not likely diminish in California. This signal should probably extend south of the 
border some into Baja California (see Chapter 7). 
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xi	 Although across the border region winter precipitation is perhaps less substantial than summer 
precipitation, it is during this season that major dams store water that is used in the onset of 
the agricultural activities in the spring and summer months. Baja California, with its winter-
dominated Mediterranean annual cycle of precipitation, is projected to have the highest percent 
of precipitation decreases among the Mexican states in the U.S.-Mexico border region (Montero 
Martinez et al. 2010).

xii	 The projections of Seager and colleagues (2007) are based on GCM analyses of precipitation mi-
nus evaporation, from an ensemble of GCMs used in the IPCC Fourth Assessment Report. They 
note that projected changes in atmospheric circulation, which promote atmospheric stability and 
poleward expansion of the Hadley Cell, are factors that contribute to projected temperature-driv-
en increases in evaporation and greater aridity.

xiii	 Magaña, Zermeño, and Neri (2012), using statistically downscaled data from an ensemble of 
GCMs that use the high-emissions scenario, show large decreases in 24-month Standardized Pre-
cipitation Index (a measure of drought) and soil moisture during the second half of the twenty-
first century in northwestern Mexico. Similarly, Gutzler and Robbins (2011), using statistically 
downscaled data from an ensemble of GCMs (SRES A1b) show large increases in the Palmer 
Drought Severity Index in the northern part of the border region; they note that “the projected 
trend toward warmer temperatures inhibits recovery from droughts caused by decade-scale pre-
cipitation deficits.” 

xiv	 Seager et al. (2009) note that this strong natural variability may obscure the development of in-
creasing aridity that is occurring as the result of increasing temperatures and evaporation.

xv	 See the Executive Summary above for confidence statements pertaining to this summary.
xvi	 When effective, collaborative networks may become “communities of practice” that pursue new 

“adaptive pathways”—intentionally adaptive operations or strategies responsive to climatic 
change—in their respective institutions (Wilder et al. 2010). For a general discussion of the inte-
gral role of collaboration (e.g., trust, social learning, iterative interactions, common definitions of 
challenges)—not related to the border region, see Cash et al. 2003 and Pelling et al. 2008. Relating 
these aspects of collaboration to scientist-decision maker networks with the goal of co-production 
of science and policy, see Lemos and Morehouse 2005.

xvii	 For a concise history of the border region, see Ganster and Lorey 2008.
xviii	 The Wall Street Journal Online reported that 37% of net new jobs created in the U.S. since the eco-

nomic recovery began were created in Texas (http://online.wsj.com/article/SB10001424052702304
259304576375480710070472.html). Texas leads the nation in minimum-wage jobs (at 9.5 % of total 
workforce) (CNNMoney, http://money.cnn.com/2011/08/12/news/economy/perry_texas_jobs/in-
dex.htm).

ixx	 Source: U.S. Census Bureau FactFinder, http://factfinder.census.gov/servlet/
DTGeoSearchByListServlet?ds_name=PEP_2008_EST&_lang=en&_ts=286892460001.

xx	 For example, Tijuana, with a population of about 1.2 million, is heavily dependent on maquilado-
ras with over 600 plants (2002 data, GAO 2003) and is closely tied to the U.S. market. 

xxi	 Robertson (2009) notes that November 1, 2006, the Mexican government formally integrated the 
firms in the maquiladora industry into the PITEX program (Programas de Importación Tempo-
ral para Producir Artículos de Exportación), thus ending the practice of separating maquiladora 
trade from other manufacturing trade statistics. Beyond this date, statistics specific to maquila-
dora export are unavailable. 

xxii	 Much of U.S.-Mexico trade occurs between border states. For example, 62% of U.S. exports to 
Mexico originated in Texas, California, Arizona, and New Mexico; of this, 70% was destined for 
Mexican border states (GAO 2003). The total actual value of merchandise trade (exports and im-
ports to and from the U.S. and Mexico) in 2008 was $367 billion—a 266% increase since 1994 
(EPA 2011). Official data show that the four U.S. border states originated 58.8% of U.S. exports 
to Mexico (88.8 billion dollars), which is more than twice their 24% share of U.S. GDP (Bu-
reau of Economic Analysis, Trade Stats Express). Retail sales contribute to GDP and economic 
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interdependence at the border. Residents from Tijuana make 1.5 million trips per month into the 
San Diego area, mainly to shop. In El Paso, Juárez residents account for more than 20% of retail 
sales (GAO 2003). Cross-border tourism creates positive economic impacts in Arizona-Sonora 
(Pavlakovich-Kochi and Charney 2008) including jobs, retail sales, and tourism. Tijuana, El Paso, 
and Nogales, Arizona are all significant ports-of-entry for Mexican agricultural produce.

xxiii	 Three treaties are of particular importance: the 1906 Water Convention on the Rio Grande River, 
the 1944 Water Treaty allocating water on the Colorado and Rio Grande Rivers, and the 1970 
Boundary Treaty. The International Boundary and Water Commission (IBWC), established in its 
modern form by the 1944 Water Treaty, oversees implementation of these treaties and is charged 
with settling all disputes related to these agreements.  

xxiv	 Mexico has begun to decentralize and delegate some authority for water resources to regional 
watershed councils and the Mexican states. See Ley de Aguas Nacionales y su Reglamento. 1992 
rev. Mexico, D.F.: Comisión Nacional de Aguas. Available at: http://www.conagua.gob.mx/CO-
NAGUA07/Publicaciones/Publicaciones/Ley_de_Aguas_Nacionales_baja.pdf; OECD. 2003. En-
vironmental Performance Reviews: Mexico. Paris: Organization for Economic Cooperation and 
Development, p. 20.

xxv	 On the Mexico side of the region, inventories have documented the presence of 4,052 plant spe-
cies; 454 species of invertebrates; 44 species of amphibians (mostly crustaceans); 184 species of 
reptiles; 1,467 species of birds; and 175 species of mammals (EPA 2011, based on Kolef et al. 2007). 

xxvi	 The Sierra Club’s “Wild Versus Wall” video (http://arizona.sierraclub.org/conservation/border/
borderfilm.asp) illustrates the negative impacts on wildlife of the border fence.

xxvii	 The Colorado River has its headwaters in the Rocky Mountains and passes through nine states in 
two countries, and through the tribal homelands of the Cocopah tribe in the U.S. and the Cúcapa 
in Sonora. Waters of the Colorado River were allocated in the 1944 Treaty, based on a high-flow 
year (1922). Under the treaty, the water is shared among seven U.S. basin states (California, Ari-
zona, Nevada, Colorado, Wyoming, and New Mexico) and Mexico is guaranteed 1.5 million acre-
feet annually. From its distribution point at the Imperial Dam in Yuma, Arizona, the Colorado 
River winds to the west and empties into the delta before a trickle (in some years) reaches the Gulf 
of California. The total watershed of the Colorado is 244,000 square miles. The Colorado River 
system supports nearly 30 M people along its 1,400 mile (2,250 kilometer) length, 120 miles of 
which are in Mexico. It irrigates 3.7 million acres of farmland, including 500,000 in Mexico. Major 
cities in the border region drawing on the Colorado for urban uses include San Diego, San Luis 
Río Colorado, and Mexicali. Major agricultural areas reliant on surface water from the Colorado 
include Imperial and Coachella Valleys, and San Luis Río Colorado and Mexicali irrigation dis-
tricts. All told, more than twenty U.S. Native American tribes have rights to Colorado River water. 

xxviii	 No data are yet available on the impacts of AAC concrete-lining; however, experts have visually 
observed decreased flows (personal communication, 1/2012, A. Cortez-Lara).

ixxx	 MacDonald (2010) notes in the U.S. West today these losses are already on the order of $2.5 billon/year. 
xxx	 In addition, the upper Rio Grande receives a trans-basin diversion from Reclamation’s San Juan-

Chama project (on the Upper Colorado River) of about 94,000 acre-feet annually.
xxxi	  The 2011-2012 agricultural programs for the Mexicali Valley and San Luis Río Colorado, after 

the reduced area due to the 2010 earthquake, are authorized to grow 72, 697 hectares of wheat, 
32,064 hectares of cotton, and 27,251 hectares of alfalfa (SAGARPA, Delegación Estatal en Baja 
California, 2011). 

xxxii	 In late 2008 the Secretary of the Environment of the State Government of Baja California formed 
the PEAC-BC, an interdisciplinary research team that includes research institutes and universi-
ties of the region such as the UABC, CICESE, and COLEF. Their aims were to assess current and 
potential impacts of climate change in Baja California as well as to propose mitigation actions. 
For more information see http://peac-bc.cicese.mx.

xxxiii	 The quantity of summer rain can be a major determinant of the number of head produced, but 
rain that is too heavy can waterlog pastures and wash out roads used to transport cattle to market 
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(Coles and Scott 2009). Other weather and climate-related sources of vulnerability identified in-
clude heavy rains, winds, hail, lightning, and frosts (Coles and Scott 2009).

xxxiv	 The annual cost of wildland fire suppression in California alone now typically exceeds $200 mil-
lion (MacDonald 2010). Three simultaneous wildfires in San Diego County in October 2003 and 
another in October 2007 resulted in 25 deaths, destroyed a total of 3,700 homes, and scorched 
over 1,850 square miles (3,000 square kilometers) (Grissino-Mayer 2010).

xxxv	 Approximately 1.1 million acres burned in New Mexico in 2011, more than 4.5 times the state’s 
average of around 242,000 acres. In Arizona, slightly more than 1 million acres burned, more than 
5.5 times the state average of about 182,000 acres). Dry conditions desiccated soils and live fuel 
sources (e.g., grasses, shrubs, and trees) by the spring and a hard February freeze killed many 
plants and contributed to the fuel build-up (Southwest Climate Outlook, Oct. 25, 2011).

xxxvi	 The Colorado River Water Delta Trust has identified a minimum base flow need of 63 mcm 
(51,000 acre-feet). The Trust has acquired 1.7 mcm (1,367 acre-feet), based on a successful collabo-
ration between NGOs and the state of Baja California in securing treated effluent from Mexicali 
for environmental flows to the Rio Hardy (Zamora-Arroyo and Flessa 2009).

xxxvii	 http://www.geimexico.org/english.html provides an overview of Mexican efforts.
xxxviii	See http://www.sandag.org/index.asp?projectid=235&fuseaction=projects.detail.
ixl	 U.S. EPA, “Draft Border 2020 Document – for public comment – September 5, 2011,” lines 126-153.
xl	 See http://www.tjriverteam.org.
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Executive Summary 

When considering climate change, risks to Native American lands, people, and cultures 
are noteworthy. Impacts on Native lands and communities are anticipated to be both 
early and severe due to their location in marginal environments. Because Native Ameri-
can societies are socially, culturally, and politically unique, conventional climate change 
adaptation planning and related policies could result in unintended consequences or 
conflicts with Native American governments, or could prove to be inadequate if tribal 
consultation is not considered. Therefore, it is important to understand the distinct his-
torical, legal, and economic contexts of the vulnerability and adaptive capacity of South-
western Native American communities. The key messages presented in this chapter are:

•	 Vulnerability of Southwestern tribes is higher than that for most groups because 
it is closely linked to endangered cultural practices, history, water rights, and 
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socio-economic and political marginalization, characteristics that most Indig-
enous people share. (high confidence)

•	 Very little data are available that quantify the changes that are occurring or that 
establish baseline conditions for many tribal communities. Additional data are 
crucial for understanding impacts on tribal lands for resource monitoring and 
scientific studies. (high confidence)

•	 The scant data available indicate that at least some tribes may already be experi-
encing climate change impacts. (medium confidence)

•	 Tribes are taking action to address climate change by instituting climate-change 
mitigation initiatives, including utility-scale, alternative-energy projects, and 
energy-conservation projects. Tribes are also evaluating their existing capacity to 
engage in effective adaptation planning, even though financial and social capital 
is limited.

17.1 I ntroduction

The Southwestern United States is home to 182 federally recognized tribes (Federal Reg-
ister 2010, Figure 17.1). California has the largest number of tribes (109), and the largest 
Native American population in the country (Table 17.1). Arizona, New Mexico, Colo-
rado, and Utah are also home to seven of the most populous tribes, with populations 
ranging from 10,000 to over 300,000 (U.S. Census 2010). Nine tribes in the Southwest are 
considered “large land-holding tribes,” five of which are among the ten largest reserva-
tions in the United States, ranging in size from 600,000 to 15 million acres (Federal Reg-
ister 2010). More than one-third of the land in Arizona is tribal land. 

Southwestern tribes are situated within all of the region’s ecosystems and climatic 
zones, and the challenges these Native nations face from climate change may be just 
as varied. For example, tribes with large land holdings, those near the coast or in areas 
of scarce water, and those with large populations could face challenges different from 
the challenges faced by smaller tribes or those in or near urban areas. However, special 
issues confronting most if not all tribes include cultural and religious impacts, impacts 
to sustainable livelihoods, population emigration, and threats to the feasibility of living 
conditions. Tribal resources, already stretched to the limit, will have to be improved for 
tribes to cope adequately with a changing climate. Tribes’ unique histories and legal sta-
tus often results in political marginalization that must be addressed in order for tribes to 
face these challenges on equal footing with other governments. 

Native nations predate the formation of the U.S. government; they entered into trea-
ties with Great Britain and other European countries within their own territories. The 
United States continued the treaty relationship until 1871, but the nature of the political 
relationship changed over time. In a famous trilogy of nineteenth-century U.S. Supreme 
Court cases, Chief Justice John Marshall designated tribal governments as domestic, de-
pendent nations that govern themselves under the protection of federal law. The federal 
government holds reservation lands in trust for the benefit of Indian nations; U.S. state 
governments generally may not exercise jurisdiction over reservation lands except when 
authorized to do so by the federal government (Cohen 2005). 
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The federal government’s duty to protect Indian nations, as articulated by Chief Jus-
tice John Marshall, is now understood as the federal trust responsibility. The Bureau of 
Indian Affairs is the agency that directly administers the trust responsibility. However, 
other agencies that control federal land and other natural resources must protect any ap-
plicable tribal rights, including rights to water, fish and wildlife, and cultural resources, 
such as traditional cultural properties. (Pevar 2012). 

Figure 17.1  Map of 
southwestern United 
States showing tribal 
lands and the location of 
tribes discussed in text.�
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The federal government’s “plenary power” over Indian affairs has resulted in a com-
plex web of statutes that promote a policy of self-determination for tribal governments. 
Tribes have legal authority to make and enforce their own laws, and to regulate their 
lands, resources, and members. As U.S. senior district Judge Bruce S. Jenkins has noted 
(after Duthu 2008, p 4):

Modern tribal governments routinely exercise civil governmental authority over a 
range of day to day activities, much like comparable state and local government enti-
ties.… [T]ribal departments and agencies administer and deliver an expanding array 
of community services—from police, fire, and other emergency services, to education, 
health, housing, justice, employment assistance, environmental protection, cultural 
preservation, land use planning, natural resource conservation and management, road 
maintenance, water and public utilities. Indian tribes fit squarely within the ranks of 
American civic bodies, sharing the common duty and responsibility to provide essential 
services to the people of the communities they serve.

As separate sovereign governments, tribes have the authority to address climate 
change as an important issue that affects their lands, resources, and traditional prac-
tices. Because climate change operates across jurisdictional boundaries, an awareness of 
tribal rights to water and cultural resources, located both on and off the reservation, are 
important to understand and evaluate when examining how climate change will affect 
tribes. This is particularly true for California, where tribes have smaller land holdings 
and must rely heavily on public lands for resources used in their cultural and religious 
practices (Anderson 2005).

Table 17.1 T ribal lands and populations in the Southwestern United States

State
No. of 
Tribes

Total State 
Population

Tribal 
Population

% Tribal 
Population

Total State 
(acres)

Approx. 
Tribal land 

(acres)
% Tribal 

Land

AZ 21 6,392,017 294,033 4.6 % 72,982,074 26,273,547 36 %

NM 23 2,059,179 193,562 9.4 % 77,841,869 4,467,287 5.7 %

UT 8 2,763,885 33,166 1.2 % 54,352,753 5,150,817 9.5 %

CO 2 5,029,196 55,321 1.1 % 66,641,485 921,214 1.4 %

NV 19 2,700,551 12,600 1.2 % 70,782,330 1,253,812 1.8 %

CA 109 37,253,956 372,529 1.0 % 104,798,976 407,932 0.4 %

Total 182 56,198,784 961,211 1.7 % 447,399,488 48,474,609 10.8 %

Source: Federal Register (2010), U.S. Census (2010).
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17.2  The Effects of Marginal Living Conditions and Extreme 
Climatic Environments

In some cases, Native people and their cultural resources have already been affected 
by climate change. Reservations were often established in regions that typically have 
extreme environments and where sustainability of acceptable living conditions is al-
ready a challenge. In more arid parts of the Southwest, tribes sometimes have land that 
is drier—and has more limited access to water—than do their non-Indian neighbors. 
Large land-holding tribes, particularly in Arizona and Utah, are situated in regions with 
limited rainfall and water sources of poor quality that non-Native pioneers settling in 
the West found to be undesirable. For example, Navajo reservation boundaries were 
established within the driest third of the Navajo traditional homeland (Redsteer, Kelley 
et al. 2010), and fierce competition among Anglo and Hispanic populations for the best 
rangelands precluded retention of the more verdant traditional lands for Navajo use 
(Bailey and Bailey 1986). Helen H. Jackson (1883, 459) in describing changes of land oc-
cupation wrote:

From tract after tract of [ancestral] lands they have been driven out year by year by the 
white settlers of the country until they can retreat no further, some of their villages be-
ing literally on the last tillable spot on the deserts edge or in mountains far recesses…
In southern California today are many fertile valleys which were thirty years ago the 
garden spots of these same Indians.

Despite these historical land tenure changes and all the challenges facing Native 
people today, they continue to practice a lifestyle deeply connected to their natural sur-
roundings. Cultural ties to the land include gathering herbal medicines and native plant 
foods, subsistence hunting and fishing, and traditional agricultural practices, such as 
farming and raising sheep. These practices continue to play a role in tribal life, and may 
also provide significant portions of many tribal economies. 

17.3  Current Impacts on Native Lands

Native American cultures are closely linked to local resources in specific ecological nich-
es that are likely to be altered in a changing climate (Kuhnlein and Receveur 1996; Smith 
et al. 2008; Green and Raygorodesky 2010). Many publications have generally described 
how tribes could be affected by climate change (see Hanna 2007; National Wildlife Fed-
eration 2011). However, few scientific studies address and quantify current climate-
change impacts on Native lands and peoples of the United States, except in Alaska (e.g. 
Cruikshank 2001; Krupnik and Jolly 2002; Parkinson and Berner 2008; Davis 2010; Kofi-
nas et al. 2010; Alexander et al. 2011). The high vulnerability of tribes to climate change 
and the information available (although limited) suggest that some tribes could be expe-
riencing impacts, even though they lack specific documentation. 

Many factors can lead to ecological and environmental change, and clear links of 
cause and effect need to be established in order to assess the effects that climate has 
had and might have for Native peoples in the region. In one documented example on 
the Navajo Nation, long-term trends of increasing temperatures, decreasing snowfall, 
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declining streamflow, and water availability have magnified the impacts of drought that 
began in 1996 and continues today (Redsteer, Kelley et al. 2010). Streamflow data and 
historic information on surface-water features (such as springs, lakes and streams) show 
significant changes over the past century (Redsteer, Kelley et al. 2010). These changes 
have not coincided spatially or temporally with water development. Many surface-wa-
ter features are now dry year-round or ephemeral, and began to disappear in the early to 
mid-1900s. Moreover, significant reductions in the number and length of stream reaches 
with perennial flow have occurred since 1920, and for some historic ephemeral streams, 
no flow during spring run-off and summer rains occurs today (Figure 17.2). 

Figure 17.2  Map of the Navajo Nation (and lands of the Hopi Tribe) showing historic changes 
in perennial flow. �The bold black line (shown with arrow) indicates where perennial stream flow exists 
today. Inset map shows location of Navajo lands, black diamonds specify locations of sacred mountains 
on the perimeter of Navajo traditional homelands. Data from reports by Herbert Gregory (1917), Hack 
(1942), Cooley et al. (1969) and USGS stream gauge data (after Redsteer, Kelley et al. 2010).
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Interviews with 73 traditional Navajo elders about their observations of weather 
patterns and their impacts on traditional practices provided detailed accounts describ-
ing declines in snowfall, surface water features, and water availability (Redsteer, Kel-
ley and Francis 2011). Other noticeable changes reported in these accounts include the 
disappearance of springs and the plants and animals found near water sources or in 
high elevations, such as certain medicinal plants, cottonwood trees, beavers, and eagles. 
The elders observed changes in the frequency of wind, sand, and dust storms. Navajo 
traditionalists also mentioned the lack of available water and changing socio-economic 
conditions as leading causes for the decline in the ability to grow corn and other crops 
(Redsteer, Kelley et al. 2010). Corn has been central to many Native cultural practices 
and traditions, including all Puebloan people in the Southwest. The use of corn pollen is 
also central to every Navajo ceremony. 

Although the studies of climate-change impacts to Native people are limited, sig-
nificant recent climate-related impacts to ecosystems on Native lands have occurred. In 
2002, the Southwest experienced one of its most active fire seasons as a result of drought 
conditions and high winds (Feltz et al. 2002). The Rodeo-Chediski fire in Arizona burned 
467,000 acres, setting a record for its immense size. Approximately 25% of the area 
burned was timber and grazing land belonging to the White Mountain Apache Tribe 
(Strom 2005; Kuenzi 2006). The fire resulted in areas that were severely burned, with 
50% of the area showing no signs of ponderosa pine regeneration, and 16% with no 
surviving ponderosa pine. These areas are projected to undergo a shift to oak-manzanita 
shrubland (Strom 2005). The White Mountain Apache land, however, fared better than 
adjacent Forest Service lands because of the tribe’s forest management policy of pre-
scribed burns (Kuenzi 2006). 

A continuation of dry, windy conditions in following years also led to record-
breaking wildfire conditions that affected tribes in California (FEMA 2004). In October 
2003, three simultaneous wildfires, the largest and most deadly in the history of Cali-
fornia, destroyed 2,400 homes, killed sixteen people, and charred 376,000 acres in San 
Diego County. Again in October 2007, nine simultaneous fires of varying sizes burned 
throughout the county (including the Poomacha fire). These fires required the evacua-
tion of 300,000 people and resulted in the loss of more than 1,800 homes and many other 
structures, 369,600 acres of land, and nine fire-related deaths. Local firefighting costs in 
2007 topped $80 million (City of San Diego 2007). 

In the 2007 Poomacha fire, the La Jolla Band of Luiseño Indians and the Rincon Band 
of Luiseño Indians, who had escaped major damage from the fires in 2003, suffered se-
vere damage to homes and businesses (BIA 2007). Closing the reservations because of 
the fire caused food shortages, but the damage to tribal communities is more severe than 
these statistics would suggest. As one tribal member told a reporter, nearby municipali-
ties “are newer places and people can leave and go elsewhere. …This has been our home 
for generations. We have ties to the land. We won’t go rebuild somewhere else” (Kelly 
2007). The Poomacha fire burned 94% of the La Jolla reservation, destroying thick for-
ests of live oak that once shaded homes and provided acorns for generations of Native 
Americans. “We were already at the bottom of the barrel and now this takes us down 
even further,” said tribal Chairman Tracy Lee Nelson, whose house was destroyed in 
the fire (Kelly 2007).
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Other tribal communities impacted by California wildfires include the Barona Band 
of Mission Indians (Cedar fire of 2003; Witch fire of 2007), the Inaja-Cosmit Band  Indi-
ans (Witch fire of 2007), the Mesa Grande Band of Mission Indians (Witch fire of 2007), 
the Pala Band of Mission Indians (Poomacha fire of 2007), the Pauma Band of Luiseño 
Indians (Poomacha fire of 2007), the San Pasqual Band of Diegueno Mission Indians 
(Poomacha fire of 2007), the Iipay Nation of Santa Ysabel  (Witch fire of 2007) and the 
Viejas Band of Kumeyaay Indians (Witch fire of 2007). The Jamul Indian Village and the 
Sycuan Band of the Kumeyaay Nation were also threatened by the Harris fire of 2007 
(BIA 2007).

It is highly likely that increasing fire severity and other climate-related ecosystem im-
pacts are affecting traditional Native foods and resources. Another climate-related im-
pact, “sudden oak death,” is a growing concern in California coastal areas and is spread 
by a pathogen that is sensitive to changes in humidity and temperature (Guo, Kelly, and 
Graham 2005; Liu et al. 2007). It may have been rare until changes in the environment 
(related to climate change) and increasing fire frequency led to its increasing prevalence 
(Rizzo and Garbelotto 2003; Pautasso et al. 2012). Tribes that have used oaks and acorns 
are numerous, and include Miwok, Western Mono, Yukots, Yurok, Paiute, and various 
Apache tribes, among many others (Anderson 2005). Acorns are a recognized staple 
food source of Native Americans in coastal California and the surrounding region, in-
cluding Paiutes that traversed the Sierra Nevada in historic times to obtain them (Muir 
1911). In addition to being a source of traditional foods, oaks are a valued source for 
traditional medicine and dyes for basketry (Ortiz 2008). 

17.4  Potential Rangeland Impacts 

Many tribes are dependent on livestock as a significant part of their economy, including 
the Hopi Tribe, Hualapai Tribe, Jicarilla Apache Nation, Navajo Nation, Pyramid Lake 
Paiute Tribe, San Carlos Apache Tribe, Southern Ute Indian Tribe, Tohono O’odham 
Nation, and White Mountain Apache Tribe. Tribal communities dependent on livestock 
tend to have limited alternative livelihoods, and additional climate-related stresses to 
the rangeland will further reduce economic resources. Livestock, especially cattle, are 
a significant source of economic and food security for large numbers of families on the 
Navajo Nation (Redsteer, Kelley et al. 2010). Stock-raising by large numbers of Navajo 
families is also important to preserve aspects of traditional culture. 

Sand and dust storms

Climate-driven impacts to rangeland include increased mobility of sand dunes and po-
tentially an increase in regional dust storms (Painter et al. 2010; Redsteer, Bogle and 
Vogel 2011). Sand dunes cover approximately one-third of the Navajo Nation as well 
as significant areas of Hopi tribal land (Redsteer 2002; Redsteer and Block 2003). Dune 
fields are susceptible to changes in precipitation, temperature, and wind speed and cir-
culation patterns. In areas of Navajo and Hopi land that have wetter and cooler con-
ditions, vegetation grows on sand dunes and stabilizes them. However, with drought 
conditions, these dune fields and sheet sands now exist under meteorological conditions 
where dunes may not have enough moisture to support the plant life necessary to make 
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dunes resistant to wind erosion (Redsteer 2002). Increasing aridity in arid and semi-arid 
regions is often concurrent with the deterioration of surface vegetation and increasing 
dune mobility, jeopardizing rangeland productivity (Redsteer and Block 2004). An ad-
ditional complication is that during floods, new sediment delivered in ephemeral rivers 
and washes (i.e., drainages that flow only temporarily after precipitation or snowmelt) 
provides a sand supply for new dune fields (Redsteer, Bogle et al. 2010). The risk of 
wide-scale movement of sand dunes is high, because the dry spells already make sand 
dunes more active. With projected warmer and drier conditions, deposits of sand dunes 
that have been stabilized by vegetation are highly likely to become mobile (Figure 17.3). 
Once sand dunes are mobile, it is difficult to reverse the process so that stabilization 
can occur, because vegetation must establish itself on a moving landform (Yizhaq, Ash-
kenazy, and Tsoar 2009). Very few plants are adapted to surviving abrasion by sand 
and sand burial (Downes et al. 1977). Currently, dunes are inundating housing, causing 
transportation problems, and contributing to a loss of rare and endangered native plants 
and grazing land (Redsteer, Bogle and Vogel 2011). 

Figure 17.3  Photos of sand dune 
deposits on Navajo and Hopi 
land. �a) Stabilized linear dunes, with 
local reactivation forming mobile 
transverse dunes; and b) Active sand 
dunes forming downwind of a dry 
streambed sediment source. Photo 
courtesy of Margaret Hiza Redsteer.
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17.5  Adaptation Strategies and Adaptation Planning

In the past, Native peoples in the Southwest adapted to natural hazards through unique 
strategies guided by their cultural beliefs and practices (Tsosie 2007). Although many 
such Native traditions continue today, modern circumstances now make tribes espe-
cially vulnerable to climate extremes (National Wildlife Federation 2011). In some cases, 
modern land-use policies circumvent the ability of Native people to practice traditional 
adaptation strategies (James, Hall, and Redsteer 2008; Redsteer, Kelley et al. 2010). Trib-
al environmental and natural-resources management programs are working to address 
local impacts and tribes have lobbied for adaptation funding from the federal govern-
ment. According to California Indian Water Commission President Atta Stevenson (a 
member of the Cahto tribe), “There are numerous climate change conditions we have 
witnessed and try to adapt to, but climate change is a global crisis without funding re-
sources or commitment by government leadership to address Tribal suffrage and eco-
logical demise of our traditional cultures. We cannot combat this … alone.”i In 2011, 
the Bureau of Indian Affairs (BIA) began to offer grants under a Tribal Climate Change 
Program, with a total allocation of $319,000.ii However, of the fifteen grants awarded, 
only three were for vulnerability assessments, and none were for climate adaptation 
planning.iii In 2009, the Department of the Interior (DOI) began a Climate Change Adap-
tation Initiative, setting aside funding for lands under federal jurisdiction, but it has not 
provided adequate funding for the BIA to assist tribes. Lack of adequate funding is not 
merely an impediment to adaptation planning, but it also further increases vulnerabil-
ity to climate change impacts. Jerry Pardilla (2011), the National Tribal Environmental 
Council Executive Director, describes the situation in these terms:

Tribal lands comprise 95 million acres of the 587 million acres or 16 percent of federal land 
in the Initiative. The BIA has 11 million acres more than the National Park Service, yet 
the Administration has proposed nearly 50 times more funding for the NPS in FY 2012. 

Despite having few resources, adaptation planning workshops for tribes in the 
Southwest for both climate change and drought have occurred frequently in the past 
few years. There has also been a concerted effort by many tribes to forge ahead with 
adaptation plans (Wotkyns 2011). One example from the Yurok Tribe in the coastal 
Klamath Basin, California, demonstrates what tribes can implement if the resources 
are available. Adaptation planning by the Yurok Tribe Environmental Program entails 
monitoring water, air, and fisheries to understand local effects of climate change. Kath-
leen Sloan, the Tribe’s Environmental Program Director, noted in 2009 that in many 
areas, the Yurok Tribe is the only entity collecting the data critical for creating climate 
models for the Lower Klamath. The tribe is training staff to monitor impacts, developing 
educational materials to encourage participation in adaptation planning, gathering oral 
histories from tribal elders, and creating a comprehensive prioritization plan to guide 
future tribal assessments. The Yurok Tribe’s plan includes developing regional models 
to provide information for the Klamath Basin.

Floods and disaster planning

Severe weather events are occurring on tribal lands frequently, resulting in emergency 
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declarations. Severe flooding in Havasu Canyon in 2008 struck a blow to the Havasupai 
tribal economy from lost tourism revenue. Since then, the Havasupai have experienced 
repeated flood events, the latest in October 2010, making recovery difficult. Funding 
from the San Manuel Band of Mission Indians ($1 million), federal and state agencies, 
and non-profit organizations has helped in recovery efforts. Currently, Havasu Canyon 
is closed until rehabilitation work and flood mitigation measures are completed (Wot-
kyns 2011). 

The Federal Emergency Management Agency (FEMA) is a major source of flood and 
disaster assistance that requires ongoing commitments by communities for eligibility. 
The National Flood Insurance Program is a cornerstone of floodplain management, but 
only four Southwestern tribes participate in it (FEMA 2011). Many tribes lack zoning 
laws or floodplain delineation despite retaining jurisdiction over federal lands. Lack of 
funding, difficult jurisdictional challenges posed by the presence of non-Indian lands, 
and in some cases the need for approval by the Department of the Interior comprise 
some of the causes for the lack of regulation. Today, limited resources and abundant 
low-income housing challenge administration of floodplain ordinances and mandatory 
insurance for federally financed homes located in floodplains (Bemis 2003). FEMA-ap-
proved hazard mitigation plans address other disasters and are a prerequisite to receive 
certain federal funding. Forty-eight Southwestern tribes participate in these manage-
ment plans, either through their own plans or by adopting plans developed by other 
local jurisdictions (FEMA 2009). The requirement for renewal every five years presents a 
continual challenge to resource-limited tribes, and some plans have expired.

Droughts and drought mitigation planning

Many tribal governments are unprepared to cope with climate extremes because of the 
poor economic conditions in tribal communities. Tribal water resources on arid reserva-
tions are typically marginal and highly susceptible to frequent water shortages. While 
every Southwestern state has a drought plan, only four Southwestern tribes have com-
pleted plans through the Bureau of Reclamation States Emergency Drought Program 
(National Drought Mitigation Center 2010; Reclamation 2010). Tribes have limited re-
sources to develop and implement these plans. Despite being the first tribe to submit 
its plan to Congress, the Hualapai Tribe lacks the personnel and funding to perform 
monitoring and actions triggered pursuant to its plan (Knudson, Hayes, and Svoboda 
2007). The Hopi Tribe and Navajo Nation have submitted plans to Congress but also 
have struggled with monitoring (Ferguson and Crimmins 2009). The large region en-
compassed by these two tribes (about 30,000 square miles in total) presents challenges 
for adequate monitoring. With a smaller land area (about 700 square miles), the Zuni 
Tribe has been able to issue monthly monitoring reports for its plan, but some federal 
stations it uses are at risk from insufficient federal cost-sharing and the inability to re-
place cooperators (Bemis 2010).

Recent reports from workshops offered through the National Integrated Drought 
Information Systems (NIDIS) documented the challenges facing tribes and identified 
opportunities for assistance (Collins et al. 2010; Ferguson et al. 2011). Chronic under-
funding and short-term funding cycles for programs within tribal government leave 
tribes without the financial and human resources needed to make climate assessments 
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or plan for natural hazards (Ferguson et al. 2011). Planning must also address tribal 
cultural needs and sovereignty. Modern monitoring, forecasting, and adaptation tech-
niques can sometimes ignore or be inconsistent with traditional Native values, knowl-
edge, and practices. The sovereign status of tribes can create complications or obstacles 
for collecting data and managing resources. The NIDIS Four Corners Tribal Lands Re-
gional Drought Early Warning System is a pilot project attempting to address some of 
these issues and provide better information and resources for drought planning (Alvord 
2011). By fully involving tribes throughout its course, this pilot project can provide a 
model for other tribal regions.

17.6  Challenges for Adaptation Planning 

In planning to face the effects of climate change, tribal rights to water, cultural resources, 
and sacred sites located both on and off reservations are likely to be issues connected to 
adaptation planning. If sacred sites are not recognized, there is a substantial chance of 
increased conflict, which would constrain or even derail efforts to maintain resilient cul-
tural and natural resources. The challenges of climate change and adaptation planning 
for federal land managers and for tribes may be difficult because of potential conflicts 
between the trust responsibility to Indian nations and the mandate of federal agencies 
to engage in a multiple-use policy. There have been effective partnerships initiated by 
tribes to address climate-related issues that affect resources and traditional practices, 
but there are also examples of ineffective communication leading to conflict. 

Within the Department of the Interior (DOI), Landscape Conservation Cooperatives 
(LCCs) were established to develop science capacity to support resolution of resource 
management issues. The Native American Land Conservancy (NALC) is land conser-
vancy with representatives from the Chemehuevi, Cahuilla, Wyandotte, Seneca, and 
other tribes. The NALC is providing a strategy for the Desert LCC, with members on the 
LCC steering committee and science working group, incorporating observations of east-
ern Mojave Desert traditional ecological knowledge. To this end, the NALC has drafted 
a white paper that includes historical information, cultural resource concerns, and ways 
to evaluate and lessen impacts of climate change based on indigenous understanding of 
the region’s sacred sites, areas and landscapes. 

17.7 V ulnerability from Economic, Political, and Legal Stresses

Limited resources and poor economic conditions reduce the resilience of tribes to cli-
mate change. More than one-quarter of the American Indian and Alaska Native popula-
tion lives in poverty—a rate more than double the general U.S. population (Sarche and 
Spicer 2008). Moreover, approximately 13.3% of Native Americans lack accessibility to 
safe drinking water (Indian Health Service 2007). Income levels and human develop-
ment indicators such as health and education are significantly lower than those of the 
rest of the population (U.S. Commission on Civil Rights 2004). 

Vulnerability and adaptive capacity

Nevada’s largest tribe, the Pyramid Lake Paiute Tribe (PLPT), is deeply connected—cul-
turally, physically, and spiritually—to Pyramid Lake and its ecosystem. Pyramid Lake, 
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at the terminal end of the Truckee-Carson River, is considered “the most beautiful of 
North America’s desert lakes” (Wagner and Lebo 1996, 108). It is home to an endangered 
fish called cui-ui (Chasmistes cujus)—a primary cultural resource—and the threatened 
Lahontan cutthroat trout. The Paiute tribe’s original name is Kuyuidokado, or cui-ui eat-
ers. Traditionally, they traveled to the lake for annual cui-ui spawning to gather and dry 
fish (Wagner and Lebo 1996). The Paiute origin story is based upon the lake and a tufa-
rock formation called the Stone Mother, resembling a woman whose tears created the 
lake (Wheeler 1987). Fishing and recreational activities are central to the PLPT economy. 
Wetlands also provide reeds for basketry, a symbol of Native identity. Although some 
cultural practices have been lost due to impacts from non-tribal settlement and exploita-
tion, the PLPT continues to hold steadfast to their cultural connection to the lake. The 
tribe protects the lake via water rights negotiations for endangered species protection, 
by creating and enforcing policies on water quality, maintaining minimum in-stream 
flows for spawning, and by funding fisheries management activities. 

The case of the Pyramid Lake Paiute Tribe exemplifies the vulnerabilities that tribes 
face from climate change (Tsosie 2007; Shonkoff et al. 2011). The tribe’s vulnerability 
is related to cultural dependence on the lake, but external socio-economic factors also 
influence its adaptive capacity, amplifying potential impacts (Gautam and Chief forth-
coming). Risk factors include upstream water use by municipal, industrial, and agri-
cultural entities. Spawning and sustenance of endangered cui-ui fish are dependent 
on both water quantity and quality (Sigler, Vigg, and Bres 1985; USFWS 1992). Water 
supplies in nearby Carson Basin largely determine how much water reaches Pyramid 
Lake, particularly in the dry years, as irrigation requirements have senior water rights. 
Devastating impacts have already occurred from water diversion for agricultural use. 
Blocked access to upriver spawning grounds during a drought left dying fish for two 
miles downstream of the Derby Dam. Cattle encroachment upon wetlands occurs dur-
ing droughts that reduce available forage. Limited economic opportunities and dwin-
dling federal support constrain the tribe’s adaptation capacity. In a survey, 73% of PLPT 
respondents said they believe climate change is occurring and that humans play a role, 
whereas 63% of rural Nevadans believe climate change is occurring, with only 29% at-
tributing a human role (personal communication from Z. Liu, 2012). Factors such as a 
remarkable public awareness of climate change, sustainability-based values, the techni-
cal capacity for natural resource management, proactive initiatives for invasive-species 
control, and external scientific networks contribute to PLPT’s adaptive capacity.

Water rights

Water rights are closely linked to the vulnerability and adaptive capacity of tribes. The 
legal basis for tribal water rights is the federal “reserved rights” doctrine, which holds 
that Indian nations have reserved rights to land and resources in treaties they signed 
with the United States. In the famous 1908 case of Winters v. United States, the Supreme 
Court held that when the U.S. government establishes a reservation, it also implicitly 
reserves water rights sufficient to meet the current and future needs of the tribe and the 
purpose for which the reservation was set aside (including fisheries, where applicable). 
Thus, the priority date for tribal water rights under the Winters doctrine is the date the 
reservation was established, making many tribal governments in the Southwest senior 
water resource users with significant adjudication rights (Cohen 2005). 
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In the 1963 case of Arizona v. California, the Supreme Court determined that the only 
feasible way to quantify tribal rights was by “practicably irrigable acreage” (PIA) on res-
ervations. Difficulties with the PIA quantification of water rights include the differences 
in the amount of tillable land available from one reservation to another, as well as the 
water-rights standard being based on the amount of land a tribe has, rather than tribal 
population. Western water law doctrine may have worked well in early nineteenth and 
twentieth centuries, but fails to take into account valuable in-stream uses of water such 
as fish and wildlife habitat (Royster and Blumm 2008). The Arizona Supreme Court ex-
tended the PIA standard in 2001, finding that agriculture is not the only means to deter-
mine tribal water allocations and that water is also needed by tribes for other purposes.4 
The Arizona Supreme Court found that the purpose of a federal Indian reservation is to 
serve as a “permanent home and abiding place” to the Native American people living 
there, and that water allocations must satisfy both present and future needs of reserva-
tions as “livable homelands.”

Litigation for a determination of water rights on paper is an expensive and lengthy 
process. Some tribal governments have negotiated settlement agreements, foregoing 
a significant percentage of their legal claims to water in exchange for a secure alloca-
tion and for funding for the infrastructure necessary to gain the actual value of water 
resources (Clinton et al. 2010). Congressional action is needed to approve settlements 
and allocate the funding necessary to build water-delivery infrastructure. Between 1986 
and 2006 Congress enacted twenty settlements into law (Royster and Blumm 2008). In 
spite of the cost, some tribes have preferred litigation, because with settlements, tribes 
invariably give up some measure of their legal rights to water, leaving them in a weaker 
bargaining position. Many examples of current tribal vulnerabilities are linked to water 
allocations. In a warmer and drier Southwest, conflicts over water appear imminent.

In the arid Owens Valley of California, spring and summer snowmelt are crucial to 
water supplies. The Big Pine Paiute Tribe of Owens Valley channeled this runoff to ir-
rigate important food plants, and have observed changes to runoff in the watershed. 
Repeat photography of upstream Palisade Glacier shows notable shrinkage in recent 
decades. The tribe shares water with the Los Angeles Department of Water and Power 
(DWP), which owns nearly all the water rights in the valley. DWP allocates the tribe 
1,116.32 acre-feet per year based on a 1939 land exchange between the federal govern-
ment and the city (Gorin and Pisor 2007). Water shortages are likely to increase DWP’s 
export of water from the Valley, leaving the Big Pine Paiute with an uncertain water 
supply.

17.8  Climate Change Mitigation Strategies

Despite needing additional resources, tribes are forging ahead to address climate change. 
Many see climate change mitigation and energy conservation as great financial oppor-
tunities that may help address current economic woes and the challenges of a limited 
resource base. The Pueblo of Jemez has begun constructing a utility-scale solar project 
in New Mexico. Tribes with mitigation plans include the Gila River Indian Community, 
Hopi Tribe, Navajo Nation, and Yavapai-Apache Nation. Examples outlined below de-
pict some of the current activities.
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The Pinoleville Pomo Nation, in partnership with the University of California, Berke-
ley, launched a sustainable housing program. Drought conditions within and around 
the Pinoleville Pomo Nation were taxing residents and the local government resourc-
es. Heating and cooling inefficient standard houses funded by the U.S. Department of 
Housing and Urban Development (HUD) also placed an increased burden on residents 
(Shelby et al. 2010). A self-sufficient, sustainably focused community model for hous-
ing, energy, and water conservation now addresses these issues through the use of solar 
photovoltaic systems, wind turbine systems, passive and active solar water heaters, grey 
water systems, and passive building design strategies such as passive solar gain and sun 
shading. 

The Rincon Band of Luiseño Indians, in San Diego County, owns Harrah’s Rincon 
Casino and Resort. When the economy declined in 2008 and 2009, Rincon still invested 
$13.5 million in energy-efficient retrofits and a one-megawatt solar plant to power the 
casino (Wolfe 2010). The tribe commissioned the solar plant in conjunction with a casino-
wide retrofit of rooftop air-conditioning. A modified chiller plant captures waste heat for 
hot water in the casino’s 662 hotel rooms. According to EPA, this saves 3.3 million kWh/
year. The 3,986-panel solar plant provides 90% of the required power for heating, venti-
lation, and air conditioning, generating enough energy to power 2,200 homes. Through 
offsets, the solar array also saves 3.5 million KW hours per year, providing enough elec-
tricity for 583 individuals (based on average individual use of 6,000 KW hours/year).

Among the tribe’s many additional mitigation and environmental sustainability prac-
tices are the use of solar induction to heat Harrah’s pool and the composting of green 
waste for the property’s organic gardens (diverting 6,000 pounds of waste per month).

Looking forward. With continuing climate change effects, Native American lands, 
communities, cultures, and traditions are at risk. Vulnerability is closely linked to exter-
nal land use policies, political marginalization, water rights, and poor socio-economic 
conditions. Tribes will be important parties to any future proceedings that deal with 
water shortage allocations or coordinated reservoir operations because of their reserved 
water rights. These issues are likely to intensify in an era of climate change. However, 
there have been few climate change studies on tribal lands and little documentation of 
the impacts. Studies that are available show that impacts to tribal resources are already 
underway in at least in some areas of the Southwest. Additional transformation of eco-
systems by fire, pests, and disease, exacerbated by altered climatic conditions, are cer-
tain to affect traditional foods and medicines. 

Many reservations, particularly those with large land holdings, have insufficient ca-
pacity to adequately monitor climatic conditions (Ferguson et al. 2011). Without moni-
toring, tribal decision makers lack necessary data to quantify and evaluate the changes 
taking place and to plan and manage resources accordingly. In addition, lack of infor-
mation from tribal lands that typically have more extreme environments leaves climate 
scientists without crucial information from areas that are likely to see early impacts from 
climate change. Most reservations lack the data necessary to contribute to more accurate 
downscaled climate models, because meteorological monitoring is sparse over areas of 
significant size. The latest U.S. Census (2010) shows that some reservations are losing 
the younger segment of their population to emigration; this trend is cause for concern 
among those in tribal governments who interpret the changing demographics as a sign 
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of untenable living conditions due to dwindling water resources and increasingly de-
sertified rangeland.v 

Despite all of the challenges, Native communities also have much to offer the climate 
science community. Native communities have persisted and adapted during periods of 
wide-ranging natural climate variability. The role of indigenous environmental knowl-
edge has received increasing attention, and studies of local environmental knowledge 
show that it contributes greatly to our understanding of ecosystem change (e.g. Newton, 
Paci and Ogden 2005; Green and Raygorodetsky 2010; Pearce et al. 2010; Sanchez-Cor-
tes and Chavero 2010; Alexander et al. 2011; Harris and Harper 2011; Singh, Bhowmik 
and Pandey 2011). In spite of fewer economic resources, or perhaps because of them, 
many Southwestern tribal communities are exemplary in their efforts to mitigate climate 
change, and are actively seeking resources to assist with adaptation. 
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also has a long legacy of adaptation to climate variability and of environmental manage-
ment that has enabled society to live within environmental constraints and to protect 
large parts of the landscape for multiple uses and conservation. Many different types of 
organizations and individuals in the Southwest have already taken a variety of steps to 
respond to climate change; and a wide range of choices are available for those choosing 
to reduce greenhouse gas (GHG) emissions or implement preparedness and adaptation 
measures to manage the risks from climate variability and change in the region. Others 
are pursuing energy and water efficiency, renewable energy, or sustainable agriculture 
for other reasons but these can also reduce emissions or assist with adaptation.

This chapter features the following key findings:

•	 The U.S. Southwest is a region with great capacity both to respond to envi-
ronmental stress and to steward its abundant natural resources. Past efforts to 
develop its water resources and protect its public lands are indicative of this 
capacity, and while viewed as successes by many, they also illustrate challenges 
and trade-offs in policy and actions that can increase resilience for some while 
increasing vulnerability for others. (medium-high confidence) 

•	 Local and state governments, tribes, private-sector entities, non-profit organi-
zations, as well as individuals are already taking steps to reduce the causes of 
climate change in the Southwest—though often not solely for climate-mitigation 
purposes—and there are many lessons to learn from the successes and failures 
of these early efforts. Few systematic studies have been undertaken to date to 
evaluate the effectiveness and impacts of the choices made in the Southwest to 
reduce GHG emissions. (medium-high confidence)

•	 If the Southwest decides to reduce a proportional share of the emissions recom-
mended (50% to 80% by 2050) by the U.S. National Academy of Sciences and 
others, the carbon budget for the region between 2012 and 2050 would only be 
150–350 million metric tons per year (NRC 2010d). This would be a very chal-
lenging but not impossible target to meet. (medium-low confidence)

•	 There are low-cost, cost-saving, or revenue-generating opportunities for emis-
sion reductions in the Southwest, especially in energy efficiency and renewable 
energy. (medium-high confidence)

•	 A range of stakeholders are already planning how to prepare for and respond 
to climate risks in the Southwest, but few have begun implementing adaptation 
programs due to financial, institutional, informational, political, and attitudinal 
barriers. Various adaptation options exist in every sector, including many that 
help society respond to current risks of climate variability and extreme events. 
(medium-high confidence)

•	 Many response options simultaneously provide adaptation and mitigation “co-
benefits,” reducing the causes of climate change while also increasing the pre-
paredness and resilience of different sectors to climate change. Other response 
options involve trade-offs between increasing emissions or reducing resilience



Climate Choices for a Sustainable Southwest               407

•	 More research and monitoring is needed to track and evaluate decision out-
comes and to understand the balance and effectiveness of these choices espe-
cially under financial constraints. (high confidence) 

18.1 I ntroduction

This chapter provides an integrated overview of solutions and choices for responding 
to climate change in ways that reduce risks and support sustainable development in 
the Southwest. The goal is to illustrate the range of choices for responding to climate 
change, along with some of the relevant trade-offs and opportunities, to inform policy 
options and decisions. In the context of climate change, risk reduction includes: reduc-
ing global GHG emissions to limit global changes; limiting activities locally or region-
ally (e.g. land use choices) that increase unwanted local or regional climatic changes; 
taking action now to accommodate and adapt to climate changes to date; and increasing 
capacity to respond effectively and adapt to future changes.

The chapter begins with a discussion of how the Southwest might choose to secure 
a sustainable future in the context of climate change. The Southwest has a long history 
of adapting to environmental stresses and managing resources, which demonstrate the 
ability of the region to make choices that promote sustainability of ecosystems and natu-
ral resources, the economy, and society, but also to minimize some of the risks. 

Because some studies have identified the Southwest as a potential hotspot of climate 
change (see Chapter 5) where changes may start to occur rapidly or unfold particularly 
severely, this chapter also examines some of the options for transformational adaptation 
to climate change—rather than make more incremental adjustments to climate risks—
in the event it becomes necessary to make significant changes in resource allocation or 
technology, or to relocate people, ecosystems and infrastructure. The co-benefits and 
trade-offs in linking mitigation and adaptation are also discussed.

National choices about responding to climate change were recently presented by the 
National Research Council’s America’s Climate Choices study (NRC 2010a, 2010b, 2010c, 
2010d). This study is used as a starting point for identifying some of the options for 
limiting emissions and adapting to climate change, and analyzing what these options 
might mean for the Southwest in terms of social, technological, economic, behavioral, 
and institutional structures and choices. 

The chapter also reviews some of the choices and solutions that are already being 
implemented in the Southwest in response to climate change. These efforts include: re-
gional activities by federal agencies; the plans and activities of states, cities, and commu-
nities; key regional collaborations such as those in major river basins; and solutions that 
have been chosen by businesses, tribes, and civil society organizations.

Finally, we discuss options for integrating mitigation and adaptation activities in 
ways that mutually support each other, rather than produce difficult trade-offs, and fo-
cus on the challenges communities and organizations face in planning and implement-
ing solutions. We also raise the question of what actions may be needed if both global 
mitigation and regional adaptation fail to minimize climate change and resulting im-
pacts to acceptable levels.
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18.2  Defining a Sustainable Approach to Climate Change in  
the Southwest

For the purposes of this chapter, a “sustainable” Southwest is defined as one where the 
choices we make in responding to climate change assist in the long-term maintenance of 
economic, social, and environmental well-being―in other words, in meeting the needs 
of the present without compromising future generations (Wiek et al. 2012). These choices 
include reducing the risks of climate change by limiting emissions and making it easier 
to adapt to the impacts of climate changes that are occurring or will occur. Sustainable 
solutions endure in the face of continuing climate change and other stresses. The South-
west alone cannot mitigate all global GHG emissions, but the region can choose from 
many options to reduce its proportional contribution to the global causes of climate 
change and reduce the region’s own vulnerability to climate change. 

Climate change is not the only threat to sustainability in the Southwest, so pathways 
to sustainability involve managing multiple risks to the region. This requires consider-
ing not just environmental, economic, and social goals, and addressing climate mitiga-
tion and adaptation, but also managing risks and opportunities for the well-being of the 
region’s residents and the Earth system (MacDonald 2010). The best pathways will be 
those that maximize the benefits for environment, economy, and society while minimiz-
ing costs and environmental risks, especially for the most vulnerable. One of the greatest 
challenges is to be prepared for and able to act in the face of uncertainty while being 
aware of the possibility of reaching thresholds where conditions deteriorate rapidly 
(Lempert and Groves 2010; Westley et al. 2011). A sustainable Southwest will need early 
warning of such risks and plans for responding if and when they occur.

18.3  Making a Sustainable Living in the Southwest: Lessons  
from History

The history of the Southwest demonstrates a remarkable ability to adapt to the climatic 
and geographic extremes of the region. Tapping into this ability is key to developing 
sustainable solutions to future climate change. 

Throughout human history, water—in particular the ability to move it across the 
landscape—has been critical to the growth of societies (Worster 1992). Many of the pre-
historic peoples of the Southwest found ways to harvest rainwater and runoff and even 
developed sophisticated water conveyance systems and other techniques for living in a 
desert climate. The European settlers who came later established water infrastructure 
and institutions for the development of cities and agriculture. The development of water 
resources is one of the most notable stories of settling and living in the Southwest. Key to 
the rapid population expansion in the Southwest was the construction of massive water 
projects, especially following the passage of the federal Reclamation Act of 1902 (Hund-
ley 1991) (Figure 18.1). By taming the highly variable flow of rivers such as the Colorado 
and Rio Grande and creating a vast network of canals and ditches capable of moving 
water between basins, settlers and the federal government did more than just adapt to 
the necessities of life in an arid climate―they made it a thriving corner of the nation. 
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Water development in the West certainly also created a number of environmental 
and social problems, and there are legitimate questions as to the long-term ecological, 
social, and economic sustainability of water demand and use in the region. Fundamental 
changes to the natural flow of water have had profound consequences for the natural 
environment. The waters of the Colorado River now rarely reach its mouth at the Gulf 
of California, drying up a critical and unique wetland (Glenn et al. 1996). The complex 
plumbing of the Central Valley Project and the State Water Project in California has 
changed fish communities, water quality, and habitat structure in the Sacramento-San 
Joaquin Delta (Nobriga et al. 2005). Water availability allowed for massive increases in 
population throughout the West, in turn increasing the vulnerability of population cen-
ters to drought and increased competition between water users (Reclamation 2005). 

Despite these consequences, the settlement and watering of the Southwest stands as 
a reminder of the remarkable effort and funds mustered to transform a dry landscape 
into one with booming urban centers and extensive and productive agricultural lands. 

A second example of choices that created a more sustainable Southwest were the 
decisions of federal, state, and local governments, as well as private landowners and 

Figure 18.1  Water resource development in the Southwest: 2005 surface-water withdraw-
als for irrigation and dams. �The massive development of water resources stands as one of the 
grand stories of settling the Southwest. Although this has created its share of environmental and social 
problems, and there are legitimate questions as to the long-term sustainability of water supply interven-
tions, the systems of dams (shown here), diversions, and management institutions is a testament to 
the region’s ability to invest in managing its environment for economic and social well-being. In light of 
these incredible efforts to make the Southwest habitable, meeting the new climate challenges of the 
twenty-first century seems less daunting. Map from The National Atlas of the United State of America 
(http://www.nationalatlas.gov; see also http://www.nationalatlas.gov/mapmaker?AppCmd=CUSTOM&
LayerList=wu2005%3B5&visCats=CAT-hydro,CAT-hydro; accessed October 8, 2012).
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conservation groups, to set aside vast areas of the West to conserve extractive commodi-
ties such as timber and protect scenic beauty, wildlife, habitat, and open space. Twenty-
two national parks, nearly 66 million acres of national forests, 74 wildlife refuges, and 
other protected areas cover more than 165 million acres of the Southwest, conserving 
natural resources, and providing income to users such as ranchers, loggers, miners, and 
tourist operators and recreation to millions of residents and tourists (Clawson 1983; 
Wilkinson 1992) (see also Chapter 3, Section 3.1.3). The Southwest is also home to 120 
million acres under the jurisdiction of the Bureau of Land Management (Figure 18.2). 
While the vast majority of federal public lands were originally created to conserve natu-
ral resources for uses in the public interest, such as timber and grazing lands, an envi-
ronmental protection movement in the 1960s and 1970s led to stronger laws, guiding 
the management and protection of public lands, and also recognized a number of non-
utilitarian uses for the federal domain (Hardt 1994). The Wilderness Act of 1964, Wild 
and Scenic Rivers Act of 1968, Endangered Species Act of 1973, National Forest Manage-
ment Act of 1976, Federal Land Policy and Management Act of 1978, and a host of other 
laws and regulations helped ensure that public lands could be managed and conserved 
for years to come and that biodiversity would be protected.

This federal land ownership system, which covers nearly 30% of the entire United 
States (Loomis 2002), helps protect habitat and ecosystem services, facilitates sustainable 
management of resources, and provides an “insurance policy” for climate adaptation, 
as land-based resources and economies (such as forestry, tourism, and recreation) as 
well as species and ecosystems consequently have significant space to migrate to and 
adjust to the changing conditions. As federal climate-change adaptation response be-
comes increasingly coordinated, this large area of land can be managed for adaptation 
and multiple uses in an integrated fashion although multiple jurisdictions can present 
some barriers. 

As with water development, protection of public lands has its challenges. Extrac-
tive users, ranchers, recreationalists, and environmentalists struggle with each other and 
with land-management agencies over appropriate uses of these areas. Yet the wealth of 
publicly owned land across the United States, especially in the Southwest, is a testament 
to the willingness of Americans to take proactive steps to prevent the exploitation of 
resources for the benefit of current and future generations: a sign of a spirit more than 
capable of tackling the challenges of future climate change.

The Southwest is also leading the economic transformation that has become known 
as the “green economy,” with investments in business ventures that increase energy 
security, promote sustainability, and reduce environmental impacts (Jones 2009). Colo-
rado and California in particular have supported moves to a green economy where jobs 
and profits are associated with renewable energy. Colorado has targeted public policy at 
green energy, attracting venture capital to clean technology of $800 million, and hosting 
an estimated 17,000 green jobs (see Box 18.5). In Colorado, New Mexico, and Utah, green 
job growth has outpaced overall job growth (Headwaters Economics 2010). In Califor-
nia, Roland-Holst (2008) estimates that energy efficiency has already generated income 
savings and created 1.5 million jobs, while redirecting consumption to in-state supply 
chains. He further estimates that AB 32 (the California Global Warming Solutions Act) 
will encourage innovation, increase income, and create more than 400,000 new jobs. 



Climate Choices for a Sustainable Southwest               411

Other examples of sustainable choices in the Southwest include those cities and 
communities that have broken with the western model of sprawl, energy-intensive 
buildings, and dependence on the automobile, to plan more sustainable communities. 
Sustainable urbanism in the Southwest has included downtown infill, dry landscap-
ing, water reuse, renewable energy development, green-building standards, and public 
transport to reduce water and energy use, protect green space, and create more livable 
cities (see, for example, http://www.lgc.org/freepub/healthy_communities/index.html; 
Garde 2004; Farr 2007; and Chapter 13). Examples of large developments focused on a 
new sustainable urbanism in the region include Mesa Del Sol, New Mexico; Civano in 
Tucson, Arizona; Stapleton, Colorado; Mountain House in San Joaquin County, Califor-
nia; and Santa Monica, California. 

18.4  Limiting Emissions in the Southwest

To keep human-caused climate change below dangerous levels, the National Research 
Council (2010d) suggested that the United States and other industrial countries should 
reduce GHG emissions by 50% to 80% by 2050 compared to 1990 levels. This would 
give a reasonable chance of keeping atmospheric GHG concentrations below 450 parts 
per million and limiting overall temperature increases to 3.6°F (2°C) above preindustrial 
levels. Because annual U.S. carbon dioxide emissions in 1990 were estimated to be 6 

Figure 18.2  Extensive federal lands in the Southwest: A legacy for the future. �This map 
illustrates the legacy of federal land ownership in the Southwest, covering nearly 30 percent of the 
entire United States. Protected habitat and ecosystem services ensure sustainable management 
of resources and may be the greatest insurance policy against losses in the future, because natural 
resource use and biological species can more easily adapt to rapidly changing climatic conditions. 
Modified from The National Atlas of the United States of America (http://www.nationalatlas.gov; see 
also http://nationalatlas.gov/printable/images/pdf/fedlands/fedlands3.pdf; accessed October 8, 2012).
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gigatons (Gt), a 50% reduction by 2050 would mean reducing emissions to 3 Gt a year, 
and an 80% cut would be to 1.2 Gt. The NRC estimated that this gives the United States 
a total carbon budget of 170 Gt to 200 Gt for 2012 to 2050. (The study relied on a wide 
range of peer reviewed studies and estimated 2008 U.S. emissions to be the equivalent of 
about 7 Gt of carbon dioxide.) While its recommendation is highly ambitious and chal-
lenging, the NRC believes achieving this goal is possible, and more easily so if begun 
immediately. The study also offers a basket of options for reaching this goal, including 
choices such as: putting a price on carbon; increasing the energy efficiency of electric-
ity production and transport; moving toward low carbon fuels; increased research and 
development for carbon capture and storage and new-generation nuclear power genera-
tion; and the retirement or retrofit of emission-intensive infrastructure (NRC 2010c, 4–5).

The latest emissions data for CO2 from fossil fuels in the Southwest shows the region 
is responsible for 13.4% of the U.S. total in 2009, dominated by emissions from Califor-
nia, which ranks second to Texas in overall emissions (see also Chapter 12). The recently 
released GHG data reported by large facilities (EPA 2012a) shows that the largest emit-
ters in the Southwest are power-generating plants and oil refineries, with only thirty fa-
cilities producing 50% of the emissions from all large facilities (EPA 2012b) (Table 18.1). 

Since data for projections of regionally specific carbon emissions scenarios are not 
available, an estimate of possible regional emission reductions is provided based on the 
NRC study cited above (NRC 2010d). Assuming global “business-as-usual” emissions 
were to increase at 3% per year as assumed in several studies (Nakićenović and Swart 
2000; Garnaut 2008), the Southwest would have emissions of about 1,000 million metric 

Table 18.1 G reenhouse gas emissions by state in the Southwest, shown   
                 as  CO2 equivalent emissions (in million metric tons [MMT])

State
CO2 emissions  in 

MMT (2009) Percent of Region Percent of U.S.

Arizona 94 12.95 1.74

California 377 51.93 6.96

Colorado 93 12.81 1.72

Nevada 40 5.51 0.74

New Mexico 58 7.99 1.07

Utah 64 8.82 1.18

Region 726 100 13.4

U.S. total 5,417 — 100

Source: http://www.epa.gov/statelocalclimate/state/activities/ghg-inventory.html.
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tons (MMT) in 2020 and 2,400 MMT in 2050.i Alternatively, using the lower observed 
U.S. emissions growth rate of 1.2% per year (1990−2007) (http://epa.gov/climatechange/
emissions/index.html),  the region would have emissions of around 810 MMT in 2020, 
and approximately 1,090 MMT in 2050.

For the Southwest to contribute its fair share to reducing emissions by 2050, as NRC 
recommends, the region would need to reduce emissions to about 150 MMT to 350 
MMT per year by 2050. Since this is much lower than projected business-as-usual emis-
sions discussed above―as much as a 90% cut by 2050―we conclude that meeting higher 
emission reduction goals in the Southwest would be very challenging, but not impos-
sible. Any delay in beginning serious emission reductions would make achieving the 
region’s goal of reducing its proportional share that much harder. 

Of the states in the region, only California and Colorado have made commitments 
to reduce their emissions in line with the 50% to 80% reduction recommended by the 
NRC. California’s goal is to reduce emissions by 80% below 1990 levels by 2050 (State 
of California, Executive Order S-3-05) and Colorado’s is to reduce to 80% below 2005 
levels by 2050 (State of Colorado, Executive Order D-004-08). Other states have made 
more modest or non-binding emission reduction commitments―for example, through 
the 2007 Western Climate Initiative’s target of 15% below 2005 levels by 2020―but some 
of these commitments have been rescinded or not implemented (http://www.c2es.org/
states-regions). 

Significant emission reductions can be made at low cost or can save money (see Chap-
ter 12). One estimate for the United States showed that significant emissions reductions 
could be achieved at a cost of less than $50 per ton of avoided emissions and that almost 
half of these reductions would actually involve money savings especially from energy 
efficiency (McKinsey 2007) (Figure 18.3). Many of the money-saving options are relevant 
to the Southwest and are already being implemented through individual and corporate 
choices or through government incentives and regulation (see, for example, case stud-
ies of local communities at http://www.lgc.org/freepub/energy/index.html). Options in-
clude reducing overall energy consumption by driving less or adjusting thermostats, 
more efficient lighting, more efficient electronic equipment, building insulation, more 
efficient automobiles, power plant retrofits, and methane management at mines. Califor-
nia has adopted many energy-efficiency strategies over the past several decades, and its 
economy grew by 80% between 1960 and 2008, with no change in per capita electricity 
use and a savings of $1,000 per household (Kammen, Kapadia and Fripp 2004; Engel 
and Kammen 2009; Wei, Patadia, and Kammen 2010). 

Some researchers also suggest that the Southwest has a comparative advantage and 
real opportunities in certain areas of emission reductions, which include solar energy, 
energy-efficiency savings, and low-carbon electric vehicles (Zweibel, Mason, and Fthe-
nakis 2008; Fthenakis, Mason, and Zweibel 2009). New commercial installations of solar 
concentrating or solar photovoltaic facilities have been located in the Southwest or are 
under review in California, Colorado, Arizona, and Nevada. These states lead the coun-
try with installed solar photovoltaics and concentrated solar (Gelman 2010). The combi-
nation of ample cloud-free days and large areas of land, including abandoned industrial 
sites, farmland, and public land, represent a regional opportunity for this energy sup-
ply. Large solar facilities are not without controversy, however, as they can displace na-
tive species, disturb the soil, and may conflict with other human uses of the land.
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18.5  Adaptation Options in the Southwest

Many of the chapters in this report show that impacts of climate change are not only 
expected to occur in the future, but are already beginning to manifest across the South-
west. This implies that reducing emissions (i.e., mitigation) cannot be the only response 
to climate change. Efforts are now also required to prepare for, plan for, and minimize 
those impacts that cannot be avoided and turn expected climate changes into opportuni-
ties wherever possible (i.e., adaptation).ii

Figure 18.3  McKinsey Mitigation Cost Curve. �Governments, for-profit and non-profit organizations, 
and individuals are already taking steps to reduce the causes of climate change in the Southwest. 
Many low-cost or negative-cost opportunities for emission reductions (particularly energy efficiency and 
renewable energy) are available. This well-known graphic shows a wide range of actions that incur cost 
savings (with “negative costs” shown on the left side of the graphic with bars extending below the 
horizontal line). Actions to the right of the graphic incur increasingly higher costs. The width of each bar 
associated with a particular action indicates how much carbon could be abated in 2030 throughout the 
United States if it were implemented fully (in gigatons of carbon per year). Graph based on McKinsey 
(2007).
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This section focuses on adaptation and basic approaches to it and provides examples 
of activities already being undertaken. America’s Climate Choices (NRC 2010a) provides 
a starting point to lay out a fundamental way of thinking about adaptation to climate 
change. In it, adaptation is essentially viewed as a challenge in risk management. The 
Southwest is no stranger to climate-related risks, such as drought, heat extremes, floods, 
high-wind storms, wildfires, heavy snowfall in the mountains, and cold snaps (Chap-
ters 4, 7, and 8). To reduce the risks from these events in the past, the region’s residents, 
businesses, and planners devised a number of mechanisms, including early warning 
systems, emergency planning, irrigation systems, building codes, and insurance poli-
cies. As the historical patterns of extreme weather events change with a warmer, drier 
regional climate, the Southwest will need these and additional risk-management tools 
to prepare for the future so that disruptive events do not become disasters.

Risk management in the face of an uncertain future climate―as defined and dis-
cussed in detail in America’s Climate Choices (NRC 2010a, 2010c)―entails a number of 
characteristics and iterative, inclusive processes to implement over time. These charac-
teristics and processes are summarized here as generic components that will apply to 
many if not most adaptation strategies as they are implemented in different sectors:

Federal land and resource management agen-
cies are beginning to incorporate climate change 
considerations into planning, although efforts 
are not consistent across agencies (Jantarasami, 
Lawler, and Thomas 2010). A 2009 Secretarial 
Order issued at the Department of the Interior 
spurred individual agencies to begin to incor-
porate adaptation into individual decisions. The 
National Park Service’s Climate Change Re-
sponse Program aims to protect park resources 
from climate change impacts while also using 
parks to develop knowledge about ecosystem 
impacts from climate change. A survey of federal 
land managers in three states in 2011 (Colorado, 
Wyoming, and Utah) showed that only 6% of 
their offices were carrying out adaptation plans, 
but another 25% percent were in the process of 

developing plans (Archie et al. 2012). A major-
ity were either not currently planning for climate 
change adaptation (47%) or did not know the sta-
tus of adaptation planning in their office (24%). 
Preliminary data indicate that there is some dif-
ference in the level of planning among agencies, 
with the U.S. Fish and Wildlife Service planning 
at a significantly higher rate than its sister agen-
cies, but it is too early to say why this may be the 
case. The National Park Service has adopted a 
range of actions to meet the challenges of climate 
change in the Southwest region including efforts 
to reduce energy consumption with a goal of car-
bon neutrality and through the Climate Friendly 
Parks program which provides parks with tools 
to address climate change, including emissions 
inventories, action plans, and outreach support.

Box 18.1

Case Studies of Climate Choices for a Sustainable Southwest

Federal Lands and Agency Planning in the Southwest
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•	 Risk identification, vulnerability assessment, and evaluation. Scientists and 
stakeholders jointly identify projected changes in the climate and relevant con-
sequences for particular regions or sectors in light of existing or expected social, 
economic, and ecological vulnerabilities.

•	 Development and assessment of adaptation strategies. Stakeholders, decision 
makers, scientists, and engineers assess the costs, benefits, feasibility, and limits 
of a range of adaptation options.

•	 Iterative decision making and deliberate learning. Many pro-active adaptation 
decisions will need to be made without “perfect” knowledge of what the future 
may hold, thus requiring frequent revisiting of decisions and making deliber-
ate efforts at monitoring outcomes and reevaluating them in light of changing 
knowledge, changing climate, non-climatic stressors, and policy contexts. (This 
idea and many of those that follow are addressed further in Chapter 19.)

•	 Maximizing flexibility. Whenever decisions with long-term (greater than 30 
years) implications can be made incrementally, future risks will be minimized if 
options for course changes are not foreclosed immediately.

•	 Enhancing robustness. Whenever decisions with long-term implications are be-
ing made that can be reversed only at major expense (if at all), future climate 
risks (and the odds of investing in the wrong option) will be minimized if the 
considered option(s) will work under a range of plausible future scenarios.

•	 Ensuring durability. To avoid or minimize a perception of economic and social 
uncertainty, investors, homeowners, and others require some stability to make 
decisions. Some degree of durability of decisions is needed, with rational adjust-
ments allowed over time.

•	 Having a portfolio of approaches. In a rapidly changing, complex environment, 
simplistic “fixes,” narrow sectoral approaches, or reliance on only a small set of 
options used in the past are typically insufficient to meet future challenges. 

•	 Focusing on “no-regrets” options whenever possible. While any adaptation 
strategy may involve benefits for some and disadvantages for others, “no-re-
grets” options are understood as those that would―regardless of the exact un-
folding of future climate change―provide the benefit of reducing vulnerability 
or increasing resilience. For example, improving access for poor, less mobile 
populations to cooling centers during heat waves would already be beneficial, 
and will be even more beneficial if and when heat extremes become more com-
mon, even if there is some cost involved in providing this service to those cur-
rently disadvantaged populations. 

•	 Focusing on “low-hanging fruit.” Such options are those that are useful for re-
ducing climate risks, are relatively easy to implement, and may not cost much. 
Examples are avoiding placing more people and assets at risk, improving early-
warning or disaster preparedness and response systems, and building climate-
change considerations into existing plans for ecosystem restoration or floodplain 
management.

•	 Focusing on building adaptive capacity. Another very useful strategy already 
being pursued by a number of institutions and governments in the Southwest―is 
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to build the capacity to address climate change impacts in the future, includ-
ing improving understanding of the problem, educating and building aware-
ness among citizens, establishing collaborative ties with others, improving data 
sharing and communication, setting up stakeholder engagement processes, and 
developing funding mechanisms. 

Table 18.2 identifies some of the many options for adapting to climate change in the 
Southwest, many of which are mentioned in earlier chapters of this report. In addition 
to adaptation options for specific sectors, any jurisdiction can take steps to develop inte-
grated adaptation plans. This is already being pursued by several entities in the South-
west, including the Western Governors Association, stakeholders in San Diego Bay, the 
cities of Los Angeles, Salt Lake, San Francisco, and Tucson, the state of California, and a 
number of regional water utilities. 

The actual and potential capacity to adapt to climate variability and change exists 
at a variety of scales and involves a number of institutions across the Southwest. At a 
local scale, efforts like watershed protection and restoration conducted by non-govern-
mental organizations and other institutions could minimize potential climate impacts 
to habitats and ecosystem services (e.g., Carpe Diem West 2011). More formally, a num-
ber of municipalities and counties have developed climate adaptation assessments or 
plans aimed at preparing for future impacts. For example, eight municipalities in the 
Southwest have formed the Regional Climate Adaptation Planning Alliance to develop 

Levi Strauss & Co. (LS&CO) is a retail company 
based in California that has started to take steps 
to mitigate its contribution to climate change. It 
groups its climate-related goals under three cat-
egories: (1) reducing climate-change impacts re-
sulting from production (supply chain focus); (2) 
reducing impacts from its facilities; and (3) pro-
moting environmentally friendly use and dispos-
al of its products. Since 2007, LS&CO has reduced 
carbon emissions by 5.84%; this reduction came 
despite a 6% increase in its real-estate portfolio. 
The company launched a “Levi’s® Water<LessTM” 
jeans product line that reduces both water and 

energy consumption. LS&CO was also active in 
supporting The California Global Warming Solu-
tions Act (AB 32) and joined the campaign against 
Prop 23 that aimed to overturn AB 32 (see also 
Box 18.4). LS&CO supports a non-profit program 
focused on teaching irrigation and rainwater-
capture techniques in India, Pakistan, Brazil, and 
Central Africa. Currently 5% of the cotton used 
in its jeans production is grown using sustainable 
methods and the company aims to increase this 
to 20% by 2015.
Source: http://www.levistrauss.com/about/
public-policy/environment.

Box 18.2

Case Studies of Climate Choices for a Sustainable Southwest

Private Sector Responses in the Southwest: Levi Strauss
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a common approach for individual adaptation efforts. Local water providers in Phoenix 
and Denver have been downscaling climate model data to estimate potential impacts 
on streamflow, and thus on their long-term water supplies. They are now beginning to 
explore flexible and incremental actions to respond to such changes if they occur (Quay 
2010). 

Table 18.2 A daptation options relevant for the Southwest

Sector Example Adaptation Strategies

Agriculture Improved seeds and stock for new and varying climates (and pests, diseases), increase 
water use efficiency, no-till agriculture for carbon and water conservation, flood manage-
ment, improved pest and weed management, create cooler livestock environments, adjust 
stocking densities, insurance, diversify or change production.

Coasts Plan for sea level rise—infrastructure, planned retreat, natural buffers, land use control. 
Build resilience to coastal storms—building standards, evacuation plans. Conserve and 
manage for alterations in coastal ecosystems and fisheries. 

Conservation Information and research to identify risks and vulnerabilities, secure water rights, protect 
migration corridors and buffer zones, facilitate natural adaptations, manage relocation of 
species, reduce other stresses (e.g., invasives)

Energy Increase energy supplies (especially for cooling) through new supplies and efficiency. Use 
sustainable urban design, including buildings for warmer and variable climate. Reduce 
water use. Climate-proof or relocate infrastructure. 

Fire management Use improved climate information in planning.  Manage urban-wild land interface.

Forestry Plan for shifts in varieties, altered fire regimes, protection of watersheds and species.

Health and 
emergencies

Include climate in monitoring and warning systems for air pollution, allergies, heat waves, 
disease vectors, fires. Improve disaster management. Cooling, insulation for human 
comfort. Manage landscape to reduce disease vectors (e.g., mosquitos). Public health 
education and training of professionals. 

Transport Adjust or relocate infrastructure (coastal and flood protection, urban runoff), plan for 
higher temperatures and extremes.

Urban Urban redesign and retrofit for shade, energy, and water savings. Adjust infrastructure for 
extreme events, sea-level rise.

Water management Enhance supplies through storage, transfers, watershed protection, efficiencies and reuse, 
incentives or regulation to reduce demand and protect quality, reform or trade water 
allocations, drought plans, floodplain management. Use climate information and maintain 
monitoring networks, desalinate. Manage flexibly for new climates not stationarity.

Source: Smith, Horrocks et al. (2011); Smith, Vogel et al. (2011).
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Several states have also begun adaptation planning efforts (see Center for Climate and 
Energy Solutions 2012; Georgetown Law Center 2012). Although California is the only 
state in the region to have completed a state adaptation plan (see Box 18.4), climate ac-
tion plans in Arizona, New Mexico, and Colorado call for the development of statewide 
adaptation activities, and in some sectors―such as water management―adaptation ac-
tivities are already underway (Chou 2012). Many local governments are also engaging 
in adaptation planning; to date more than 140 cities in the Southwest are members of 
ICLEI—Local Governments for Sustainability.iii To facilitate such adaptation planning, 
nine western utilities—together with several from other U.S. regions—have formed the 
Water Utility Climate Alliance and have been funding research on adaptation strategies 
for water utilities. This includes a study on advancing climate modeling (Barsugli et al. 
2009) and methods for planning adaptation under uncertainty (Means et al. 2010).

18.6  Linking Mitigation and Adaptation 

To move toward greater sustainability, both adaptation and mitigation efforts are need-
ed and in some organizations (and households) the same person or group of decision 
makers are responsible for both activities. While both types of activities have distinct 
goals, their interaction has four possible outcomes: (1) mitigation positively supports 
the achievement of adaptation goals; (2) mitigation undermines the achievement of ad-
aptation goals; (3) adaptation supports the achievement of mitigation goals (emission 

Cities are emerging as the leaders in setting 
policies, preparing risk assessments, and set-
ting targets for the reduction of GHG emissions 
(Rosenzweig 2010; see also Chapter 13). Organi-
zations such as ICLEI, the World Mayors Council 
on Climate Change, and the C40 Cities Climate 
Leadership Group have provided successful ven-
ues for cities to raise awareness and disseminate 
best practices (Zimmerman and Faris 2011). Na-
tionwide most of the climate action at the city 
level is still focused on mitigation (Wheeler 2000; 
http://www.icleiusa.org/) and recent assessments 
of these mitigation efforts have been critical of 
their likelihood to reach stated goals (Willson and 

Brown 2008). In the Southwest, more than 140 cit-
ies are members of ICLEI. Success stories include 
Fort Collins, Colorado, which has not increased 
its annual GHG emissions since 2005 despite 5% 
population growth. Fort Collins is hoping to re-
duce emissions by 80% below 2005 levels by 2050 
(Karlstrom 2010). Salt Lake City, Utah, reduced 
its GHG emissions by 31% between 2005 and 
2009 (Zimmerman and Faris 2011). Cities such as 
Los Angeles; Boulder City, Nevada; and Pleasan-
ton, California, are also promoting initiatives to 
expand locally based renewable energy initia-
tives (Zimmerman and Faris 2011).

Box 18.3

Case Studies of Climate Choices for a Sustainable Southwest

Cities Responding to Climate Change in the Southwest
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reductions); and (4) adaptation undermines the achievement of mitigation goals. Be-
cause funding is often limited and alternatives are not always feasible, in some instances 
adaptation may have to be chosen even though it increases emissions, or one type of 
effort must be focused on one rather than the other because of mandates. For exam-
ple, heat wave response may require extra air conditioning in public buildings or extra 
groundwater pumping, even when this increases emissions because other options such 
as desalination are too expensive or simply not available in the near-term. Some renew-
able energy options may require more water use, thus adding to adaptation challenges. 
It is important to examine the interaction of mitigation and adaptation in the Southwest 
because it can help maximize potential co-benefits and reduce potential trade-offs if 
they cannot entirely be avoided (Scott and Pasqualetti 2010). To the extent trade-offs are 
perceived by interested stakeholders, they can pose barriers to progress, and thus need 
careful consideration (Moser 2012). Table 18.3 lists examples of activities particularly 
relevant in the Southwest region that illustrate these interactions.

While trade-offs should be avoided, stand-alone climate policies that pursue only 
mitigation or adaptation goals should not be disfavored if they are well indicated and 
demonstrably useful even if they do not have explicit co-benefits for other policy goals. 
This may entail difficult political challenges, as it is reasonable to expect that there will 

The history of climate-change policy making 
in California is longer than in most other states 
(Franco et al. 2008). Beginning in 1988, Assembly 
Bill 4420 (AB 4420) called on the California En-
ergy Commission to lead the preparation of the 
first scientific assessment of the potential impacts 
of climate change and of policy options to reduce 
GHG emissions. It took until 2000 before the first 
steps were taken to regulate GHG emissions, 
when Senate Bill 1771 created the non-profit Cali-
fornia Climate Action Registry (CA Registry), al-
lowing state organizations to register and track 
their voluntary emission reductions. Shortly 
thereafter in 2002, the assembly passed the so-
called “Pavley bill” (AB 1493), a ground-breaking 
law which led to the regulation of GHG emitted 
from automobiles. After an executive order was 
signed by Governor Arnold Schwarzenegger in 

June 2005 (S-3-05), the California state assembly 
then passed the California Global Warming So-
lutions Act (AB 32) in 2006, committing the state 
to reduce GHG emissions statewide by 80% be-
low 1990 levels by mid-century, with an interim 
goal of capping emissions at 1990 levels by 2020. 
Several additional laws have been passed since 
in support of these policy goals, including re-
quirements to generate a growing percentage of 
electricity from renewable energy and to develop 
integrated land use and transportation strategies 
(Franco et al. 2008; NRC 2010c, Box 2.1). Con-
trary to widespread concerns, the climate-policy 
initiatives in California appear to have positive 
economic impacts on the state economy in terms 
of jobs generated and technological innovation 
spurred (Roland-Holst 2008; Berck and Xie 2011).

Box 18.4

Case Studies of Climate Choices for a Sustainable Southwest

California’s Climate Policy History and AB 32
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be times when true sustainability and successful adaptation require hard choices, in-
cluding convincing stakeholders that what they perceive as harmful to them could be 
beneficial to them and the larger community and environment in the long term.

18.7  Barriers to Planning for and Implementing Climate 
Solutions 

As adaptation has become a focus of public policy, many states, local governments, 
tribes, for-profit and non-profit organizations, and individuals have encountered im-
pediments to the development and implementation of mitigation and adaptation ef-
forts. At the same time, researchers have made progress in documenting and examining 
these impediments, including in the Southwest.

The National Research Council distinguished four basic groups of barriers to climate 
action: (a) inadequate information and experience, (b) inadequate institutional support, 
(c) lack of resources and technology, and (d) behavioral impediments (NRC 2010a). 
These barriers were also found for mitigation (NRC 2010d) and are echoed in other 
studies (e.g., Post and Altman 1994; Verbruggen et al. 2009; Gifford, Kormos, and Mc-
Intyre 2011). More recent studies provide much more detailed insights into the range of 
impediments that decision makers encounter (e.g., Amundsen, Berglund, and Westskog 
2010; Burch 2010; Storbjörk 2010; Ekstrom, Moser, and Torn 2011; Measham et al. 2011; 
McNeeley 2012; Moser and Ekstrom 2012). 

Colorado has a strong focus on the fast-growing 
clean-energy economy. Between 1998 and 2007, 
jobs in the U.S. clean-energy sector grew by 9.1%, 
while those in Colorado’s clean-energy sector 
grew by 18.8% (Pew Charitable Trusts 2009). Col-
orado has one of the most aggressive Renewable 
Portfolio Standards (RPS)—a requirement to pro-
duce a certain amount of energy from renewable 
sources—with 30% of energy to be sourced from 
renewable energy by 2020, according to Head-
waters Economics (2010). This RPS was doubled 
from its previous target when lawmakers ob-
served the ease with which it was being met, 

together with an influx of jobs in rural areas. Col-
orado has provided a variety of incentives to pro-
mote its clean-energy growth, including direct 
funding for renewable energy development tar-
geted at residential and commercial buildings. In 
2009 Colorado implemented an Energy Efficiency 
Resource Standard with the goal of achieving 
11.5% energy savings by 2020 for investor-owned 
utilities. Colorado was ranked fifth nationally in 
terms of total venture capital investment in clean 
energy between 2006 and 2008, with almost $800 
million invested in clean technologies.

Box 18.5

Case Studies of Climate Choices for a Sustainable Southwest

Colorado’s Green Economy
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Table 18.3 E xamples of synergies and trade-offs between regionally relevant mitigation and  
                 adaptation activities and climate-change impacts

Mitigation 
supports 
Adaptation 
 
 
 

Reforestation increases carbon storage and improves water resources. Jimenez et al. 2009

Moving from water-cooled concentrating solar power plants in 
California and Nevada toward dry cooling  helps reduce water needs 
for the energy sector and leaves resources available for other users.

Schultz, Shelby, and 
Agogino 2010 

Increased urban tree cover increases carbon storage and shading, 
resulting in lower cooling-energy demand and fewer heat-related 
health risks.

Blate et al. 2009

Installation of renewable energy systems in homes, farms, and tribal 
land, as well as building retrofits to increase insulation and energy 
efficiency reduce emissions and produce high-quality jobs, thus 
increasing income-generating opportunities for communities and 
lowering their vulnerability to change.

Averyt et al. 2011; 
Nowak, Crane, and 
Stevens 2006; Pataki 
et al. 2006; Chen et al. 
2011

Mitigation 
undermines 
Adaptation 
 

Carbon capture and storage from coal-burning power plants increases 
demand on and creates greater competition for regionally scarce water 
resources.

Averyt et al. 2011

As hydroelectric power generation declines because of decreased 
precipitation, water supplies may become insufficient to meet all 
human and environmental needs, and the power deficit may be made 
up from CO2-emitting sources.

Giridharan et al. 2007

Power generation has occasionally depleted aquifers in the Southwest.

Power plants dependent on water cooling will release warmed waters 
into already warmer rivers and streams, adding further stress on 
aquatic plants and animals and reducing water quality.

The move to renewable energy can be water intensive: U.S. nuclear 
power plants may require as much as eight times more freshwater 
than natural gas plants per unit of electricity generated and 11 % more 
than coal plants. Some concentrating solar power plants consume more 
water per unit of electricity than the average coal plant.

More compact coastal urban design (to reduce transportation-related 
emissions) may increase the urban heat island effect and could concen-
trate development in hazardous areas (such as floodplains).

Adaptation 
supports 
Mitigation 

Improved forest fuel management (and reduction) decreases the risk 
of devastating wildfires (and thus large releases of carbon into the 
atmosphere), and thus maintains watershed health, reduces the risk of 
landslides, soil erosion, and destruction of infrastructure, and better 
preserves scarce water resources.

Carpe Diem West 2011
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For example, in a survey of over 600 federal public land managers in Colorado, Wyo-
ming, and Utah (Dilling 2012), lack of funding and lack of information (including both 
the uncertainty of information and its usefulness) were both ranked highly as barriers in 
moving forward to plan or implement adaptation strategies for climate change. Lack of 
specific agency direction was also mentioned as a key barrier. Public perception, includ-
ing the perceived lack of importance and lack of demand from the public to take action 
on climate change may also act as hurdles in preparing for climate change. A perhaps 
unique challenge for public lands and other resources governed by federal law such as 
interstate water compacts (i.e., the Colorado River Compact) is that they have a decision 
process and legal framework that was developed under an assumption of climate sta-
tionarity—the concept that patterns of past climate provide a reasonable expectation of 
those of the future—an assumption that is no longer valid (Milly et al. 2008; Ruhl 2008). 
The legal framework defining decision making on public lands is likely to be another 
barrier to making adaptive decisions. 

Table 18.3 E xamples of synergies and trade-offs between regionally relevant mitigation and  
                 adaptation activities and climate-change impacts

Adaptation 
supports 
Mitigation

Efforts to increase rainwater infiltration on the land to improve water 
security and reduce the risk of sewer overflows and flooding during 
extreme rainfall events also reduces the need for energy-intensive 
sewage treatment and pumping.

Borel 2009; Water-
fall 2006; PWA 2010; 
DeLaune and White 
2011

Coastal seagrass bed and wetland restoration increases carbon uptake 
and increases coastal protection against storms [1].

 

Adaptation 
undermines 
Mitigation 
 
 
 

Desalinization of seawater to increase local water security during 
drought years is a highly energy-intensive adaptation options, thus 
increasing CO2 emissions (unless the desalination plant is solar-
powered).

DOE 2006; Stokes and 
Horvath 2006; Lofman, 
Petersen, and Bower 
2002

Increased pumping for groundwater and increased recharge of 
depleted groundwater aquifers is energy-intensive and thus, typically, 
increases CO2 emissions.

Biesbroek, Swart, and 
van der Knaap 2009

Relocation of residents out of floodplains in ways that increase the 
overall need for driving increases one-time relocation-and rebuilding-
related emissions and possibly increases transportation-related 
emissions.

Boden, Marland, and 
Andres 2011

Extensive fortification of coastlines against sea-level rise and coastal 
flooding with seawalls also increases CO2 emissions from cement.

 

Note: [1] Additional benefits and cost savings may arise if sediment trapped in nearby bays or channels is used to  
          help wetlands build up vertically; carbon storage benefit may be smaller if coastal storms cause severe  
          damage to wetlands.

(Continued)
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With all states in the Southwest implementing 
Renewable Portfolio Standards (RPS), the devel-
opment of renewable energy sources is thriving 
across the region. Taking advantage of its unique 
position at the intersection of three of the coun-
try’s ten major electrical grids as well as its natu-
ral resources, New Mexico has the potential to 
become a major hub for renewable energy with 
a proposed Tres Amigas “superstation” linking 
to the Electric Reliability Council of Texas, the 
Southwest Power Pool, and the Western Elec-
tricity Coordinating Council. New Mexico’s RPS 
requires 10% of its energy to be generated from 
renewable sources by 2011, with an increase to 

20% by 2020. The state is capitalizing on its di-
verse renewable energy potentials, including 
wind, solar, geothermal, and biofuels. To encour-
age the increased production and demand for 
alternative and renewable energy, New Mexico 
is implementing a variety of tax credits, tax de-
ductions, and innovation funds. In addition, the 
state is expanding green-job training as well as 
research and development of clean technology 
across the state (as through the new North Amer-
ican Wind Research and Training Center, which 
partners with Sandia National Laboratories and 
New Mexico State University) (Thorstensen and 
Nourick 2010).

Box 18.6

Case Studies of Climate Choices for a Sustainable Southwest

Energy and Climate in the Southwest

Salt Lake City is striving to reduce GHG emis-
sions from municipal operations by 3% per year 
for the next ten years. By 2040, the city aims to 
reduce emissions by 70% (EPA n.d.). EPA and 
DOE have awarded an ENERGY STAR Award 
for Excellence to the Utah Building Energy Effi-
ciency Strategies (UBEES), a coalition of govern-
ment agencies, members of the building industry, 
and stakeholders, for their energy efficiency and 
renewable energy goals (Energy Star Program 
n.d.). Utah aims to source 20% of its energy from 
renewable energy sources by 2025. The state also 

aims to improve energy efficiency 20% by 2015 
(Energy Star Program n.d.). Utah’s first commer-
cial wind power project generates nearly 19 MW 
of energy through an urban wind turbine instal-
lation. Located in Spanish Fork, a city of 32,000 
located fifty miles south of Salt Lake City, the 
project is a remarkable example of small-scale re-
newable energy production that faced many po-
litical, market, and social barriers and overcame 
them successfully through a transparent and pa-
tient stakeholder engagement process (Hartman, 
Stafford and Reategui 2011).

Box 18.7

Case Studies of Climate Choices for a Sustainable Southwest

Salt Lake City’s Emission Reduction Efforts
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A detailed study on barriers to adaptation focused on four local coastal communi-
ties (two cities and two counties) and a regional process in San Francisco Bay (Moser 
and Ekstrom 2012). Its findings were extended through a survey of coastal communities 
along the entire California coastline (Hart et al. 2012), thus allowing for verification and 
generalization. The case study found institutional- and governance-related barriers to be 
the leading impediments to greater adaptation planning and implementation, followed 
by attitudinal and motivational barriers among the individuals and groups involved. 
Economic barriers mattered also, even in some of the wealthiest communities in that 
region (and the nation). Multiple lines of evidence confirmed the importance of institu-
tional, individual, and economic barriers, which is also echoed in the broader literature. 
At the same time, the study revealed that communities have significant leverage over 
the barriers they face in the “here and now,” as well as many important advantages, and 
assets that either help avoid barriers in the first place, or help overcome them if they are 
encountered. To move beyond barriers created through decisions made in the past or at 
other levels of governance, as well as to manage obstacles resulting from entrenched lo-
cal political dynamics and pressures, communities need assistance from higher levels of 
governance (see also Chapter 9, Section 9.5). 

To help overcome the barriers that prevent communities, organizations, and busi-
nesses from planning for a climate-altered future or that pose time-consuming and 
costly obstacles to those ready to implement mitigation and adaptation actions, several 
critical steps can be taken. Much of the adaptation activity to date can be character-
ized as building capacity (including gathering relevant information, assessing risks, 
educating decision makers and affected stakeholders, and improving communication 
and cross-sectoral and cross-scale collaboration) (Moser and Ekstrom 2010, 2012). Sev-
eral categories of supporting activities can be broadly categorized into cooperation and 
collaboration (across scales, agencies, public/private), market mechanisms (e.g., trading 
systems, pricing, valuing ecosystem services), legal reforms, mandates and standards, 
education, information and decision support, and―to move any and all of these for-
ward―both technical and political leadership. Framing responses in terms of water con-
servation or energy efficiency, for example, may be more effective than making explicit 
links to climate change for some Southwest residents who are confused by the debate 
over climate science (Nisbet 2009; Resource Media 2009).

18.8  Coping with the Risks of Rapid Climate Changes

There is a risk that climate change might bring unacceptably large, sudden, or abrupt 
changes to the Southwest (see Chapter 7) and elsewhere, such as multi-decadal droughts, 
shifts to significantly higher temperatures (e.g., +3°F) in less than ten years, sea-level rise 
that is much faster than what has historically occurred, dramatic shifts in ecosystems 
(crossing of local- or larger-scale tipping points), or significant increases in the incidence 
of climatic extremes (Lindenmayer et al. 2010; Park et al. 2011; Smith, Horrocks et al. 
2011). Even if such changes prompted steep emission reductions globally, the lags in the 
climate response would make it difficult to immediately stabilize the climate. Should 
such a scenario unfold, the Southwest may need to consider more dramatic and trans-
formational adaptations to a changed climate (Smith, Horrocks et al. 2011; Kates, Travis 
and Wilbanks 2012; O’Brien 2012) or push for large-scale manipulations of the climate 
(also called geoengineering). 
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In conditions of water scarcity, for example, choices would need to be made about 
water-allocation priorities that would challenge traditional water rights in the West. Ag-
riculture and ranching might need to shift into different places or species. Desalination 
and water reuse might become much more viable and socially acceptable options and 
urban areas might need to transform water use (Larson et al. 2005). Coastal settlements 
and infrastructure, as well as valued ecosystems, might need to be relocated on short 
timescales and thus possibly at considerable cost. Southwestern residents would need 
to consider their positions and choices on geoengineering options, which involve inten-
tional interventions in the carbon cycle or in solar radiation to cool the planet (Victor et 
al. 2009; Caldeira and Keith 2010).

18.9  Research Gaps

A significant amount of general knowledge about mitigation and adaptation options is 
available to Southwest stakeholders. Few of these options have specifically assessed the 
costs, legal feasibility, or possible trade-offs of climate solutions with other policy goals. 
Thus, the practical basis for informed decision making is still relatively weak, even if 
much is known in general about possible climate responses. Tracking and evaluation 
of mitigation and adaptation activities is missing. Research on private sector actions 
is especially difficult and therefore largely missing. In addition, little has been done to 
evaluate plans and responses already underway and to assess the effectiveness of sec-
ondary actions that indirectly contribute to climate responses. For example, claims of 
climate action undertaken for other reasons such as energy or food security need to be 
assessed for their impacts. Other key research gaps include the analysis of trade-offs 
and of the long-term implications of choices on environmental impacts, vulnerability, 
and economic well-being. 

Multinational mining corporation Freeport Mc-
MoRan,  based in Phoenix, operates eight copper 
mines in Arizona, Colorado, and New Mexico 
and has responded to environmental concerns, 
including climate change, by developing solar 
energy facilities in two Arizona mining commu-
nities, Bagdad and Ajo, and completing GHG 
inventories. Most of its emissions are from ma-
terials transport and the company states it is 

focusing on improved fuel consumption. As a 
global business, Freeport McMoRan report to 
the Global Reporting Initiative and Carbon Dis-
closure Project.  In 2010 the company reported 
worldwide emissions of 10 MMT; it is working 
on overall emission reduction plans, energy ef-
ficiency, and carbon offsets (http://www.fcx.com/
envir/wtsd/pdf-wtsd/2010/WTSD_Bk_2010.pdf).

Box 18.8

Case Studies of Climate Choices for a Sustainable Southwest
Private Sector Responses in the Southwest: Freeport McMoRan mining
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The least developed or understood solutions are generally those that require deep-
er intervention in the various systems, such as through legal changes (for example, to 
water rights) or large-scale market mechanisms (for example, a functional regional car-
bon-trading scheme). Similarly, understanding the potential impacts of geoengineering 
interventions on many systems―regional climate, crop production, water availability, 
and human well-being—is a considerable challenge. 

With key agencies, collaborative projects, and universities actively engaged in use-
inspired4 climate research, the Southwest is uniquely endowed with research centers 
that have considerable expertise in developing effective relationships with stakeholders 
and decision makers and in developing decision-relevant information (Table 18.4). A 
fair amount is understood about how to do this well, and the Southwest may well lead 
the nation in this regard. The demand for use-inspired research and decision support is 
growing rapidly, and there is a growing need to expand the expertise and capacity to 
deliver on this need. Scaling up the capacity-building efforts among decision makers to 
understand and meet the challenges involved in risk management in the face of rapid 
changes must also be a priority.

Table 18.4 C limate science and assessment example activities in the Southwest

Type of 
Organization

Specific Programs in  
the Southwest

Geographic Scope 
of Program Description and Mission

Regional Integrated 
Sciences and 
Assessments (RISAs; 
funded by NOAA)

Western Water  
Assessment
wwa.colorado.edu

CO, UT Identifying regional vulnerabilities to and 
impacts of climate variability and change, 
and developing information, products, 
and processes to assist decision makers 
throughout the Intermountain West.

 Climate Assessment  
for the Southwest 
climas.arizona.edu

AZ, NM Improving the region’s ability to respond 
sufficiently and appropriately to climatic 
events and climate changes.

California-Nevada 
Applications Program 
meteora.ucsd.edu/cap

CA, NV Developing and providing better climate 
information and forecasts for decision 
makers in California, Nevada, and the 
surrounding region. 

Climate Science 
Center (CSC; funded 
by Department of  
the Interior)

doi.gov/csc/southwest Entire  
Southwest

Providing scientific information, tools, 
and techniques that land, water, wildlife, 
and cultural-resource managers and 
other interested parties can apply to 
anticipate, monitor, and adapt to climate 
and ecologically driven responses at 
regional-to-local scales.
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Table 18.4 C limate science and assessment example activities in the Southwest (Continued)

Type of 
Organization

Specific Programs in the 
Southwest

Geographic 
Scope of 
Program Description and Mission

Landscape 
Conservation 
Coopera-
tives (LCCs; 
funded by 
Dept. of the  
Interior)

California LCC 
californialcc.org

Portions of CA LCCs are public-private partnerships 
that complement and build upon existing 
science and conservation efforts—
such as fish habitat partnerships and 
migratory bird joint ventures—as well 
as water resources, land, and cultural 
partnerships as part of the Department 
of the Interior’s collaborative, science-
based response to climate change.

 Desert LCC 
usbr.gov/WaterSMART/lcc/desert.html

Portions of AZ, 
CA, NM, NV

 

 Southern Rockies LCC 
doi.gov/lcc/Southern-Rockies.cfm

Portions of AZ, 
CO, NM, UT

 

 Great Plains LCC 
greatplainslcc.org

Portions of CO 
and NM

 

 Great Basin LCC 
blm.gov/id/st/en/prog/Great_Basin_
LCC.html

Portions of CA, 
NV, and UT

 

North Pacific LCC 
fws.gov/pacific/Climatechange/nplcc/

Portions of CA

Great Northern LCC 
nrmsc.usgs.gov/gnlcc

Portions of CO 
and UT

NOAA 
Regional 
Climate 
Services

NOAA Western Region RCSD
noaaideacenter.org/rcsd/west/

Entire  
Southwest

Building and strengthening regional 
partnerships to better assess and deliver 
regionally focused climate science and 
information products and services to 
help people make informed decisions in 
their lives, businesses, and communities. 

Bureau of  
Reclamation

Colorado River Basin Water Supply 
& Demand Study 
www.usbr.gov/lc/region/programs/
crbstudy.html

Colorado River 
Basin

Defining current and future imbalances 
in water supply and demand, and 
developing and analyzing adaptation 
and mitigation strategies to resolve those 
imbalances.
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Table 18.4 C limate science and assessment example activities in the Southwest (Continued)

Type of 
Organization

Specific Programs in the 
Southwest

Geographic 
Scope of 
Program Description and Mission

The Nature 
Conservancy

Southwest Climate Change 
Initiative 
conserveonline.org/workspaces/
climateadaptation/documents/
southwest-climate-change-
initiative-0/view.html

AZ, CO, 
NM, UT

Providing guidance to conservation 
practitioners and land managers in 
climate change adaptation planning and 
implementation on more local scales.

Northern Arizona 
University 
Institute for Tribal 
Environmental 
Professionals

Southwest Tribal Climate  
Change Network 
www4.nau.edu/itep/
climatechange/tcc_SWProj.asp

AZ, NM Identifying existing tribal climate change 
efforts being undertaken in Arizona and 
New Mexico; assessing tribal research and 
information needs regarding climate change 
issues; and developing strategies for meeting 
those needs.

University 
of Arizona 
Institute of the 
Environment

Southwest Climate Change 
Network 
southwestclimatechange.org

AZ, NM Fostering a dialog and exchange of science 
and policy information among climate 
experts, other scientists, natural resource 
managers, utility providers, policy and 
decision makers, community groups, the 
public, and the media about climate-change 
issues in the Southwest.

Desert Research 
Institute

Western Regional Climate  
Center 
wrcc.dri.edu

Entire  
Southwest

Tracking and disseminating high quality 
climate data and information for the Western 
United States; fostering better use of climate 
data in decision making; conducting applied 
climate research; improving the coordination 
of climate-related activities. 

Multi-university Southwest Climate Alliance
southwestclimatealliance.org

Entire 
Southwest

Working with the Southwest Climate Science 
Center to help regional stakeholders meet 
the needs of climate variability and change.

Multi-agency Western Mountain Initiative 
westernmountains.org

Entire 
Southwest

Scientists from USGS and U.S. Forest Service 
working to understand responses of Western 
mountain ecosystems to climate variability 
and change.

Arizona State 
University

Decision Center for a Desert 
City
http://dcdc.asu.edu/

AZ Conducting climate, water, and decision 
research and developing innovative tools 
to bridge the boundary between scientists 
and decision makers and put this work into 
the hands of those whose concern is for the 
sustainable future of Greater Phoenix.
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Endnotes

i	 Observed global emissions have accelerated from an increase of 1.1% per year in the 1990s to 
3.5% per year from 2000−2007 (see McMullen and Jabbour 2009). The global recession produced 
only a slight drop in emissions in 2009 with the overall trend now upward again (Friedlingstein 
et al. 2010; Peters et al. 2011).

ii	 Definition adapted from NRC 2010a.
iii	 See http://www.icleiusa.org/about-iclei/members/member-list.
iv	 The concept of “use-inspired” basic research was originally introduced by Stokes (1997); it re-

fers to research that seeks basic understanding while considering social needs and potential 
usefulness.

v	 The company website is at http://www.fcx.com.
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Executive Summary 

This chapter summarizes the scope of what is known and not known about climate in the 
Southwestern United States. There is now more evidence and more agreement among 
climate scientists about the physical climate and related impacts in the Southwest com-
pared with that represented in the 2009 National Climate Assessment (Karl, Melillo, and 
Peterson 2009). However, there remain uncertainties about the climate system, the com-
plexities within climate models, the related impacts to the biophysical environment, and 
the use of climate information in decision making.
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Uncertainty is introduced in each step of the climate planning-and-response process― 
in the scenarios used to drive the climate models, the information used to construct the 
models, and the interpretation and use of the models’ data for planning and decision 
making (Figure 19.1). 

There are several key challenges, drawn from recommendations of the authors of this 
report, that contribute to these uncertainties in the Southwest:

•	 There is a dearth of climate observations at high elevations and on the lands of 
Native nations.

•	 There is limited understanding of the influence of climate change on natural 
variability (e.g., El Niño–Southern Oscillation, Pacific Decadal Oscillation), ex-
treme events (droughts, floods), and the marine layer along coastal California.

•	 Climate models, downscaling, and resulting projections of the physical climate 
are imperfect. Representing the influence of the diverse topography of the South-
west on regional climate is a particular challenge. 

•	 The impacts of climate change on key components of the natural ecosystems 
(including species and terrestrial ecosystems) are ill-defined. 

•	 The adaptive capacity of decision-making entities and legal systems to handle 
climate impacts is unclear. This creates a challenge for identifying vulnerabilities 
to climate in the Southwest.

•	 Regulation, legislation, and political and social responses to climate all play im-
portant roles in our ability to adapt to climate impacts and mitigate greenhouse 
gas (GHG) emissions. 

•	 Climate change is one of multiple stresses affecting the physical, biological, so-
cial, and economic systems of the Southwest, with population growth (and its 
related resource consumption, pollution, and land-use changes) being particu-
larly important.

19.1 I ntroduction

Climate assessments illustrate how natural resources and managed systems might fare 
under a variety of climatic and socioeconomic scenarios. Assessments take advantage 
of the best data and modeling tools and follow scientifically approved methodologies 
to develop projections of climate impacts to physical, biological, social, and economic 
systems associated with possible climate futures. Such climate projections are important 
to the success of adaptive measures (Millner 2012). This assessment of the climate of 
the Southwest takes a risk-based approach. The intention is to provide the decision-
making public with information about the costs and benefits to society associated with 
different emissions scenarios. Although uncertain, scenarios can help identify risks and 
appraise our ability as a society to adapt to climate change. Science will never eliminate 
uncertainty. Even concepts as seemingly simple as gravity are subject to uncertainties in 
a scientific context. Scientists cannot eliminate uncertainties about climate and related 
risks. Nonetheless, climate observations and projections can provide useful information. 
For this reason, characterizing what is known and what is not known about the past, 
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current, and future climate and related impacts is necessary to help decision makers 
identify appropriate mitigation strategies and adaptive measures. 

This chapter summarizes the scope of knowledge and uncertainty about climate in the 
Southwest. Throughout this assessment, each chapter has outlined key findings about 
our regional climate. Included with each key finding is a statement of “confidence,” i.e., 
a statement intended to convey the degree of knowledge based on evaluation of avail-
able data and scientific interpretations in the literature (Box 19.1). This chapter outlines 
the uncertainties that collectively present challenges in using climate information to in-
form decisions. It also highlights cases in the Southwest where climate information―im-
perfect as it may be―is successfully being incorporated into planning and management. 
Drawing upon these examples and on the literature pertaining to decision making under 
uncertainty, this chapter offers steps for moving forward with imperfect information. 

19.2  Uncertainty Typologies

The “uncertainty continuum” in Figure 19.1 outlines the process through which the im-
pacts of climate change are projected and indicates numerous points at which uncertain-
ties are introduced. These include everything from the scenarios used to drive models, 
the information used to construct climate models, and the interpretation and use of the 
models’ data for planning and decision making. Discussed here are three types of uncer-
tainty that can impact climate change: scenario uncertainties, model uncertainties, and 
communication uncertainties. 

Scenario uncertainties

Population, technology, production, consumption and green-
house gas emissions. Population growth and economic trends are the critical 
components driving greenhouse gas (GHG) emissions. The scenarios that feed into cli-
mate models represent different combinations of assumptions about population change 
and economic conditions, and show their related trends in greenhouse gas emissions. As 
described in Chapters 2 and 6, the high-emissions (A2) and low-emissions (B1) scenarios 
used in this assessment are from the IPCC Special Report on Emissions Scenarios (SRES; 
Nakićenović and Swart 2000). Emissions scenarios illustrate a suite of possibilities to aid 
in planning, but they are not perfect. For example, none of the SRES trajectories devel-
oped in 2001 presented a scenario that captured the global economic downturn in 2008. 
The SRES trajectories also did not include the entire suite of social, economic, policy, 
and regulatory responses that affect adaptive response and ability to mitigate emissions 
(Hawkins and Sutton 2009). As climate projections move further into the future, par-
ticularly beyond the fifty-year mark, accurately capturing population trends, economic 
trends, and technological advances becomes more difficult. There is no broadly accepted 
method for quantifying the uncertainties associated with future emissions.

Model uncertainties

Atmospheric concentrations, radiative forcing, temperature 
change. General circulation models (GCMs, often called global climate models) in-
tegrate the components of climate based on observations (Hawkins and Sutton 2009, 



Moving Forward with Imperfect Information               439

2011). Although numerous emissions paths are represented in the GHG scenarios, they 
do not precisely translate into changes in radiative forcing (i.e., changes in the balance of 
radiated energy), which can warm or cool the climate system. 

Observational data is a key research need that feeds into these uncertainties. Fewer 
observations make it difficult for scientists to tease out the information they need to ac-
curately represent climate dynamics. In the Southwest, there are minimal climatic and 
meteorological observations for much of the region, especially at high elevations and on 
tribal lands—thus impeding our understanding of regional climate processes.

Model uncertainty can also be attributed to factors affecting climate that have yet 
to be identified (Risbey and O’Kane 2011). Consider the role of aerosols in moderating 
climate. Prior to 2003, the role of these particulates in the atmosphere and in regulat-
ing climate was unknown, and so they were not represented in GCMs. They were an 

Figure 19.1  Working with uncertainty. �Continuum of uncertainties, knowledge gaps and challeng-
es related to projecting future climate changes and their impacts, and assessing vulnerabilities to future 
changes. See Tables 19.1 and 19.2 for syntheses of knowledge and uncertainties identified by authors 
of this assessment report. Adapted from Pidgeon and Fischhoff (2011).
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“unknown uncertainty” discovered through scientific inquiry to be important compo-
nents, even though considerable uncertainty remains about their precise influence on 
climate processes (IPCC 2007). This raises an important concept: discovering new parts 
of a climate system may add to the body of climate knowledge while introducing addi-
tional uncertainties (Trenberth 2010; Pidgeon and Fischhoff 2011).  

GCMs have been shown to exhibit biases when trying to simulate historical climate. 
These biases vary locally, from wet to dry or warm to cool, and vary seasonally. Assess-
ments adjust for these biases, but the approaches used to identify and correct them can 
vary. Bias correction can even affect projected climate trends and subsequently the im-
pacts projected to occur to natural and managed systems (Pierce et al. 2012).

GCMs have a proven ability to simulate the influence of increased greenhouse gas 
emissions on global and continental temperature trends (IPCC 2007), demonstrating 
that climate models are doing pretty well at capturing the dynamics of the climate sys-
tem despite the aforementioned uncertainties. However, climate models are less suc-
cessful in simulating observations at smaller geographic scales. 

Downscaling. Because adaptation measures are often most successful at a regional 
level, global climate output from GCMs must be translated into regional terms to aid de-
cision making. A key problem in applying global data to regional scales is that at small-
er scales the internal (natural) variability in the climate system has a greater influence 
than climate change. As an example, in the mid-latitudes—which encompass the South-
west—this natural variability is especially pronounced and is greater than observed and 
projected precipitation signals (Hawkins and Sutton 2009). 

Translating global climate data into regional information can be accomplished 
through the process of downscaling. Simply, downscaling merges large-scale climate in-
formation from GCMs with local physical controls (such as mountain ranges, deserts, 
water bodies, or large urban areas) on climate. The two methods of downscaling are 
statistical and dynamical, and both have different strengths and weaknesses (Fowler, 
Blenkinsop and Tebaldi 2007). Statistical downscaling relates the GCM temperature and 
precipitation output to the observed small-scale variability in a given grid cell. These 
techniques are computationally efficient and permit downscaling of many global climate 
projections at a given location, but assume that the relationship between large-scale cir-
culation and local surface climate does not change through time, even as the large-scale 
climate changes. Dynamical downscaling uses regional climate models (RCMs) to simu-
late small-scale processes, and resolve data at a higher spatial resolution. The downside 
is that these techniques require significant computing power. Thus, the choice of which 
downscaling method to use in developing regional projections involves tradeoffs be-
tween model output that is meaningful for local impact assessment and yet can still be 
performed in a mathematically efficient manner, given computational limitations. (See 
further discussion of downscaling in Chapter 6, Section 6.1).

In the present assessment, different downscaling methods are referenced in differ-
ent chapters. Thus, understanding the tradeoffs and inherent uncertainties associated 
with each technique, as they apply to the Southwest, is important. For example, while 
the Rocky Mountains reach elevations over 14,000 feet and play an important role in 
influencing regional and local climatology, in GCMs (such as the NCAR Community 
Climate System Model 3.0i), the elevation of the mountains is represented as about 8,000 
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Critical questions or problems related to climate 
change are included in this report as “key find-
ings.” For each key finding, the scientific team 
evaluated the body of scientific information and 
described the type of information used, the stan-
dards of evidence applied (noting the amount, 
quality, and consistency of evidence), the uncer-
tainty associated with any results, and the de-
gree of confidence in the outcome.  This process 
constitutes a “traceable account” of the authors’ 
reasoning and evidence. The uncertainty and 
confidence associated with each finding is an im-
portant component in assessing risk. 

For findings that identify outcomes with 
potential high consequences (see guidance on 
risk-based framing in Chapter 2), uncertainty is 
estimated probabilistically. Probabilities are ex-
pressed as the likelihood that a particular out-
come could occur under a given condition or 
scenario. Likelihoods are based on quantitative 
methods—such as model results or statistical 
sampling—or on expert judgment. In some cases, 
authors used standardized ranges:

Wherever possible, the authors used quantitative 
estimates and describe consequential outliers that 
may fall outside a statistical confidence interval of 
90% (which increases the reliability of a dataset). 

The authors also assessed the degree of con-
fidence  (high, medium-high, medium, medi-
um-low, or low) by considering the quality of 
the evidence and the level of agreement among 
experts with relevant knowledge and experi-
ence (Mastrandrea et al. 2010; Mastrandrea et al. 
2011). Confidence is a subjective judgment, but 
it is based on systematic, transparent evaluation 
of the type, amount, quality, and consistency of 
evidence, and the degree of agreement among 
experts. 

Box 19.1

Treatment of Uncertainty in the Southwest Assessment Report

Qualitative Language Quantitative Language

More than a 9 in 10 chance Greater than 95% likely

More than a 6 in 10 chance Greater than 66% likely

About a 5 in 10 chance Between 33% and 66% likely

Less than a 4 in 10 chance Less than 33% likely

Almost no chance Less than 5% likely

Figure 19.2  Summary evaluation of confidence, 
in terms of levels of evidence and agreement of 
the evidence. �Adapted from Mastrandrea et al. (2011).
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feet. In regional climate models (such as the Weather Research and Forecasting Model, 
or WRFii) the mountains are represented as over 10,000 feet. The difference is because 
the topography must be simplified for global models and because of different model 
resolutions.iii Although the mountains are better represented in the RCMs, their higher 
resolution requires more intensive computational resources, which, in a practical sense, 
means that the RCMs are only able to utilize the inputs from a subset of the twenty-two 
available GCMs. Clearly, more data would be gained by using a larger suite (number) of 
GCMs, yet GCMs alone cannot account adequately for the important role of topography 
in the Intermountain West. The GCMs used in the IPCC’s Fourth Assessment Report 
have a weak but systematic bias for overestimating the speed of upper-level westerly 
winds near 30°N and November-to-April precipitation in the Southwest. Of relevance 
is that the wettest models project the greatest drying in this region with climate change. 
As it turns out, all of these models have “subdued” topography that may contribute to 
the zonal wind bias and may also underestimate rain shadow effects, producing wet 
biases on the lee side of the mountains (McAfee, Russell, and Goodman 2011). Thus, in 
this case, the tradeoff between statistical and dynamical downscaling involves either a 
greater range of potential futures (which is valuable in planning and risk-based manage-
ment) or potentially more accurate representation of climate. 

Direct impacts. Regional climate projections from downscaling are in turn used 
to drive other models of the physical environment. In the Southwest, water is a critical 
component of climate. Therefore, assessments typically must translate future climate 
projections into impacts on the region’s hydrologic processes (such as precipitation, 
snowmelt runoff, streamflow, infiltration, groundwater recharge and discharge, evapo-
transpiration, and so on). Simulation models are often used for this task, with most of 
the effort spent characterizing future weather conditions that are consistent with climate 
projections. Those weather conditions are then used to simulate hydrologic processes. 
The hydrologic model itself is typically developed and verified under historical climate 
and watershed conditions. Uncertainty in projecting hydrologic processes arises from 
how the hydrologic model is structured, the way future weather over the watershed is 
characterized (which often requires some blending of historical weather observations 
and projected changes in climate), and assumptions about other features of a watershed 
that might change as climate changes and affects runoff. (See also the discussion pre-
sented in Chapter 10, especially in Section 10.3 and in “Planning Techniques and Station-
arity” in Section 10.5.) 

Despite limitations associated with such hydrologic models, outputs from these 
models are most influenced by the choice of GCM used to provide input, followed by 
the type of downscaling method used, then by the hydrologic model chosen (Wilby and 
Harris 2006; Crosbie, McCallum and Walker 2011). This suggests that GCMs and the 
level of understanding of large-scale processes are the largest source of uncertainties in 
the model uncertainty typology continuum discussed earlier. Given that outputs based 
on the averaging of results of numerous models are better than those based on the re-
sults of an individual model (Reichler and Kim 2008), impact studies that are informed 
by multiple global climate models will have a greater certainty than those based on a 
single global model.
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Denver Water serves a growing population of 
customers and prepares long-range plans for 
meeting future water needs. Historical stream-
flow and weather records plus paleohydrologic 
data have been key information in projecting 
future water supply and demand conditions. 
Climate change fundamentally challenges the 
concept that the weather and hydrologic patterns 
of the past are the best representation of future 
conditions (Milly et al. 2008). But, there is a lot 
of uncertainty about how the climate will change. 
In addition to climate, other key uncertainties 
in long-range water planning include possible 
economic, regulatory, social, and demographic 
changes. Denver Water now uses scenario-plan-
ning techniques to try to prepare for these future 
uncertainties.

The “cone of uncertainty” (Figure 19.3) il-
lustrates the growing uncertainty of future 

conditions over time. Scenarios are created to 
try to represent a plausible range of future con-
ditions. Plans are created to meet each scenario, 
and common near-term strategies across plans 
are identified. “Decision points” note when strat-
egy diverges from the common path. The goal 
is to take actions today that prepare for a range 
of future conditions. Maintaining flexibility and 
adaptability as well as identifying and preserv-
ing options are key elements in successfully pre-
paring for future uncertainties such as climate 
change.

As a first step in climate change adaptation, 
Denver Water is testing the implications of a sim-
ple 5°F (3°C) temperature increase. Initial results 
show major supply losses and demand increas-
es. Additional climate change conditions will be 
evaluated in an effort to develop a robust adapta-
tion plan.

Box 19.2

Case Study 1: Denver Water: Addressing Climate Change  
through Scenario Planning

Figure 19.3 C one of uncertainty used in Denver Water Scenario Planning Initiative. �Uncertainties, 
due to knowledge or communication gaps or imperfect information increase as time progresses from present 
to future. The increase in uncertainties related to scientific understanding of the distant future (around 100 
years hence), has prompted many resource managers and planners to consider multiple scenarios of the future, 
which can be evaluated at key decision points in the near or medium term (roughly 10-50 years into the future). 
Adapted from Waage and Kaatz (2011).
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Socio-economic impacts. In a risk-based framework (planning based on the pros 
and cons of a given set of possibilities), decision makers are interested in the socio-eco-
nomic impacts associated with different scenarios. However, socio-economic impacts 
encompass the entire sum of uncertainties in each step along the climate continuum 
(Figure 19.1). These impacts are also represented as being constant, whereas in reality, 
regulatory, institutional, and legislative policies change over time. In essence, decision 
making and the capacity to act are key elements of the uncertainty associated with socio-
economic impact projections. 

Resource management decisions must be based 
on future expectations. However, in an era of 
rapid climate change, the future will be character-
ized by highly consequential and unprecedented 
changes that cannot be fully predicted. In Febru-
ary 2011, the National Park Service (NPS) con-
vened a workshop to explore scenario planning 
as an approach for science-based decision mak-
ing in the face of uncertainty for Southwestern 
parks and conservation areas.

Since 2007, the National Park Service has 
worked with other federal, state, and academic 
partners to develop a user-driven approach to 
build scenarios as a long-range planning tool for 
incorporating climate change into a range of NPS 
management processes and documents. The pur-
pose is to better acquaint decision makers with 
climate complexity and uncertainty, evaluate 
management options, and ultimately implement 
effective, science-based decisions. The approach 
requires participation and transparency, and is 
structured in a way that encourages end-user 
input and ownership throughout the process. In 
addition to including climate-change informa-
tion, the NPS scenario development process ex-
plores other external factors that define a park’s 
operational environment, such as leadership and 
public values.

The February 2011 training workshop includ-
ed scientists from the University of Arizona and 
other academic and governmental organizations, 
along with managers from the National Park Ser-
vice, Bureau of Land Management, and Bureau 
of Reclamation. Participants explored how cli-
mate change could impact arid lands in the des-
ert Southwest, using the Mojave Desert as a case 
study. Impacting factors that were considered to 
be uncertain but consequential included chang-
es in precipitation, frequency of extreme storm 
events, extreme temperature events, duration and 
frequency of droughts, as well as societal con-
cerns about these issues and leadership’s capacity 
to implement adaptive measures. From these bio-
physical and sociopolitical drivers, participants 
created four plausible futures (scenarios) to test 
management and public response. Discussions 
centered on multiple pressures converging in the 
Southwest: public expectations for services such 
as water and renewable energy development, 
along with habitat connectivity (the interconnec-
tion of different habitats to allow species move-
ment) and ecosystem resiliency as climate change 
forces species to move and adapt. Consensus 
emerged that future desert conservation efforts 
should be collaborations that are broad-based, 
landscape-scale, and multi-jurisdictional.

Box 19.3

Case Study 2: The National Park Service—Exploring Climate Futures  
and Decision Making in the Mojave Desert



Moving Forward with Imperfect Information               445

Communication uncertainties

Cognitive barriers. The various uncertainties outlined above set up a number of 
analytic uncertainties and ultimately different interpretations about the results. Even 
if our understanding of climate science were 100% certain, science does not exist in a 
vacuum. Societal and individual perspectives are all molded by experiences and this af-
fects the production of scientific information and its use to make decisions.

For example, climate scientists may choose from many different climate scenarios 
and models and tend to exhibit overconfidence in their results (see CCSP 2009). On the 
other hand, most people are psychologically distant from the concept of climate change. 
Not only must one sort through pervasive images of penguins and polar bears to ratio-
nally consider the problem, but the timeline for the onset of tangible impacts tends to be 
beyond most people’s lifetimes. The decision-making public also often has many other 
interests—such as economic vitality, public health, and safety—that may have a higher 
value than concerns about climate change. Taken together, these factors can hinder the 
incorporation of climate information in planning and management. 

The complexity of the connections and feedbacks in the climate system make bridging 
this gap difficult but not impossible. As examples, the nonlinear relationship between 
GHG emissions and atmospheric concentrations, or the reasons why a single winter 
storm does not invalidate the scientific perception that the global climate is warming, 
can be conveyed and understood through effective communication and mental models 
(Sterman 2008). Whether improved climate education will change perceptions about the 
utility of climate information is unclear (see, for example, Boykoff 2011; McCright 2011), 
but there are indications that improving understanding of the climate and the uncertain-
ties inherent in climate projections may facilitate the inclusion of climate information in 
planning and management (Pidgeon and Fischhoff 2011). 

19.3  Confidence and Uncertainty

Scientists use a variety of tactics to express scientific uncertainty. In general, people are 
familiar with probabilities and odds, which quantify the likelihood of an outcome. But 
uncertainty is more nuanced in an assessment where a large body of work is being rep-
resented. Unfortunately, the labels “likely” and “unlikely” to indicate the probability 
of occurrence of an event are interpreted very differently by different people and there-
fore do not always effectively communicate risk (see CCSP 2009). Recognizing this, in 
2001 the IPCC implemented uncertainty guidelines for the use of such language into 
its assessment process. The intention of the guidelines is to convey the amount of ev-
idence (uncertainty) and degree of consensus (confidence) about climate information 
(Moss and Schneider 2000). These uncertainty standards were modified slightly for the 
IPCC’s Fourth Assessment Report (Manning et al. 2004; IPCC 2007). The 2000 U.S. Na-
tional Climate Assessment adopted similar uncertainty standards and language to the 
IPCC (National Assessment Science Team 2001); the uncertainty language was altered 
again for the U.S. Global Change Research Program (USGCRP) synthesis and assess-
ment products (CCSP 2009; Karl, Melillo and Peterson 2009). The IPCC has once again 
revamped its approach to uncertainty for its Fifth Assessment Report (Mastrandrea et 
al. 2010; Mastrandrea et al. 2011). The labeling conventions for uncertainty used in this 
report are modified from the current IPCC guidelines and outlined in Box 19.1.
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19.4 W hat Is Known and Not Known About Climate in  
the Southwest

With few exceptions, there is now more evidence and more agreement among climate 
scientists about the physical climate and related impacts in the Southwest than there 
was in the 2009 National Climate Assessment (Karl, Melillo, and Peterson 2009) (Table 
19.1). The body of research about processes affecting both global and regional climate is 
growing, as are some observational datasets, allowing for the detection of trends. Un-
certainty and confidence about climate fluctuates with the ebb and flow of new data. 
Sometimes as scientists learn more, they become more confident in findings. This is 
particularly true of studies that rely on observational data. For example, the long and 
continuous time series of streamflow data has allowed scientists to document the early 
onset of the peak spring season pulse of streamflow in the region. On the other hand, 
additional data and new observations can sometimes muddy the works, drawing previ-
ously held conclusions into question. As scientists learn more about the climate system 
and the factors that naturally impact it, other parameters about which scientists know 
relatively little can factor more prominently in discussions of uncertainties in predicting 
future changes. 

The synthesis of the evolution of knowledge regarding climate changes and their 
impacts in the Southwest (Table 19.1) is drawn from the judgment of the authors of this 
assessement report. Statements included in Table 19.1 were quoted from the Southwest 
section of the 2009 National Climate Assessment (Karl, Melillo, and Peterson 2009). The 
authors of this chapter made no attempt to correct or update the statements extracted 

The San Francisco Bay Conservation and De-
velopment Commission (SFBCDC), created in 
1965 by the state of California, is “dedicated to 
the protection and enhancement of San Fran-
cisco Bay and to the encouragement of the Bay’s 
responsible use.” In an effort to update twenty-
two-year-old sea-level data in the San Francisco 
Bay Plan, the SFBCDC commissioned a report to 
reevaluate sea-level-rise projections and its im-
pact to the bay. The report concluded that sea 
level in the bay could rise 10 to 17 inches (26 to 
43 cm) by 2050, 17 to 32 inches (43 to 81 cm) by 
2070, and 31 to 69 inches (78 to 176 cm) by the end 

of the century (San Francisco Bay Conservation 
and Development Commission 2011). In October 
2011, the SFBCDC approved these findings and 
incorporated the information into policies in the 
San Francisco Bay Plan, including future project 
designs, shoreline plans, and permit approvals.  
This new section details the impacts of climate 
change and, in particular, addresses issues re-
garding adaptation to sea-level rise. Policies in 
the plan specifically related to construction along 
vulnerable shorelines were changed to both pro-
mote habitat restoration and encourage building 
only in suitable regions of the bay.

Box 19.4

Case Study 3: Planning in the San Francisco Bay Using Sea-Level  
Rise Projections
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from the 2009 National Climate Assessment. For each statement from the 2009 National 
Climate Assessment, the author team of this report identified the relative change in level 
of agreement among scientists about the statement, and changes in the level of evidence 
available to evaluate the statements. The table can be used as a coarse baseline for evalu-
ating the evolution of knowledge since the 2009 National Climate Assessment.

Table 19.1 E volution of knowledge about climate in the Southwest

2009 Southwest Assessment This Assessment

 Agreement     Evidence  
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Human-induced climate change appears to be well underway in 
the Southwest. Recent warming is among the most rapid in the 
nation, significantly more than the global average in some areas.

X X

Projected declines in spring snowpack and Colorado River flow X X

Projections suggest continued strong warming X X

Projected summertime temperature increases are greater than 
the annual average increases in some parts of the region, and are 
likely to be exacerbated locally by expanding urban heat island 
effects

X X

Further water cycle changes are projected, which, combined with 
increasing temperatures, signal a serious water supply challenge 
in the decades and centuries ahead.

X X

Water supplies are projected to become increasingly scarce, 
calling for trade-offs among competing uses, and potentially 
leading to conflict.

X X

Water supplies in some areas of the Southwest are already 
becoming limited, and this trend toward scarcity is likely to be a 
harbinger of future water shortages.

X X

Limitations imposed on water supply by projected temperature 
increases are likely to be made worse by substantial reductions 
in rain and snowfall in the spring months, when precipitation is 
most needed to fill reservoirs to meet summer demand.

X X

Increased likelihood of water-related conflicts between sectors, 
states, and even nations X X

Increasing temperature, drought, wildfire, and invasive species 
will accelerate transformation of the landscape. X X



448	 assessment of climate change in the southwest united states

Table 19.1 E volution of knowledge about climate in the Southwest (Continued)

2009 Southwest Assessment This Assessment

 Agreement     Evidence  
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Competing demands from [Native] treaty rights, rapid 
development, and changes in agriculture in the region, 
exacerbated by years of drought and climate change, have the 
potential to spark significant conflict over an already over-
allocated and dwindling [water] resource.

X X

Climate change already appears to be influencing both natural 
and managed ecosystems of the Southwest. X X

Future landscape impacts are likely to be substantial, threatening 
biodiversity, protected areas, and ranching and agricultural 
lands.

X X

Record wildfires are also being driven by rising temperatures and 
related reductions in spring snowpack and soil moisture. X X

How climate change will affect fire in the Southwest varies 
according to location. In general, total area burned is projected to 
increase.

X X

Fires in wetter, forested areas are expected to increase in 
frequency, while areas where fire is limited by the availability of 
fine fuels experience decreases

X X

Climate changes could also create subtle shifts in fire behavior, 
allowing more “runaway fires”—fires that are thought to have 
been brought under control, but then rekindle.

X X

The magnitude of fire damages, in terms of economic impacts 
as well as direct endangerment, also increases as urban 
development increasingly impinges on forested areas.

X X

Increasing temperatures and shifting precipitation patterns will 
drive declines in high-elevation ecosystems such as alpine forests 
and tundra.

X X

As temperatures rise, some iconic landscapes of the Southwest 
will be greatly altered as species shift their ranges northward 
and upward to cooler climates, and fires attack unaccustomed 
ecosystems which lack natural defenses.

X X

Increased frequency and altered timing of flooding will increase 
risks to people, ecosystems, and infrastructure. X X
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Table 19.1 E volution of knowledge about climate in the Southwest (Continued)

2009 Southwest Assessment This Assessment

 Agreement     Evidence  
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Some species will move uphill, others northward, breaking 
up present-day ecosystems; those species moving southward 
to higher elevations might cut off future migration options as 
temperatures continue to increase.

X X

Potential for successful plant and animal adaptation to coming 
change is further hampered by existing regional threats such as 
human-caused fragmentation of the landscape, invasive species, 
river-flow reductions, and pollution.

X X

A warmer atmosphere and an intensified water cycle are likely to 
mean not only a greater likelihood of drought for the Southwest, 
but also an increased risk of flooding.

X X

More frequent dry winters suggest an increased risk of these 
[water] systems running short of water. X X

A greater potential for flooding also means reservoirs cannot 
be filled to capacity as safely in years where that is possible. 
Flooding also causes reservoirs to fill with sediment at a faster 
rate, thus reducing their water-storage capacities.

X X

Rapid landscape transformation due to vegetation die-off and 
wildfire as well as loss of wetlands along rivers is also likely to 
reduce flood-buffering capacity.

X X

Increased flood risk in the Southwest is likely to result from a 
combination of decreased snow cover on the lower slopes of high 
mountains, and an increased fraction of winter precipitation 
falling as rain and therefore running off more rapidly.

X X

Increase in rain on snow events will also result in rapid runoff 
and flooding. X X

Impact of more frequent flooding is a greater risk to human 
beings and their infrastructure. This applies to locations along 
major rivers, but also to much broader and highly vulnerable 
areas such as the Sacramento–San Joaquin River Delta system.

X X

Projected changes in the timing and amount of river flow, 
particularly in winter and spring, is estimated to more than 
double the risk of Delta flooding events by mid-century, and 
result in an eight-fold increase before the end of the century.

X X
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Table 19.1 E volution of knowledge about climate in the Southwest (Continued)

2009 Southwest Assessment This Assessment

 Agreement     Evidence  
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Efforts are underway to identify and implement adaptation 
strategies aimed at reducing these risks [to the Delta and Suisun 
Marsh].

X X

Unique tourism and recreation opportunities are likely to suffer. X X

Increasing temperatures will affect important winter activities 
such as downhill and cross-country skiing, snowshoeing, and 
snowmobiling, which require snow on the ground.

X X

Projections indicate later snow and less snow coverage in ski 
resort areas, particularly those at lower elevations and in the 
southern part of the region.

X X

Decreases from 40% to almost 90% are likely in end-of-season 
snowpack under a higher emissions scenario in counties with 
major ski resorts.

X X

Earlier wet snow avalanches—more than six weeks earlier by the 
end of this century under a higher emissions scenario—could 
force ski areas to shut down affected runs before the season 
would otherwise end.

X X

Ecosystem degradation will affect the quality of the experience 
for hikers, bikers, birders, and others. X X

Water sports that depend on the flows of rivers and sufficient 
water in lakes and reservoirs are already being affected, and 
much larger changes are expected.

X X

Agriculture faces increasing risks from a changing climate. X X

Urban areas are also sensitive to temperature-related impacts on 
air quality, electricity demand, and the health of their inhabitants. X X

The magnitude of projected temperature increases for the 
Southwest, particularly when combined with urban heat island 
effects for major cities such as Phoenix, Albuquerque, Las Vegas, 
and many California cities, represent significant stresses to 
health, electricity, and water supply in a region that already 
experiences very high summer temperatures.

X X
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Table 19.1 E volution of knowledge about climate in the Southwest (Continued)

2009 Southwest Assessment This Assessment

 Agreement     Evidence  
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Rising temperatures also imply declining air quality in urban areas 
such as those in California which already experience some of the 
worst air quality in the nation.

X X

With more intense, longer-lasting heat wave events projected to 
occur over this century, demands for air conditioning are expected 
to deplete electricity supplies, increasing risks of brownouts and 
blackouts.

X X

Electricity supplies will also be affected by changes in the timing 
of river flows and where hydroelectric systems have limited 
storage capacity and reservoirs.

X X

Agriculture will experience detrimental impacts in a warmer 
future, particularly specialty crops in California such as apricots, 
almonds, artichokes, figs, kiwis, olives, and walnuts.

X X

Accumulated winter chilling hours have already decreased across 
central California and its coastal valleys. This trend is projected to 
continue to the point where chilling thresholds for many key crops 
would no longer be met.

X X

California’s losses due to future climate change are estimated 
between 0% and 40% for wine and table grapes, almonds, oranges, 
walnuts, and avocadoes, varying significantly by location.

X X

Adaptation strategies for agriculture in California include more 
efficient irrigation, which has the potential to help compensate for 
climate-driven increases in water demand for agriculture due to 
rising temperatures.

X X

Adaptation strategies for agriculture in California include shifts 
in cropping patterns, which have the potential to help compensate 
for climate-driven increases in water demand for agriculture due 
to rising temperatures.

X X

Note: To construct this table, the authors of this chapter quoted statements from the Southwest section of 2009  
           National Climate Assessment (Karl, Melillo and Peterson 2009). For each statement, the authors of this  
           report identified the relative change in level of agreement among scientists about the statement, and  
           changes in the pertinent level of evidence, based on the current assessment of climate in the Southwest.
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Table 19.2 presents an assessment of knowledge gaps and scientific challenges related 
to improving the understanding of physical and biological processes, impacts, vulner-
abilities and societal responses to climate change. The authors of this report identified 
knowledge gaps and uncertainties, and the authors of this chapter evaluated and clas-
sified the information into key challenges.  In each key challenge area, the knowledge 
gaps are divided into the three categories of uncertainty, as follows: model uncertainties 
(those related to understanding and modeling physical and biological processes and 
phenomena), scenario uncertainties (those related to identifying vulnerabilities, mitiga-
tion and adaptation choices), and communication uncertainties (those related to the ef-
fective exchange of knowledge between scientists and decision makers). Table 19.2 can 
be used as a coarse baseline for understanding sources of uncertainty related to climate 
and adaptation science challenges, and to inform future research priorities.  

Table 19.2 K nowledge gaps and key challenges to improving understanding, reducing  
                 uncertainty, identifying and addressing vulnerabilities to climate changes  
                 in the Southwest

Model Uncertainty
Scenario 
Uncertainty

Knowledge Gaps Contributing to 
Key Challenges
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KEY CHALLENGE: There is a dearth of climate observations at high elevations and on  
tribal lands in the Southwest.

Changes in weather and climate 
observations, variability, and trends 
across mountain gradients and at 
variable elevations, including repre-
sentation of topography in climate 
models

X X X

Present Weather and Climate: 
Average Conditions (4)
Present Weather and Climate: 
Evolving Conditions (5)
Water: Impacts, Risks, and 
Adaptation (10)
Coastal Issues(9)

Weather and climate observations, 
variability, and trends on tribal 
lands

X

Present Weather and Climate: 
Average Conditions (4)
Unique Challenges Facing 
Southwestern Tribes (17)
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Table 19.2 K nowledge gaps and key challenges to improving understanding, reducing  
                 uncertainty, identifying and addressing vulnerabilities to climate changes  
                 in the Southwest (Continued)

Model 
Uncertainty

Scenario 
Uncertainty

Knowledge Gaps Contributing to Key 
Challenges
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Measurements of precipitation amount 
and type X

Present Weather and 
Climate: Average Condi-
tions (4)
Present Weather and 
Climate: Evolving Condi-
tions (5)
Future Climate: Projected 
Average (6)

KEY CHALLENGE: There is limited understanding of the influence of climate change on natural variability 
(e.g. ENSO, PDO), extreme events (droughts, floods), and the marine layer along coastal California.

Ability to connect climate change and 
extreme events X Human Health (15)

Understanding of physical processes 
such as atmospheric convection, evapo-
transpiration, snow pack formation, and 
runoff production

X
Present Weather and 
Climate: Evolving Condi-
tions (5)

Connections between modes of natural 
variability (ENSO and PDO) and climate 
change; including effect on SW Monsoon

X

Future Climate: Projected 
Extremes (7)
Future Climate: Projected 
Average (6)
Water: Impacts, Risks, and 
Adaptation (10)

Occurrence of compound high-impact 
extremes such as drought and heat waves X Future Climate: Projected 

Extremes (7)

Understanding of marine layer processes X Coastal Issues (9)
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Table 19.2 K nowledge gaps and key challenges to improving understanding, reducing  
                 uncertainty, identifying and addressing vulnerabilities to climate changes  
                 in the Southwest (Continued)

Model 
Uncertainty

Scenario 
Uncertainty

Knowledge Gaps Contributing to Key 
Challenges
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KEY CHALLENGE: Climate models, downscaling and resulting projections of the physical climate are 
imperfect. Representing the influence of the diverse topography of the Southwest on regional climate  

is a particular challenge.

Downscaling methodologies and 
inconsistencies X X Water: Impacts, Risks, and 

Adaptation (10)

Reproducibility of extreme high-frequency 
precipitation events by climate models X Future Climate: Projected 

Extremes  (7)

KEY CHALLENGE: The impacts of climate change on key components of the natural ecosystem (including 
species and land regimes) are ill constrained.

Links between impacts and climate change X Unique Challenges Facing 
Southwestern Tribes (17)

Impacts to tribal lands and societies X Unique Challenges Facing 
Southwestern Tribes (17)

Relationship between climate and 
distributions of species X Natural Ecosystems (8)

Connections between climate and disease 
systems X Human Health (15)

Response of individual species to changes 
in climate X Natural Ecosystems (8)

Extent to which individuals in different 
populations or species can observably 
change physical characteristics in response 
to climate 

X Natural Ecosystems (8)
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Table 19.2 K nowledge gaps and key challenges to improving understanding, reducing  
                 uncertainty, identifying and addressing vulnerabilities to climate changes  
                 in the Southwest (Continued)

Model Uncertainty
Scenario 
Uncertainty

Knowledge Gaps Contributing to Key 
Challenges
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Range of potential rates of evolution of 
individual populations or species X Natural Ecosystems (8)

Extent to which phenological events 
among species that interact will become 
asynchronous

X Natural Ecosystems (8)

Effect of climate change on "dryland" 
production -- primarily dryland grain 
production in Colorado and Utah and forage 
production throughout the Southwest

X Agriculture and 
Ranching (11)

Ecosystem responses (e.g., sensitivity, adap-
tive capacity) as water types (e.g. snow v. 
rain), water quantities, water quality, and 
water management practices change

X X

Natural Ecosystems (8)
Climate Change and 
U.S.-Mexico Border 
Communities (16)

KEY CHALLENGE: The adaptive capacity of decision-making entities and legal doctrines to handle climate 
impacts is unclear. This creates a challenge for identifying vulnerabilities to climate in the Southwest.

Ability of the transportation system to 
manage large disruptions X X Transportation (14)

Sensitivity and adaptive capacity of border 
communities to climate change impacts X X

Climate Change and 
U.S.-Mexico Border 
Communities  (16)

Sensitivity and adaptive capacity of border 
agriculture and ranching sector to a range of 
stressors

X
Climate Change and 
U.S.-Mexico Border 
Communities  (16)

Capacity of water infrastructure to address 
changes X X Water: Impacts, Risks, 

and Adaptation (10)
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Table 19.2 K nowledge gaps and key challenges to improving understanding, reducing  
                 uncertainty, identifying and addressing vulnerabilities to climate changes  
                 in the Southwest (Continued)

Model Uncertainty
Scenario 
Uncertainty

Knowledge Gaps Contributing to Key 
Challenges
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Economic status of urban public works de-
partments and ability to reduce flood risk X Urban Areas (13)

Fiscal capacity of cities to respond rapidly 
and effectively to climate change chal-
lenge

X
Urban Areas  (13)
Transportation (14)

Regulatory capacity to address climate 
adaptation and mitigation X Coastal Issues (9)

Capacity and flexibility of water and land 
regulations, agreements and legislation 
to accommodate climate adaptation and 
planning

X

Water: Impacts, Risks, and 
Adaptation (10)
Agriculture and Ranching (11)
Unique Challenges Facing 
Southwestern Tribes (17)

Financial risk to property X Coastal Issues (9)

KEY CHALLENGE:  Regulation, legislation, political and social responses to climate all play an important role 
in our ability to adapt to climate impacts and mitigate greenhouse gas emissions.

How the current and future fleet of power 
plants will evolve, particularly with 
respect to utilized fuel type and impacts 
on GHG emissions

X X X
Energy: Supply, Demand, 
and Impacts (12)
Transportation (14)

The type and intensity of fuels used in the 
transportation sector and impacts on GHG 
emissions

X X X
Energy: Supply, Demand, 
and Impacts (12)
Transportation (14)

Social and political responses to climate 
change; including market incentives X X X X Coastal Issues (9)

Communication between planners and 
academics X X Coastal Issues (9)
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Table 19.2 K nowledge gaps and key challenges to improving understanding, reducing  
                 uncertainty, identifying and addressing vulnerabilities to climate changes  
                 in the Southwest (Continued)

Model Uncertainty
Scenario 
Uncertainty

Knowledge Gaps Contributing to Key 
Challenges
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Extent of upper-level and/or grass roots 
leadership to effect change X X Urban Areas (13)

Socio-economic and political conditions X X Unique Challenges Facing 
Southwestern Tribes (17)

City-scale decisions about adaptation 
and regulatory frameworks X X Urban Areas (13)

Environmental and economic impacts of 
extensive water transfers and effect on 
agriculture

X X Agriculture and Ranching (11)

Agricultural and environmental policies X Agriculture and Ranching (11)

Effect of water availability (physical and 
legal) on agriculture output X X Agriculture and Ranching (11)

National policies related to air quality 
standards X Human Health (15)

Understanding of how adaptation to 
climate change develops and functions is 
limited, as is the role played by institu-
tions in promoting effective adaptation

X X
Climate Change and U.S.-
Mexico Border Communities 
(16)

KEY CHALLENGE: Climate change is a multi-stressor problem, and many factors are at play. In the Southwest, 
population growth is particularly important.

Future demand for energy; including 
temporal and spatial shifts X X X Energy: Supply, Demand, 

and Impacts (12)

Age distribution in the population X Transportation (14)
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19.5 Moving Forward

Climate projections can provide information for understanding risks associated with 
physical, biological, and social impacts. Although model projections are imperfect given 
the uncertainties outlined above, entities in the Southwest are moving forward and us-
ing innovative strategies to incorporate climate information in their planning and man-
agement schemes.v Both public and private planners are employing strategies that run 
the gamut from iterative risk management frameworks (which adapt management strat-
egies to new information and changing circumstances) to resilience strategies (which 
enhance the capacity to withstand and recover from emergencies and disasters) to ap-
proaches that optimize for a particular desired set of conditions (NRC 2011). Case stud-
ies from the Southwest are highlighted throughout this chapter. 

Table 19.2 K nowledge gaps and key challenges to improving understanding, reducing  
                 uncertainty, identifying and addressing vulnerabilities to climate changes  
                 in the Southwest (Continued)
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Global and U.S. economic outlook X Transportation (14)

Global and U.S. manufacturing and industrial 
patterns X Transportation (14)

The extent to which heat-related morbidity and 
mortality are a multi-stressor problem X Human Health (15)

Note: To construct this table, the authors of each chapter in this report identified key knowledge gaps and   
    uncertainties. For Chapters 3–8, authors, outlined the major elements needed to improve confidence in  
    observed and projected climate trends. For Chapter 9–18, author teams identified factors and knowledge  
   gaps that need to be addressed in order to improve the ability of the respective sector to identify  
      vulnerabilities and/or adaptive responses. The author team for this chapter identified Key Challenges based   
      on common themes in the compilation of inputs from different chapters.
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Endnotes

i	 See http://www.cesm.ucar.edu/models/ccsm3.0.
ii	 See http://wrf-model.org.
iii	 Grid boxes are 100 miles on each side in the GCM, compared with 30 miles square in the RCM 

(with more than a ten-fold increase in resolution).
iv	 See San Francisco Bay Plan, http://www.bcdc.ca.gov/laws_plans/plans/sfbay_plan. Since its 

original adoption in 1968, the plan has been amended as warranted by new data, including in 
October 2011, as explained in the text.

v	 Climate projections based on scenarios of future emissions are inherently uncertain. Climate 
models were initially built as experiments intended to facilitate understanding of the physical 
processes driving climate systems—not to predict specific, optimal outcomes. Rather, projections 
emerging from climate models can provide suites of potential futures. At this point, even signifi-
cant investment in computational models may not significantly increase the certainty of climate 
projections. However, despite their uncertainties, climate model outputs are being incorporated 
into decision making processes in different sectors, at different geographic scales, across the 
Southwestern US. Simply, uncertainty related to future climate (whether physical, biological, or 
regulatory) is not impeding the use of climate information in decision making. 
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Executive Summary 

There is an immense volume of information pertaining to research needs for addressing 
climate change uncertainties and resolving key information gaps. Fortunately, multiple 
independent efforts to establish research priorities have yielded similar results. Input on 
research needs is being used to craft national scientific priorities and strategies that are 
being implemented regionally by agencies and organizations. A number of regionally 
based efforts are already underway to aggregate and synthesize climate-related manage-
ment needs and research priorities. Landscape Conservation Cooperatives and Climate 
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Science Centers, funded by the Department of the Interior, are conducting strategic syn-
theses of common resource-management priorities and related science needs across the 
Southwest, and many of these priorities and needs are related to climate variability and 
change. 

The present Assessment includes many examples of the types of research that are 
needed to address key climate science uncertainties. The Assessment also includes ex-
amples of information needs related to understanding climate effects on systems (hu-
man, biophysical, ecosystems, and others) in the Southwest. Implementation of research 
strategies will increase understanding and improve the ability of the scientific commu-
nity to anticipate the direction or magnitude of future climate-related change in these 
systems. The assembly of experts for the other chapters of this document provided a 
unique opportunity to draw upon the authors’ collective expertise to share knowledge 
about priority research strategies. The peer-reviewed information sources assessed in 
this chapter highlight research strategies and priorities established by the research com-
munity.  Other sources cover priorities that are based primarily on management and 
policy needs. In the latter type, the sources represent the consensus of senior leaders of 
organizations, generally with substantial input and advice from the organizations’ tech-
nical and scientific experts.

20.1 I ntroduction

This chapter examines research strategies that aim to reduce uncertainty associated with 
climate drivers and their effects on systems in the Southwest. It also identifies scientific 
approaches that are being considered for implementation in programs of adaptive re-
sponses to climate change. This chapter was written collaboratively with Chapter 19, 
which outlines some of the most important uncertainties related to climate variability 
and change in the Southwestern United States. In these chapters the uncertainty derives 
from both our presently imperfect capability to model climate and other earth systems 
and from our inability to adequately characterize social, economic, policy and regula-
tory responses in the form of adaptation and mitigation. 

Sources of information on research strategies infrequently utilize a risk-based per-
spective and usually do not incorporate a formal statistical definition of risk (Raiffa and 
Schlaiffer 2000). Although in this Assessment we utilize some sources that have un-
dergone scientific peer review, others are heavily influenced by policy. In such cases, 
the products (which are often unpublished papers) represent the consensus of senior 
leaders of agencies and organizations (including inter-organizational and inter-agency 
collaboratives) who generally have received substantial input and advice from the or-
ganizations’ and agencies’ technical and scientific experts. In policy-influenced prod-
ucts, formal evaluations of confidence employing levels of evidence and agreement (e.g., 
Mastrandrea et al. 2010) are typically not undertaken or reported. Instead, the level of 
confidence expressed in these collaborative technical-policy products represents the 
judgment of high-level decision makers regarding alternative management approaches 
to adapt effectively to climate change. Thus, this chapter offers an opportunity for the 
findings of the Assessment of Climate Change in the Southwest United States that are associ-
ated with lower confidence or higher uncertainty (e.g., Moss and Yohe 2011) to be priori-
tized in planning future climate-effects research. 
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20.2  Developing Research Strategies from Information Needs

Raising confidence in research findings by increasing evidence and consensus (Chapter 
19; Mastrandrea et al. 2010) often involves iterative and circuitous pathways that can 
affect both the amount of evidence and level of agreement, but may only infrequent-
ly address both together. Because formal determinations about confidence (see Figure 
20.1) are rarely undertaken, uncertainty is generally only implicitly considered in deter-
mining information needs for climate-effects research. Nonetheless there are many fine 
examples linking information needs to research strategies. At a national scale, the U.S. 
Forest Service has used research needs to craft a scientific strategy and implementation 
plan to organize its climate-effects research along three themes: ecosystem sustainabil-
ity (climate-change adaptation), carbon sequestration (climate-change mitigation), and 
decision support (USFS 2010). In the Southwest, the Forest Service Research and Devel-
opment program is using these broad themes to implement its climate-change research 
program through its Pacific Southwest and Rocky Mountain Forest and Range research 
stations. 

Figure 20.1  Research strategies for addressing uncertainties. �Trajectories show how the level 
of evidence presented in climate effects research and agreement about the research, independently 
and collectively generate greater confidence in the research findings. Source: Mastrandrea et al. (2010), 
Mastrandrea et al. (2011).
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Other national information needs and research priorities related to climate change 
have been developed (Lucier et al. 2006; DOE 2010; IWGCCH 2010; NRC 2010) along 
with syntheses of natural resource management-related gaps in scientific information 
pertaining to various regional resources and lands (California Coastal Commission 
2008; BLM 2011; Brekke et al. 2011). However, climate-oriented scientific needs assess-
ments are currently at an embryonic stage of development for the Southwest as a dis-
tinct region. 

Within the Southwest, a number of efforts have been aggregating and synthesizing 
management needs and research priorities. For example, the Great Basin Research and 
Management Partnershipi  has been particularly active in developing momentum toward 
collaborative management and research (Chambers, Devoe and Evendon 2008). Climate 
variation is among the drivers of change considered in its work. 

The Regional Integrated Sciences and Assessments (RISA) program, funded by 
the Climate Program Office at the National Oceanic and Atmospheric Administration 
(NOAA), was designed in part to enable NOAA to work with constituents to further its 
mission of climate science, monitoring, and data management. One of the Southwest-
ern RISAs, the Western Water Assessment, has identified and characterized key people, 
projects, and documents related to climate in the state of Utah to provide guidance for 
research needs there.ii

The Department of the Interior’s development of a nation-wide system of Regional 
Climate Science Centers (CSCs) represents a new approach to evaluate needs for scien-
tific information about climate influences on natural and human resources at the region-
al scale, and to address such needs through collaborations of university and government 
research institutions (Salazar 2009). CSCs such as the Southwest Climate Science Centeriii 

 work with stakeholders throughout the Southwest to identify key scientific needs at 
the regional scale. Partner institutions such as NOAA’s RISA program and the For-
est Service Research and Development program will be important collaborators for 
the CSCs. The CSCs also are working with management-oriented inter-organizational 
groups, notably the Landscape Conservation Cooperatives (discussed below), which 
are being developed concurrently with the CSCs to help address the impacts of climate 
change on the nation’s natural and cultural resources (Figure 20.2). 

A number of factors can improve the dialogue about climate-effects research findings 
with those who are implementing climate mitigation and adaptation programs. Chief 
among these factors are: 

•	 communication networks, science translation, and capacity for ongoing 
assessment;

•	 elimination of possible duplication and insufficient coordination of efforts 
among federal, state, and local agencies;

•	 improved access to climate change data and information; and
•	 improved understanding of the impact of laws and regulations on adaptation 

policy and implementation.

Research products will have more impact if such translational factors are considered 
as an essential part of strategy development rather than as an ancillary component. As 
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a changing climate necessitates novel demands on decision processes (NRC 2009), the 
process of strategy development can be optimized if institutions charged with making 
decisions about climate adaptation and mitigation are involved early on. Pilot efforts by 
the National Park Service to test scenario planning related to climate futures (Box 19.3) 
are an example of one approach that is proactively integrating managers’ perspectives. 

20.3  Research Strategies Derived from the Southwest Climate 
Assessment

The assembly of experts for the Assessment of Climate Change in the Southwest United States 
presented a unique opportunity to draw upon the authors’ collective expertise to outline 
uncertainty (see Chapter 19) and evaluate research-strategy priorities from a scientific 
perspective. A summary of strategies to address gaps in knowledge and data, monitor-
ing needs, and modeling and other deficiencies that are outlined throughout this Assess-
ment are presented in Table 20.1.

Figure 20.2  Federal climate-science and landscape-management initiatives. �Shading indicates 
Landscape Conservation Cooperatives (http://www.doi.gov/lcc/index.cfm) in the Southwest, overlaid by 
the approximate research regions of the Department of the Interior’s Climate Science Centers (http://
www.doi.gov/csc/index.cfm), indicated by the solid white line boundaries.
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Table 20.1 R esearch needs and strategies associated with themes in the Assessment of  
                 Climate Change in the Southwest United States

Uncertainty theme Research need Research strategy

Climate (Chapters 4–7)

Distinguishing long-term climate 
change from interdecadal and 
interannual climate variability at the 
regional scale.

Detection and attribution studies, 
supported by improved obser-
vations and data interpolation 
methods. 

Increased emphasis on detection and 
attribution, supported by rigorous re-
search protocols. Establish and maintain 
high quality weather and climate sta-
tions, prioritizing the largest data voids. 
Improved representation, in models, of 
physical processes such as atmospheric 
convection, evapotranspiration, snow-
pack formation, and runoff production. 
Improved models and modeling tech-
niques for multi-year to decade predic-
tion. Increased collaboration between 
modelers and scientists whose research 
focuses on observations.

Uncertainty in evaluating trends 
and variability in mountainous 
areas and montane environments.

Improved observations across 
mountain gradients and at a 
range of elevations.

Increased emphasis on mountain 
climate analyses, including studies that 
link climate, hydrology, soil science. 
Augmented capabilities should address 
the occurrence of heavy precipitation 
during winter storms and summer 
convection, rain versus snow and rain-
on-snow events, snowpack formation 
and melt-off, and basin-scale runoff 
efficiency.  Development of improved 
techniques for the automated measure-
ment of precipitation in mountainous 
areas, especially remote locations.  

Inadequate confidence in estimates 
of variations in current and future 
local climate conditions.

Enhanced meteorology and 
hydrology observations to better 
monitor at scales consistent with 
terrain. Improved modeling for 
studies of local variability.

Improved climate and hydrological 
modeling at scales consistent with 
Southwest terrain. 

Assumption that study of past 
climate variations can provide a 
representation of future climate that 
is adequate to estimate future risks.

A suitable replacement for the 
stationarity principle.

Focused research on non-stationarity. 
Investigation into statistical approaches 
for dealing with time-varying climate 
and hydrological baselines.
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Table 20.1 R esearch needs and strategies associated with themes in the Assessment of  
                 Climate Change in the Southwest United States (Continued)

Uncertainty theme Research need Research strategy

Few scientific studies have consid-
ered future projections of climate 
and hydrologic extremes. Even fewer 
have focused on regional extremes. 
Lack of studies increases uncertainty 
with regard to common claims that 
the magnitudes and frequencies of 
some extremes will increase.

Definition of the most impact-
based indicators of environ-
mental extremes that are relevant 
to society. The necessary cross-
sector relationships are still in 
their infancy.

Define extremes by first understanding 
their impacts in key sectors. Spur and 
nurture close collaborations between 
science and the public-private policy 
sectors, in order to define policy and 
impact-relevant extremes. 

Ecosystems (Chapter 8)

Despite the clear responses of the 
distributions of some species to 
climate, the relationship between 
changes in climate and recent 
changes in the geographic distribu-
tion of species is highly uncertain. 
Considerable uncertainty remains 
on how species and the communi-
ties and ecosystems they form will 
respond to projected changes in 
climate.

Projections of the effects of 
climate variability on geographic 
ranges, accounting for multiple 
factors affecting species persis-
tence and distribution.

Projections that take into account species’ 
environmental stress tolerances, and 
ability to adapt. Consideration of envi-
ronmental change, land-use change, and 
management interventions. Elucidation 
of mechanisms of change in the interac-
tions among factors such as climate varia-
tion and species fitness. Re-estimation of 
the probabilities of persistence of species. 
Knowledge gaps may be partly filled 
by identification of biotic and abiotic 
drivers of genetic change and selection, 
identifying which traits (or combinations 
of traits) will be targets of this selection, 
and determining how genetic change and 
phenotypic plasticity affect selection of 
potentially correlated traits.

Most projections of current or future 
distributions of species are based on 
their current climatic niches, which 
unrealistically assume that niches 
are static and uniform.

Species range projections that 
account for uncertainties due 
to climate projections that fall 
outside the ranges of data used 
to build the models. 

Develop robust methods for accounting 
for changing niche delineations. Char-
acterization of uncertainties associated 
with extrapolations beyond observations 
used in constructing niche definitions. 
Estimating likely temporal and spatial 
changes in these drivers, given multiple 
scenarios of climate change.

Coastal (Chapter 9)

Local jurisdictions vary consider-
ably in their technical expertise and 
capacity to conduct effective coastal 
land use management. 

Improved understanding of 
persistent adaptation barriers 
that inhibit preparedness and 
active implementation of climate-
change adaptation in coastal 
California.    

Social science and communication 
research aimed at characterizing adapta-
tion barriers. Definition and develop-
ment of best practices for building 
capacity for implementation of alterna-
tive land-use management practices.
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Table 20.1 R esearch needs and strategies associated with themes in the Assessment of  
                 Climate Change in the Southwest United States (Continued)

Uncertainty theme Research need Research strategy

Extent of ocean acidification and its 
regional impacts.

Improved understanding of the 
causes of ocean acidification and 
its effects on ecosystems and 
their constituent species.

Monitoring of ocean acidification and 
diagnostic studies of acidification 
effects. Analyses to identify sensitive 
ecosystems, locations, and species.

Water (Chapter 10)

Twentieth-century water manage-
ment was based on the principle 
that the future would look like the 
past.  Statistical downscaling implic-
itly preserves stationarity in existing 
large-scale synoptic patterns. 

A suitable replacement for the 
stationarity principle is needed 
to reduce inhibitions to the 
process of adaptation and the 
search for solutions.

Investigation into statistical approaches 
for dealing with time-varying baselines.

There is a mismatch between the 
temporal and spatial scales at which 
climate models produce useful 
outputs, and the scales of output 
needed by water decision makers. 

Improvements in statistical 
downscaling methods that 
currently produce substantially 
different results. Improved 
depiction of factors related to 
fine-scale topography in climate 
models.

Reconciliation of downscaling methods. 
Guidance on best practices for inter-
preting the output of different down-
scaling methods. Improved model 
topography and resolution, and valida-
tion of output that uses the improved 
topography in order to address poten-
tial mismatches between observed and 
projected climate variability.

Differing responses across models, 
especially with respect to precipita-
tion, lack of realistic topography, 
lack of realistic monsoon simulation, 
and lack of agreement about ENSO 
all provide uncertainty, which is 
difficult to reduce. 

Improving models to better 
simulate modes of climate 
variability that have important 
effects on the region, such as 
ENSO and the North American 
monsoon.

Conduct intensive modeling studies 
using models with the best representa-
tions of ENSO and North American 
monsoon dynamics and regional effects. 
Develop focused initiatives on these key 
processes.

Agriculture and Ranching (Chapter 11)

It is not known how much informa-
tion private or public intermediaries 
use to transfer or interpret climate 
change science and projections and 
their implications for farmers and 
ranchers

Investigation of climate change 
knowledge transfer to farmers 
and ranchers.

Assess the sector-specific availability and 
use of information.  Evaluate the effec-
tiveness of sector-specific climate change 
communication and extension strategies, 
electronic media, and technologies, such 
as the Internet and phone applications.

Energy (Chapter 12)

Climate-change influence on 
projected peak loads. Estimates exist 
for California, but not the entire 
Southwest.

Rigorous projections of peak 
loads, peak demand, and associ-
ated impacts for the entire South-
west region. 

Integrated assessment of climate change, 
demand, peak loads across the region, 
using common assumptions, model 
ensembles, socio-economic factors.
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Table 20.1 R esearch needs and strategies associated with themes in the Assessment of  
                 Climate Change in the Southwest United States (Continued)

Uncertainty theme Research need Research strategy

Temporal aspects of future 
power production.

Simultaneous spatial and temporal 
assessment of evolution of power 
production, plant performance, 
fuel type and mix.

Estimate temperature impacts on different 
types of electricity-generating capacity 
and power-plant performance throughout 
the Southwest. Improve projections of 
spatial shifts in wind regimes; investi-
gate probability and duration of no-wind 
conditions on hot days. Improve projec-
tions of extreme surface temperatures and 
their effects on photo-voltaic and concen-
trated solar power production. Estimate 
evolution of current and future power, 
with respect to fuel type.

Vulnerability of power plants 
to flooding.

Flood risk is site-specific, and rela-
tively few studies directly quantify 
potential climate change impacts 
on hydropower production.

Conduct site-specific studies of power 
plant vulnerability to flooding. Synthesize 
and assess individual studies, in order 
to evaluate vulnerability and risk for the 
region. 

Exposure and vulnerability of 
thermoelectric power produc-
tion to drought and climate 
change.

Rigorous assessment of the expo-
sure and vulnerability of ther-
moelectric power production to 
drought and climate change. 

Assessment of hydrologic conditions, 
combined with operational characteristics 
and institutional factors. Development of 
a definitive measure of aggregate impact. 
Inventory and rigorously assess the 
robustness of existing contingency plans 
for individual plants. 

A lack of accurate projections 
of future ground-level solar 
radiation adds to uncertainty in 
regional energy potential and 
production projections. 

Improved simulation of regional 
cloud cover, directly from physical 
principles.

Increase spatial resolution in climate 
models, and improve model physics for 
estimation of ground-level solar radiation. 
In the meantime, ground-level radiation 
generated by global and regional climate 
models should be interpreted cautiously. 

Uncertainty in future transpor-
tation sector fuel types and use.

Examinations of the type and 
intensity of future fuel use in the 
transportation sector.

Projections of the type and intensity of fuels 
used in the transportation sector, given 
projected future climate changes.

Implications of climate change 
across the entire Western inter-
connection.

Comprehensive assessment of 
impacts of climate change on 
multiple modes of power produc-
tion, in conjunction with projec-
tions of shifts in power demand, 
and risks to the transmission grid.

Evaluate concurrent impacts of climate on 
West-wide hydropower production, coin-
cident impacts on thermoelectric produc-
tion and induced shifts in electric power 
demand. Include studies of fire risk to the 
transmission grid, given projected increases 
in regional fire frequency. Identify loss 
minimizing operation practices.
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Table 20.1 R esearch needs and strategies associated with themes in the Assessment of  
                 Climate Change in the Southwest United States (Continued)

Uncertainty theme Research need Research strategy

Urban Areas (Chapter 13)

Determination of the 
adaptive capacity of 
urban communities.

Integrated evaluation of urban 
adaptive capacity and institu-
tional complexity.

Evaluation of the connections between municipal 
agency funding and how municipal services capa-
bilities might be used to implement mitigation and 
adaptation strategies. Studies of the fiscal capacity 
of localities in relation to their ability to monitor 
and act on climate change challenges.

Urban area observation 
collection, data amount, 
availability, and format 
are not sufficiently stan-
dardized to fully assess 
the ways in which cities 
may contribute to climate 
change through their 
urban metabolisms, such 
as flows of water, energy, 
materials, nutrients, and 
air. 

Inventory and evaluation of 
data collection and analysis 
practices. 

Urban metabolism studies can improve under-
standing of a host of climate-change vulnerabilities 
such as water use and waste generation. Improve 
collection of information on urban vegetation cover, 
to evaluate urban water consumption patterns in 
the Southwest. Improve quantification of the contri-
bution of urban areas to climate change for sectors 
other than transportation. Couple household-level 
energy use with land-use data, to reveal important 
aspects of urban activities and mechanisms. The 
expected increase in climate-driven urban-fringe 
fires will call for improved post-fire monitoring, 
management, and treatment of stormwater runoff 
to reduce impacts to city water supplies and down-
stream ecosystems.

There is a paucity of 
observations on land and 
built-environment inter-
actions with the atmo-
sphere in the Southwest’s 
urban centers.

Better information is needed on 
building technologies, particu-
larly impermeable surfaces and 
surface albedo (the portion of 
solar energy reflected back from 
a surface to the atmosphere).

Improved use of information on urban vegetation 
cover to evaluate albedo patterns in the Southwest. 

Transportation (Chapter 14)

The magnitude of 
potential impacts to the 
transportation system 
for a particular system or 
location is too uncertain 
to be reliably estimated. 
Depending on the levels 
and types of invest-
ments now, the effects of 
climate change could be 
significantly increased or 
reduced.

Studies of the impact of climate 
change on passenger travel. 
Quantification of key variables 
for evaluating economic impacts 
of changing climate.

Focus studies on key economic variables, such as 
loss of time, loss of money, loss of productivity 
(and wages), relocation costs, and loss of life. 
Prioritize future research to quantify long-term 
effects of climate change on transportation systems. 
Refine studies to simultaneously examine multiple 
scenarios of climate changes of various magnitudes 
in conjunction with multiple scenarios of levels 
and types of investments and the effect of multiple 
timelines for implementation of investments.
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Table 20.1 R esearch needs and strategies associated with themes in the Assessment of  
                 Climate Change in the Southwest United States (Continued)

Uncertainty theme Research need Research strategy

Public Health (Chapter 15)

Limited understanding of the 
associations between meteo-
rological factors and health 
impacts contributes to uncer-
tainty, and limits the capacity 
of current statistical models to 
predict future health impacts.  

High-quality, high-resolution 
long-term health and climate data 
are necessary to fully characterize 
their relationship and adequately 
estimate future impacts to health 
from climate change. Deficiencies 
in the quality of health data limit 
our ability to characterize linkages 
between climate change and health 
and develop predictive models for 
climate-related health impacts.

Incorporate physiological, societal, and 
behavioral effects to reduce uncertainty 
in predicting health outcomes. Improved 
data collection, combined with exploratory 
analyses that make use of sparse data, and 
hypothesis-driven diagnostic analyses can 
help build experimental predictive capacity.

Uncertainty in the future 
occurrence of allergies and 
asthma, in association with 
future pollen production, 
which may be influenced by 
increases in atmospheric CO2 
concentration. 

Examination of linkages between 
pollen production, phenology, and 
public health.

Systematic focus on allergies and asthma, in 
conjunction with field observations, green-
house experiments, and modeling. Develop 
interdisciplinary research initiatives and 
multidisciplinary research teams. 

Uncertainty due to possible 
multiple causes of mortality 
in the case of heat-related 
deaths.

Criteria for heat-related mortality 
are not standardized. It is often 
difficult to identify where and when 
cases were exposed to infectious 
diseases.

Carefully explore questions of expo-
sure source and location at the time of 
diagnosis, to identify factors other than 
temperature (e.g., socio-economic or other 
environmental issues) that influence the re-
lationship of climate change and mortality.

Limitations to public health 
data.

Data on the spatial attributes of 
vector-borne diseases are required 
to estimate future infectious disease 
impacts. Criteria for identifying 
cases are not always consistent, 
suggesting a need to standardize 
diagnostic criteria. Multi-year data 
sets with high spatial and temporal 
resolution from multiple locations 
are needed to allow us to assess 
risk changes over time and estimate 
future impacts at a regional scale. 

Develop standards for diagnostic criteria 
associated with vector-borne diseases. 
Invest in consistent, long-term monitoring 
networks, with sufficient resolution to 
answer research and public health profes-
sionals' needs.



Research Strategies for Addressing Uncertainties               473

20.4  Research Strategies from Southwestern Ecoregional 
Initiatives 

Each of the Landscape Conservation Cooperativesiv (LCCs, Figure 20.2) is conducting 
strategic syntheses of common resource management priorities and related science needs 
across the Southwest. Although LCCs are not exclusively directed toward research nor 
toward climate adaptation and mitigation, climate change information needs are a major 
part of the LCCs’ agenda to work at a landscape scale to protect natural and cultural 
resources. We queried four LCCs that cover the majority of the Southwest assessment 
area—California, the Desert region, the Southern Rockies, and the Great Basinv—regard-
ing the status of their syntheses, as well as for information on the primary sources used 
to develop these syntheses. Responses indicated that the LCCs are in the earliest stages 
of conducting comprehensive science-needs assessments. They anticipate they will be 
able to make available in the near future a full compilation of these sources, the criteria 

Table 20.1 R esearch needs and strategies associated with themes in the Assessment of  
                 Climate Change in the Southwest United States (Continued)

Uncertainty theme Research need Research strategy

Insufficient under-
standing of the physi-
ological, societal, and 
behavioral factors that 
affect human health, and 
the interactions between 
these factors. 

Predictive modeling of climate 
impacts on health that accounts for the 
complexity introduced by non-climatic 
factors.

Assess the linkages between climate and 
human health at city, state, and regional 
levels, and develop action plans for each 
level that reflect differences in current and 
predicted climate conditions and vulner-
abilities. Characterize vulnerability and 
future risk not only in terms of the impacts 
of climate change on health, but also with 
attention to demographics, local geographi-
cal differences, and socioeconomic factors.

Tribal Communities (Chapter 17)

Lack of scientific stud-
ies that have examined 
climate-change impacts 
on Native lands within 
the Southwest region. 
Lack of data and obser-
vations is a substantial 
source of uncertainty in 
documenting changes 
and attributing observed 
changes to anthropogenic 
climate change.

Indian reservations need improved moni-
toring of climatic conditions to provide 
tribal decision makers the necessary data 
to quantify and evaluate the changes tak-
ing place for planning and management 
of their resources. Reservations lack the 
data necessary for accurate downscaling 
of climate models, because meteorological 
monitoring is sparse over areas of signifi-
cant size. Additional studies are needed, 
in order to make comprehensive assess-
ments of observed changes.

In addition to commonly used land-based 
observations, a research program to evalu-
ate climate change impacts on Native lands 
in the Southwest might include: increased 
use of remotely sensed observations to de-
tect environmental changes, ethnographic 
studies of traditional environmental knowl-
edge, and citizen-science observations. 
An inventory of climate-related observed 
changes could provide the first step in de-
veloping a comprehensive assessment. 
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for developing priorities among science needs, and approaches for applying the criteria. 
These assessments will be of immense value in the structuring of climate change-related 
research in the Southwest. 

Additionally, a number of federal, state, and local agencies, universities, and inter-
organizational cooperatives in the Southwest have started to consider research needs 
pertaining to climate adaptation to help them achieve their missions. Federal and state 
agencies, along with their university partners, have conducted several workshops over 
the past four years to acquaint land and water management agency leadership and staff 
with the state of climate-change research in the Southwest, and to provide opportuni-
ties for participants to articulate what they consider important uncertainties and gaps 
in our scientific understanding. Table 20.2 lists a sample of recent workshops held on 
climate-effects science in the Southwest. Incorporating information from such efforts 
in climate-change-related research needs assessments will be important in creating cli-
mate-effects-oriented research programs that are effectively integrated with land and 
water managers.

20.5  Strategies to Improve Characterization in Climate and 
Hydrology

Given the Southwest’s aridity and climatological variability, water resources managers 
in the region face many challenges in predicting when they will have too much or too 
little water. Water resource managers have issued several “requirements” surveys of 
their water users’ perceived needs, including data, methods, tools, and agency capacity. 
Many of these surveys were developed to address implications of a changing climate for 
water resources (Milly et al. 2008; Karl et al. 2009) and concerns about how water man-
agers can adequately plan for and manage such changes (Brekke et al. 2009). Whether 
they are focused on preparing for longer-term climate change or shorter-term weather 
and climate variations, a common theme among these surveys is the promotion of re-
search and capacity-building that leads to: 

•	 better-quality predictions;
•	 better use of existing predictions while we wait for quality to increase; and 
•	 better communication of risk and uncertainty during decision-support processes. 

Requirements surveys tend to be better barometers of the relevance of research and 
development efforts than of research feasibility. The following are some requirements 
surveys that have been completed in recent years, all of which offer insight on user 
needs related to water-cycle science and prediction research:

•	 “Addressing Climate Change in Long-Term Water Resources Planning and Man-
agement” (Brekke et al. 2011) outlines the various types of analyses necessary to 
assess climate-change implications for water-resources management. It offers a 
technical discussion of desired capabilities, current capabilities, and gaps, and is 
aimed at science/management research collaborations. 

•	 “Water Needs and Strategies for a Sustainable Future” (WGA 2006) offers states’ 
perspectives regarding needs related to several water management aspects, 
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inviting both research and capacity-building activities. The report emphasizes 
the need for both enhanced hydrologic data collection to track changing cli-
matic conditions and improved capabilities in the areas of hydrologic predic-
tion, modeling, and impact assessment. An associated “Next Steps” report was 
subsequently issued (WGA 2008), offering a more technical discussion of needs, 
including those related to managing during drought and other shorter-term 
weather variations and developing locally relevant (downscaled) long-range 
projections of climate and hydrology needed to support climate-change vulner-
ability and adaptation assessments in the Western United States.

Table 20.2 R ecent workshops that have included discussion about strategies for climate- 
                 effects science in the Southwest

Workshop Title Sponsors
Publication of 
results

Natural Resource Mitigation, Adapta-
tion and Research Needs Related to 
Climate Change in the Great Basin and 
Mojave Desert

Fish and Wildlife Service, US Geological 
Survey, National Park Service, Desert 
Research Institute, Bureau of Land 
Management, Environmental Protection 
Agency, University of Nevada Las Vegas

Hughson et al. 2011

Effects of Climate Change on Fish, 
Wildlife and Habitats in the Arid and 
Semiarid Southwestern United States: 
Putting Knowledge and Science into 
Action

Fish and Wildlife Service, US Geological 
Survey, Climate Assessment for the  
Southwest

Guido, Ferguson and 
Garfin 2009

Climate Change, Natural Resources, 
and Coastal Management: a Workshop 
on the Coastal Ecosystems of California, 
Oregon, and Washington

Fish and Wildlife Service, US Geological 
Survey

USFWS 2009

The Climate and Deserts Workshop:  
Adaptive Management of Desert 
Ecosystems in a Changing Climate

Desert Managers Group, George Wright 
Soc, University of California, University of 
Arizona, University of Nevada, Great Basin 
Cooperative Ecosystem Studies Unit, The 
Wildlife Society, Climate Assessment for the 
Southwest, The Nature Conservancy, Bureau 
of Land Management

Desert Managers 
Group 2008

Research  and Development Workshop:  
Roadmap – Managing Western Water as 
Climate Changes

Bureau of Reclamation, National Oceanic  
and Atmospheric Administration, US  
Geological Survey

Brekke et al. 2009

Southwest Climate Summit US Geological Survey, Climate Assessment  
for the Southwest (CLIMAS) 

Southwest Climate 
Science Center 2012
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•	 “Options for Improving Climate Modeling to Assist Water Utility Planning for 
Climate Change” (Barsugli et al. 2009) discusses water utilities’ perspectives on 
global and regional climate projections in relation to their planning activities. It 
reviews the state of science on developing global to regional climate projections 
and prospects for improving this science. 

•	 “Decision Support Planning Methods: Incorporating Climate Change Uncertain-
ties into Water Planning” (Means et al. 2010) serves as a companion to Barsugli 
and others (2009), providing a review of methods for making decisions under 
climate-change uncertainty, discussing research needs in relation to probabilis-
tic information on data and modeling uncertainties.

•	 “The Future of Research on Climate Change Impacts on Water―A Workshop 
Focusing on Adaptation Strategies and Information Needs―Subject Area: Wa-
ter Resources and Environmental Sustainability” (Raucher 2011) focuses on 
needs and potential research directions in five areas, including flooding and wet 
weather, water supply and drought, and the water-energy nexus.

Next-generation climate models should be evaluated for their credibility in making 
climate projections useful in environmental risk assessments (e.g., Brekke et al. 2008), as 
must assessments of Southwestern ecosystems involving hydroclimatological drivers. 
As an initial step in this assessment, the Southwest Climate Science Centervi is evaluat-
ing the characteristics of California coastal zone influences, the sharp topographic gra-
dients characteristic of the mountainous Southwest, and the North American monsoon.

Although their occurrence is highly variable, intense storms associated with narrow 
currents of concentrated water vapor (“atmospheric rivers” or ARs) make landfall on 
the California coast. ARs often make the difference between floods and plentiful water 
supply versus drought, and are therefore important to planning for integrated water re-
sources and flood planning (see Chapter 4). ARs have been shown to penetrate into the 
interior Southwest, so the influence of climate change on their frequency and magnitude 
is in need of additional attention (Dettinger et al. 2011).

There is considerable uncertainty about how the Southwest’s major river systems 
will evolve in the future. For example, in the Sacramento-San Joaquin drainages and San 
Francisco Bay, differences in projected futures arise from the different sensitivities of 
global climate models to the range of greenhouse gas emission trajectories. Such uncer-
tainties propagate further into other drivers of transformative change such as landscape 
modification, water development, and pollutant loads (Cloern et al. 2011).

20.6  Strategies to Improve Characterization of Impacts and 
Vulnerabilities

Widespread drought has affected large areas of the Southwest for the last decade (see 
Chapter 5). Concern about persistence of this drought—and of longer, more severe 
droughts—due to projections for continued variability in precipitation amounts, de-
creased streamflows, and increased temperatures (see Chapters 6 and 7), is generating 
new research approaches that will improve policy prescriptions for wildland and urban/
suburban systems (MacDonald 2010). However, the availability of scientific information 
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regarding climate change and the capacity to adapt to or mitigate it are uneven across 
the Southwest. California is a leader among states in assessing climate change impacts 
associated with natural and managed systems, having completed its second integrated 
assessment, including thirty-nine individual studies (Franco et al. 2011). Other South-
western states have not implemented programs to conduct assessments at this depth or 
breadth.

In addition, the importance of traditional knowledge of indigenous communities is 
beginning to be acknowledged in ecosystem management (see, for example, the Tradi-
tional Knowledge Bulletinvii of United Nations University). In other work, interviews 
with seventy Navajo elders were used to catalog changes in weather, vegetation, loca-
tion of water sources, and the frequency of wind and dust storms, helping to corrobo-
rate research on sand dune movement and growth (Redsteer, Bogle and Vogel 2011). 
Inclusion of traditional knowledge from the roughly 180 Southwestern tribes could im-
prove both climatic analyses and climate adaptation. Native Americans in the Southwest 
are thought to be particularly vulnerable to climate change (see Chapter 17). Resiliency 
can be affected by multiple climate-related threats, and because of tribal communities’ 
close reliance on reservation resources for sustenance, economic development, and the 
maintenance of cultural traditions, they are particularly vulnerable (National Wildlife 
Federation 2011). Further assessment of such threats to Native American communities 
appears to be a pressing need across Southwestern landscapes.

Projections of the potential impacts of coastal flooding in California due to sea-level 
rise are presently imperfect due to information needs in a number of areas (see Chap-
ter 9). Among these are (1) the capability to model factors such as flood duration and 
velocity; (2) economic analysis of transportation risk, health issues, and habitat loss; (3) 
integration of coastal development scenarios; and (4) better characterizations of coastal 
zone policies (Hebeger et al. 2011). 

Climate-driven changes in stream temperature and hydrology are affecting aquatic 
ecosystems and fishes throughout the West (see Chapter 8), reinforcing the need to syn-
thesize trends in monitoring data, form cross-disciplinary collaborations, and develop 
alternatives for climate adaptation across river basins (Rieman and Isaak 2010). 

Few environmental studies covering the Southwest have explicitly considered dust 
flux and wind erosion, yet these factors are important drivers of ecosystem processes, 
can cause human health impacts, and act as a source of uncertainty in climate models 
(Field et al. 2010). Additional information could help determine ways to reduce the dust 
layer derived from human activities that is accumulating in the Colorado River Basin 
snowpack. Dust has increasingly reduced the capacity of the snow to reflect solar ra-
diation, hastening and increasing snowmelt and causing early runoff in this important 
source of Southwestern water supply (Painter et al. 2010) (see Chapter 4, Box 4.1).

Climate significantly impacts ecosystem structure and plant-animal interactions, 
such as in plant and bird communities in montane Arizona, where Martin and Maron 
(2012) demonstrated that declining snowfall indirectly affects both plant and bird popu-
lations by allowing more extensive grazing by elk. It is becoming increasingly important 
for managers to consider such interactions as they struggle to achieve natural resource 
goals in a changing environment.

As in other regions, keystone species may be affected by climate change and this may 
have consequences for entire ecosystems. One such Southwestern icon, Yucca brevifolia, 



478	 assessment of climate change in the southwest united states

lends its name to Joshua Tree National Park. A study of past and future shifts in its dis-
tribution indicates that only a few of its populations appear to be sustainable, while bar-
riers to dispersal may limit its potential to expand its range (Cole et al. 2011). This is but 
one example of how climate and land use change will affect species’ capacity to migrate. 
Additionally, since the pace of shifting climate is itself variable, climate changes can 
affect biodiversity and species that are found only in the Southwest (endemic species); 
thus, species in many marine and terrestrial environments in the Southwest are likely to 
be affected (Burrows et al. 2011; Sandei et al. 2011). However, phenotypic plasticity and 
evolutionary potential could provide a degree of resilience and enhance probabilities 
of persistence for populations and species in the face of a changing climate (Reed et al. 
2011).  These findings point to the need for new approaches to integrate climate variabil-
ity in population biology research in the Southwest. 

As a consequence of such climate-species interactions, the nature of geographic 
boundaries for Southwestern deserts likely will change due to a number of factors affect-
ing vegetation composition, diversity and productivity, water availability and evapo-
transpiration, and soil erosion (Archer and Predick 2008; Gonzales 2011; Munson et al. 
2012). Southwestern forests and woodlands that are sensitive to fire and insect infesta-
tions appear to be increasingly vulnerable to rapid conversion to novel vegetation types 
(Williams et al. 2010). Climate is a principal driver for wildfire frequency, intensity, type, 
extent, and seasonality, and fire regimes in the Southwest are affected by the invasion of 
non-native species such as Bromus tectorum (cheatgrass) in the Mojave Desert (Brooks et 
al. 2004). Increases in wildfire related to climate change are projected for future decades 
due to changes in ignitions, fuel condition, and volume; a new generation of dynamic 
vegetation models appears necessary to help assess fire severity (Hessl 2011). 

A growing awareness of the effects of ongoing and impending climate change on 
Southwestern ecosystems, urban areas, and socio-economic structures is creating a need 
to review management approaches to evaluate what lines of research are needed to fill 
information gaps. As new climate-driven natural and human community structures and 
relationships develop, it will be important for research strategies relating to climate ef-
fects to be tailored to address not only scientific uncertainty, but also to address our 
need to manage adaptively.
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Glossary

A2 – a greenhouse gas emissions scenario used as input into global climate models to 
project climate changes in the IPCC Fourth Assessment Report, as described in its Spe-
cial Report on Emissions Scenarios. This scenario assumes a future with a high popula-
tion growth rate, slow economic development rate, slow technological change and fossil 
fuels use at rates slightly lower than observed in historical records. This combination 
results in higher GHG emissions and substantially increased global temperatures.  

accrete – build up through gradual accumulation, can refer to the increase in size of a 
tectonic plate by addition of material as well as process where coastal sediments return 
to the beach following storm erosion

acequia – shared system of irrigation ditches used by farmers in New Mexico

acidification, ocean acidification – increase in the pH of the oceans from the absorp-
tion of atmospheric CO2. Some scientific evidence shows that ocean acidification affects 
shellfish, such as oysters and clams.

acre foot – the amount of water required to cover one acre of water one foot deep, equal 
to 43,560 cubic feet. This is approximately the amount of water used by two and a half 
households in one year.

adaptation – increasing the readiness and resilience of sectors to reduce the impacts of 
climate change; preparing and planning for climate change, minimizing those impacts 
that cannot be avoided and turning expected climate changes into opportunities wher-
ever possible 

adaptation barriers – barriers that prevent or limit response to change; these include 
institutional, economic, regulatory, or attitudinal barriers 

adaptive capacity – the ability (of a household, community, or other unit of organiza-
tion) to reduce its vulnerability to climate-related risks through coping strategies such as 
application of social, technical, or financial resources

adaptive pathway – intentionally adaptive operations or strategies responsive to climat-
ic change

aerosol – “a collection of airborne solid or liquid particles, with a typical size between 
0.01 and 10 micrometer (a millionth of a meter) that reside in the atmosphere for at least 
several hours. For example, dust, or small particles ejected from a volcano. Aerosols may 
be of either natural or anthropogenic origin. Aerosols may influence climate in several 
ways: directly through scattering and absorbing radiation, and indirectly through acting 
as cloud condensation nuclei or modifying the optical properties and lifetime of clouds.” 
(From IPCC Technical Paper—Climate Change and Water)

agricultural drought – a period of low soil moisture sufficiently long or severe that it 
affects crops

air gap – the space between the bottom of a bridge and the top of a ship sailing under it
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airshed – a geographical space wherein the air normally flows or is contained, so that air 
pollution conditions are relatively uniform within it 

albedo – The percentage of light reflected by an object. Snow-covered areas have a high 
albedo (0.9 or 90%) due to their white color. Human activity has changed the albedo of 
various regions around the globe.

ambient temperature – temperature of the surroundings; background temperature

anadromous fish – fish species that spend most of their lives in the ocean but hatch and 
spawn in fresh water; for example, salmon are anadromous

annual plants – plants that live only for a single season or year; some ornamental plants, 
like zinnias, are annual, as are some crops, such as peas, corn and wheat

anomaly – a deviation from the norm; climate data are often expressed in terms of 
anomalies from a long-term average, such as “the 2002 annual temperature was a 3°F 
positive anomaly from 1971-2000” (in other words the 2002 annual temperature was 3°F 
higher than the 1971-2000 average) 

anthropogenic – human-caused or human-induced

anthropogenic waste heat – heat produced by human activities for which there is no 
useful application, such as the heat generated to cool a structure  

anticyclone – the circulation of winds around a high pressure center, traveling clock-
wise in the Northern Hemisphere and counterclockwise in the Southern Hemisphere; 
anticyclones are associated with high atmospheric pressure and dry conditions. 

arbovirus – a virus spread by arthropod vectors such as mosquitoes, lice and ticks

armoring – the artificial reinforcement of natural areas, as by the erection of hard struc-
tures, such as a seawall, to protect a shoreline 

assessment – critical evaluation of information for purposes of guiding decisions on a 
complex issue

atmospheric rivers – narrow corridors of atmospheric moisture typically found near or 
ahead of cold front storms, which deliver enormous amounts of water vapor in low level 
(<2 km [1.2 mi] above sea level), long (>2000 km [1243 mi]), and narrow (less than about 
500 km [311 mi] wide) corridors from over the Pacific Ocean 

B1 – a greenhouse gas emissions scenario used as an input into global climate models to 
project climate changes in the IPCC Fourth Assessment Report, as described in its Special 
Report on Emissions Scenarios. This scenario assumes a future in which global population 
peaks in the year 2050 and then declines, with economies that shift rapidly toward the 
introduction of clean and resource-efficient technologies and an emphasis on global so-
lutions to economic, social, and environmental sustainability. This combination results 
in lower GHG emissions and smaller increases in global temperatures.  

backshore – the coastal area above the high-water line

basin scale – denotes a larger-scale area with the extent of a watershed or series of 
watersheds

beach nourishment – replenishment of beach sand (that has been lost through erosion 
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or drift) from an external source, usually to increase the area that can be used for recre-
ation or to protect the shoreline from coastal storms

bias correction and spatial downscaling method (BCSD) – a method of creating climate 
projection results at spatial scales that are meaningful for analysis of regional impacts, 
by taking GCM results and statistically relating them to the historic climate of the re-
gion. Also known as bias-correction and spatial disaggregation.

bioallergens – pollens and molds that induce allergic reactions in some individuals

biomass – biological mass from living organisms or recently living organisms

biophysical process – combination of physical processes in biological organisms or sys-
tems, such as the uptake of water and nutrients in plants 

C3  plants – plants that use the C3 carbon fixation pathway, which grow and lose water 
during the day; these include most broadleaf and temperate zone plants

C4 plants – plants that use the C4 carbon fixation pathway in their metabolism, which 
lose little water during the day and makes them well-adapted to hot and dry areas; ex-
amples include sugarcane and maize 

CAM plants – plants with crassulacean acid metabolism, which store carbon dioxide at 
night and thus minimize water loss during the day; examples include orchids, cactuses 
and agaves

calcium carbonate – the component of marine shell material that dissolves in more acid-
ic waters

carbon sequestration, carbon storage – the removal of carbon dioxide from the atmo-
sphere, by natural or other means, and storage of carbon in, for example, plants, soil, oceans

carbon uptake – the absorption of carbon by soils and plants

chill time – the accumulation of hours during which temperatures are between 32°F–
45°F during bud dormancy in plants; some plants require a certain amount of chill time 
before their buds open and growth can occur

climate change – ways in which systematic trends in some climate factors, such as in-
creases in heat-trapping gases in the atmosphere (greenhouse gases) and associated in-
creases in temperature, alter the climate system and its variations

climate regime – type of climate; climate classification, or an extended period of certain 
climatic characteristics, such as a “wet regime” or a “dry regime”

climate variability – the inherent variability of climate, for instance, from year to year or 
decade to decade

climatology – the study of climates and their phenomena

co-benefits – multiple benefits of a program, policy, or intervention; for example, a ben-
efit of bicycling to work is reduced greenhouse gas emissions, and a co-benefit of bicy-
cling is improved cardiovascular health

cold spell index – an index that reflects frequency, intensity, duration, and spatial extent 
of wintertime cold spells over a region. In this report the index was derived from obser-
vations and the CNRM-CM3 model.
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cold wave – a prolonged period of unusual cold weather, variously defined as a four-day 
period colder than the threshold of a one-in-five year frequency or the coldest five per-
cent of the wintertime daily temperature distribution, aggregating degree days below 
the local 5th percentile thresholds from November to March, averaged over the region

colonia – a U.S.-Mexico border-region residential community that is economically dis-
tressed and usually underserved by infrastructure

Colorado delta – the region where the Colorado River flows into the Gulf of California

concentrating solar – a type of solar energy production method that concentrates a large 
area of sunlight onto a small area, using lenses or mirrors. The concentrated light is con-
verted to heat, which in turn drives a heat engine, often a turbine, connected to a power 
generator.

cone of uncertainty – a schematic device to illustrate the growing uncertainty of future 
conditions over time

confidence – a subjective judgment of the reliability of an assertion, based on systematic 
evaluation of the type, amount, quality, and consistency of evidence, and the degree of 
agreement among experts

conjunctive use – Conjunctive use of surface and groundwater consists of combining 
the use of both sources of water in order to minimize the undesirable physical, envi-
ronmental, and economic effects of each solution and to optimize the balance between 
water demand and supply.

consumption-based emissions – emissions measurement that takes into account net im-
ports and exports of goods and services rather than just emissions production

consumptive use – water that is not returned to a water system after use; for exam-
ple, water lost through evapotranspiration of crops. Consumptive use makes the water 
unavailable for other uses, usually by permanently removing it from local surface or 
groundwater storage as the result of evaporation and/or transpiration.

convection – the movement of relatively warm air upward into the atmosphere, which 
cools, forms clouds, and often causes the downward movement of cooler air. In the 
Southwest, convection is associated with the development of summer thunderstorms.

cooling degree days – a measurement that reflects the amount of energy needed to cool 
a home or structure. This index is derived from daily temperature records. The “cooling 
year,” during which cooling degree data are accumulated extends from January 1 to De-
cember 31. An average daily temperature of 65°F is the base for cooling degree day com-
putations. Cooling degree days are summations of positive differences from 65°F. For 
example, cooling degree days for a station with daily mean temperatures during a seven-
day period of 67, 65, 70, 74, 78, 65 and 68, are 2, 0, 5, 9, 13, 0, and 3, for a total for the week 
of 32 cooling degree days. (Adapted from NOAA Climate Prediction Center, www.cpc.
ncep.noaa.gov/products/analysis_monitoring/cdus/degree_days/ddayexp.shtml)

coupled models – this phrase refers to the coupling of individual components in cli-
mate models, which allows for interaction between different parts of the climate system 
within the models. This phrase often refers to the coupling of individual atmosphere 
and ocean model components.
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crassulacean acid metabolism – refers to plants that store carbon dioxide at night and 
thus minimize water loss during the day

cyclone – the circulation of winds around a low pressure center, traveling counterclock-
wise in the Northern Hemisphere and clockwise in the Southern Hemisphere. Cyclones 
are usually associated with precipitation-generating conditions.

decision analysis – a planning tool wherein uncertainties are throughly described and 
decision trees can be used to represent different decision pathways and find optimal 
solutions

decoupling – when previously linked phenomena or processes cease to be connected. 
For example when cold air drains down from mountain ranges and pools in mountain 
valleys, the cold air pool can become decoupled from the large-scale atmospheric flow. 
In such cases, local conditions can differ substantially from regional conditions, which is 
important in assessing the impacts of climate change in mountainous areas.

deficit irrigation – irrigation that aims to achieve greater crop output per unit of water 
applied rather than maximizing crop output per acre 

detection and attribution study – a study to demonstrate the likelihood that an ob-
served change (as in climate) is occurring (detection), that it is statistically significantly 
different from what could occur from natural variability, and the most likely cause for 
that change (attribution) in terms of a defined level of confidence 

diapause – a period in which growth or development is suspended

dieback – tree mortality noticeably above usual mortality levels. In the Southwest, die-
back often refers to the death of large numbers of conifer trees, as a result of drought, 
high temperatures, and insect pest outbreaks.

discharge – flow; the volume of water (and suspended sediment, if surface water) that 
passes a given location within a given period of time. 

disturbance/ecological disturbance – a cause; a physical force, agent, or process, either 
abiotic or biotic, causing a perturbation (which includes stress) in an ecological compo-
nent or system; examples are fire (abiotic) and outbreaks of disease (biotic)

downscaling – a method providing finer spatial detail of climate model (GCM) results. 
Often scientists refer to two methods: statistical downscaling, which uses mathematical 
relationships between the GCM data and historical data to adapt GCM projections to lo-
cal conditions, and dynamical downscaling, in which GCM output is used as input to a 
regional-scale model which can then merge large-scale climate information from GCMs 
with local physical controls on climate (such as small mountain ranges).

driver – something that creates and fuels activity, or gives force or impetus; for example, 
energy from the Sun is one driver of the climate system

dry cooling – a cooling system in which air rather than water is used to cool a power 
plant’s working fluid

dry warming scenario – a climate scenario in which the climate becomes drier (less pre-
cipitation) as well as warmer  

dust flux – The flow of dust particles through a given area within a certain amount of 



488	 assessment of climate change in the southwest united states

time; for example the transport, by wind, of loose soil from a valley bottom to the top of 
a mountain range would be called a flux of dust to the mountain top

dynamical downscaling – a method of modeling climate by use of a limited-area, re-
gional climate model (RCM) which uses the output from a global climate model as input 
to model climate at a finer spatial scale.  The method uses a physically based process 
model at a grid spacing of tens (rather than hundreds) of miles (or kilometers) and so 
better represents complex topography. The method is very expensive to use, thus there 
are fewer dynamically downscaled data available. 

ecoregion – large area of land and water characterized by distinctive plant and animal 
communities and other environmental factors

ecosystem-based adaptation – an adaptation approach that seeks to achieve the preser-
vation and sustainability of  biological resources and protect the ecosystem services that 
these resources provide humans 

ecosystem services – the benefits provided by natural systems, such as flood protection, 
water treatment by filtering through soils, recreation, the storage (or sequestration) of 
carbon in plant matter, biodiversity, and wildlife habitat

ecotone – boundary between ecological systems

eddy covariance – a micrometeorological technique designed to measure turbulent ex-
changes of mass, momentum, and heat between an underlying surface and the atmosphere

El Niño – a disruption of the ocean-atmosphere system in the tropical Pacific that im-
pacts weather around the globe.  El Niño is characterized by a large scale weakening of 
the trade winds and warming of the surface layers in the eastern and central equatorial 
Pacific Ocean.  In the southern parts of the Southwest, El Niño winters often deliver 
above–average precipitation, and there is more tropical storm activity in the eastern Pa-
cific Ocean. In coastal areas of California and Baja California, El Niño often results in 
warmer ocean water, higher sea levels, more rainfall, and flooding. 

El Niño Southern Oscillation (ENSO) – A term used to describe large climate dis-
turbances that are rooted in the tropical Pacific Ocean and occur every 3 to 7 years. El 
Niño refers to warming of the tropical eastern Pacific Ocean and the Southern Oscilla-
tion refers to changes in atmospheric circulation across the Pacific Ocean basin. ENSO 
includes the full range of variability observed in these interactions between ocean and 
atmosphere, including both El Niño and La Niña episodes. (Compare La Niña, below). 

elevational gradient – changes in elevation or slope; for example, changes in elevation 
along a mountain range. It is useful in many scientific studies to contrast changes in 
plant life or temperature at different elevations. 

endemic species – species that are native to and occur only in a particular location

ensemble – multiple simulations used to construct a possible distribution of climate 
change; often, the average of multiple climate model runs will be referred to as the en-
semble average 

ephemeral streams or streamflow – surface water flow in streams and drainages that 
occurs only temporarily after precipitation or snowmelt
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evapotranspiration – the combination of evaporation of water from the earth’s water 
surfaces and soil and the transpiration of water by plants. Evapotranspiration is fre-
quently measured in two ways: (1) the amount that occurred; and (2) the potential 
amount that would have occurred if enough water had been present to meet all evapora-
tion and transpiration needs. In arid areas the actual amount is frequently less than the 
potential amount.

extreme events – (from IPCC AR3 WGI): “an event that is rare at a particular place and 
time of year. Definitions of rare vary, but an extreme weather event would normally be 
as rare as or rarer than the lowest or highest 10 percent of all weather events that have 
ever been observed in a location or region. By definition, the characteristics of what is 
called extreme weather may vary from place to place in an absolute sense. Single ex-
treme events cannot be simply and directly attributed to anthropogenic climate change, 
as there is always a finite chance the event in question might have occurred naturally. 
When a pattern of extreme weather persists for some time, such as a season, it may be 
classed as an extreme climate event, especially if it yields an average or total that is itself 
extreme (e.g., drought or heavy rainfall over a season).”

exurban land – land on the outer ring of suburbs, here defined as having a housing den-
sity of one unit per 2.5 to 40 acres

feedback, natural system feedback – Feedbacks are interactions in which outputs from 
a process have an effect on the inputs to that same process. Sometimes feedbacks can 
offset or inhibit a change (negative feedback), and sometimes they can amplify a change 
(positive feedback). An example of a positive feedback is when the atmosphere heats 
up it melts ice. Ice reflects a lot of incoming energy from the sun, so when it melts and 
is replaced by heat-absorbing water, soil or vegetation, the land surface warms more 
quickly and warms the atmosphere, making it easier for more snow and ice to melt in a 
sustained manner that can eventually cause extensive snowmelt. An example of a nega-
tive feedback is when carbon dioxide increases, it causes plants to grow faster, which 
allows them to absorb more carbon dioxide, which eventually can lead to a large reduc-
tion of carbon dioxide. 

forb – a herbaceous flowering plant that is not a grass

forcing – (n.) From IPCC AR4 WGI: “The climate system can be driven, or “forced” by 
factors within and external to the system. Processes within the system include those 
related to the atmosphere, the cryosphere (ice-covered parts of the Earth), the hydro-
sphere, the land surface, and the biosphere. Volcanic eruptions, solar variations and 
human-caused changes in the composition of the atmosphere and land use change are 
external forcings.”

forward contract – a bilateral agreement to buy and sell an asset at a specified time and 
price in the future, with both terms agreed upon today

freeze-free season – the period between the last frost of spring and first autumn frost; 
the length of the season equals the number of consecutive days during which minimum 
daily temperatures are above freezing. An increase in the length of the season may be 
considered a proxy for potential increased evaporative or heat stress on plants in the 
arid Southwest.
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futures contracts – a standardized contract, traded on a commodity exchange, to buy 
and sell an asset at a specified time and price in the future, with both terms agreed upon 
today traded on a commodity exchange

global climate model (GCM) – a computer-driven model of global climate, used to proj-
ect climate change based on mathematical equations that represent key physical pro-
cesses; also called general circulation model

greenspace – protected and reserved areas of undeveloped land

GWh – gigawatt hour; the unit of energy representing one billion watt hours or one 
million kilowatt hours; a gigawatt of power, depending on local factors, can provide 
enough energy to power several hundred thousand homes for one year

grassland – land dominated by grasses rather than large shrubs or trees

growing season – the period of each year in which native plants grow and crops can be 
grown; in the United States this is usually defined as the days between the last overnight 
frost or freeze and the first occurrence in the fall

habitat connectivity – the interconnection of different habitats to allow species move-
ment. Habitat connectivity is important because some species can die out if they are 
impeded from migrating, but habitat connectivity can also facilitate the migration of 
invasive species. 

haboob – severe and extensive dust storm

Hadley Cell – the tropical atmospheric circulation that moves warm moist rising air, 
from near the equator, poleward; the so-called “descending limb” of the Hadley Cell 
contains warm dry descending air and often defines the locations of arid and semi-arid 
regions; the Hadley Cell connects closely with the trade winds and jet stream in the trop-
ics and subtropics

hard freeze – a freeze sufficiently long and severe to destroy seasonal vegetation and 
lead to ice formation in standing water and hard ground

heat flux – heat-energy transfer

heat island effect, urban heat island effect – The term “heat island” describes built-up 
urban areas that are hotter than nearby rural areas. Heat islands occur because the built 
environment, including impervious surfaces, such as roads, parking lots, and buildings, 
retain more heat than soils and vegetation. Consequently, minimum daily temperatures 
(which measure the degree to which the city cools off at night) increase substantially 
compared to surrounding naturally vegetated areas. Heat islands can affect communi-
ties by increasing summertime peak energy demand, air conditioning costs, air pollu-
tion and greenhouse gas emissions, heat-related illness, and mortality.

heat stress – the physiological response to excessive heat 

heat wave – a period of abnormally elevated temperature, defined in relation to local 
normal conditions and thresholds deemed relevant by researchers and stakeholders

heat wave index – magnitude of a heat wave; the difference between the actual maxi-
mum daily temperature or minimum daily temperature and its corresponding 95th per-
centile threshold and summed over the consecutive days of the heat wave  
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heating degree days – a measurement that reflects the amount of energy needed to heat 
a home or structure. With a baseline of 65°F, heating degree days are the sum of the tem-
perature differences of the daily mean temperature subtracted from 65°F, for all days 
when the mean temperature is less than 65°F. (See also cooling degree days)

host – an organism that harbors another organism in or on itself

Hueco Bolson – a groundwater basin in the El Paso/Ciudad Juarez region (shared among 
New Mexico and Texas in the United States, and Chihuahua in Mexico)

hydroclimatology – refers to key physical processes that connect climate and hydrol-
ogy; a broad definition suggests the study of moisture in the atmosphere and water 
in and on the surface of the earth; thus, hydroclimatology includes processes such as 
transfers of moisture between the atmosphere and the surface, the connections between 
climate and soil moisture, and studies of the influence of climate upon water 

hydrograph – a chart that shows the rate of change of a hydrologic variable through 
time, such as rate of flow in a stream past a particular location or a change in the tem-
perature or pH of water through time

hydrologic drought – extended period of low water supply; below-normal streamflow, 
lake, and groundwater levels, due to a decline or deficit in precipitation

hydrologic parameters – examples are precipitation, snowpack, and temperature

hydrology – the study of the properties of water in all its forms—liquid, solid, and gas—
especially its movement and distribution on and below the earth’s surface and in the 
atmosphere

hypoxia, hypoxic events – the occurrence of dangerously low oxygen levels that can 
lead to widespread die-offs of fish or other organisms

IPCC – (from Bureau of Reclamation Climate Technical Work Group—Appendix U): 
“The Intergovernmental Panel on Climate Change (IPCC) established by World Meteo-
rological Organization (WMO) and United Nations Environmental Programme (UNEP) 
provides an assessment of the state of knowledge on climate change based on peer-
reviewed and published scientific/technical literature in regular time intervals.”

impervious – resistant to penetration by water or plant roots

infiltration – the flow of water through the ground surface that percolates through soil 
and layers of geologic material in a generally downward direction

informal housing – unplanned residential areas where a group of housing units has 
been constructed on land to which the occupants have no legal claim, or where hous-
ing is not in compliance with current planning and building regulations. Many other 
terms and definitions have also been devised for informal human housing, for example: 
unplanned settlements, squatter settlements, marginal settlements, and non-permanent 
structures. 

in-situ –  in the natural environment; a term that refers to data and measurements taken 
in the field as opposed to in a laboratory

instrumental record – observed data using a variety of weather instruments, such as 
thermometers or rain gauges 
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interannual – year-to-year

interdecadal – decade-to-decade

intraseasonal – applies to time scales from a few days to less than a season  

iterative management – management that adapts its strategies to new information and 
changing circumstances

just-in-time manufacturing – a business management strategy that strives to produce 
goods that meet exact customer demand with minimal waste in time and resources 

keystone species – a species with a large effect on its environment by playing a critical 
role in maintaining the structure of an ecological community and whose removal will 
cause a dramatic ecosystem shift

La Niña – years in El Niño-Southern Oscillation (ENSO) that have below-normal tem-
peratures in the central and eastern equatorial Pacific Ocean, and enhanced trade winds.  
In the southern part of the Southwest region, La Niña is associated with reduced winter 
and spring precipitation and drought.

latent heat – the quantity of heat absorbed or released by a substance undergoing a 
change of state, such as ice changing to water or water to steam, at constant tempera-
ture and pressure; for example, during the development of a thunderstorm, when water 
vapor rises in the atmosphere, and then cools and condenses to form ice pellets or rain 
droplets, latent heat is released and helps the thunderstorm grow.

lean supply chain – a supply chain management strategy that aims to streamline pro-
duction processes by eliminating waste in time, supply, or inventory

Lower Rio Grande – the stretch of Rio Grande from Fort Quitman, Texas, to the Gulf of 
Mexico

macroscale – on a very large scale

maquiladora – in Mexico, a duty-free, foreign-owned assembly plant or factory

marine layer or marine inversion – persistent low-level clouds that hug the coast in the 
summer

Medieval Climate Anomaly – a period of warm climate in the Northern Hemisphere 
from ca. 900–1350 AD

megadrought – an extremely severe and sustained drought

mesic habitat – a habitat characterized by a moderate amount of moisture, such as tem-
perate hardwood forest. This is in contrast to a xeric habitat (low moisture) or hydric 
habitat (saturated in water).

Mesilla Bolson – a groundwater basin in the El Paso/Ciudad Juarez region (shared 
among New Mexico and Texas in the United States, and Chihuhua in Mexico)

meteorological drought – extended period of low precipitation

microclimate – an atmospheric zone ranging from a few square feet to many square 
miles, where the climate differs from the surrounding area. Examples include areas near 
bodies of water and urban heat islands.
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misery days – days where people feel strongly impacted by temperature, which occur 
when the temperature maximum is greater than or equal to 110°F or when the tempera-
ture minimum is less than 32°F

mitigation – reducing the causes of climate change; often this refers to reducing green-
house gas emissions. Examples of mitigation measures include reduction of greenhouse 
gas emissions through improved home energy conservation, improved automobile gas 
mileage, or development of low-emission alternative energy power plants.

mixing height – the level of an inversion layer.  It is like an atmospheric ceiling that lim-
its the volume of air into which air pollution can mix.  High air pollution is associated 
with a low mixing height/inversion layer, while a high mixing height is associated with 
better air quality. 

model calibration – used in Box 10.3, this term refers to the adjustment of a model (for 
example a climate or hydrologic model), to insure that the model produces a realistic 
simulation of current conditions; the aforementioned “adjustment” usually requires im-
proving the equation that represents a physical process

morbidity – illness

mortality – death

municipio – municipality (in Mexico)

National Climate Assessment – a report issued every four years to the President and 
Congress, as authorized by the Global Change Research Act of 1990. The report exam-
ines current trends in global change (both human-induced and natural) and projects 
major trends for the subsequent 25 to 100 years.

naturalized flow, naturalized streamflow – the “natural” amount of water in the stream 
in the absence of human activity: Raw streamflow data are often ill-suited for scientific 
studies, because they are affected by diversions of water for irrigation; naturalized flow 
data are developed to account for water diversions and give a more realistic picture of 
the flow of a river, if no water were diverted.

nonconsumptive use – water use that leaves the water available for other uses and is 
not lost to the atmosphere through transpiration or evaporation, such as water that is 
retained in water systems through drainage pipes or the portion of irrigation water left 
as return flow to a surface or groundwater basin

non-governmental organization – a legally constituted organization that is indepen-
dent of a government and usually is not a for-profit business, and which usually pursues 
larger social aims that may or may not be partly political

nonlinear relationship – any relationship that is not linear: Most physical processes can 
be approximated by linear relationships; however, some key processes are non-linear 
and can increase rapidly. For example, as atmospheric temperature increases, the capac-
ity of the atmosphere to take on water increases non-linearly. 

non-market value – the value of goods not traded in markets, such as clean air and water

North American dipole – a situation in which relative conditions of precipitation occur 
in opposition simultaneously for the Pacific Northwest and for the southern Southwest; 
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a clear example of the dipole is during El Niño winters, when the Pacific Northwest 
tends to be dry and the Southwest tends to be wet.

North American monsoon – a shift in the large-scale atmospheric circulation that brings 
moisture originating from the Gulf of Mexico, Gulf of California, and Pacific Ocean into 
the Southwest from around July to September

one-hundred-year events – climatic events that have a 1% probability of occurrence in 
any given year and a 100% chance of occurring in 100 years

orographic precipitation – precipitation that occurs on the windward side of a moun-
tain, caused by drafts of moist air forced upward along the ridge

ozone – a form of oxygen that forms naturally in the stratospheric portion of the atmo-
sphere, where it absorbs most of the sun’s UV radiation. In the lower atmosphere it is 
considered an air pollutant, where it is produced through chemical reactions between 
nitrogen oxides and hydrocarbons typically produced by the burning of fossil fuels. 
Ozone in the lower atmosphere is an important factor that worsens some respiratory 
ailments.

Pacific-Decadal Oscillation – a pattern of climate variability in the Pacific Ocean that 
shifts phases approximately every twenty or thirty years; the positive phase exhibits 
more El Niño-like conditions; the negative phase brings on more La Niña-like conditions

paleoclimate – (from IPCC AR4 WGI): “Climate during periods prior to the develop-
ment of measuring instruments, including historic and geologic time, for which only 
proxy climate records are available. Proxy climate records include tree rings, pollen 
cores, and ice cores.”

paleoclimate reconstruction – reconstruction of paleoclimate from indirect (proxy) evi-
dence such as tree rings, pollen, and sediment layers

paleodrought – drought that occurred before humans began collecting instrumental 
measurements of weather, as determined through environmental proxy data such as 
tree rings and lake sediments

parameter – a constant in a mathematical equation (itself part of a model) that must be 
defined; a parameter is usually representative for some inherent property of the system 
described by the model. Sometimes the name of a type of data (e.g., precipitation, tem-
perature, soil moisture) is referred to as a parameter of interest.

particulate – a small amount of solid matter suspended in a gas or liquid; air pollution 
studies often refer to dust in the atmosphere as particulate matter

Paso del Norte – the border region that includes the Ciudad Juárez municipality in Chi-
huahua, Mexico, El Paso County in Texas, and Doña Ana County in New Mexico

pathogen – a microorganism that causes disease in its host; can include viruses, bacteria 
and fungi

peak flow, peak pulse – the maximum instantaneous discharge of a stream or river at a 
given location. It usually occurs at or near the time of maximum amount of flow.  

peaks over threshold approach – analysis of climatic conditions using location-specific 
definitions (or thresholds) of extreme temperature, precipitation, humidity, or wind 
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peer-review – the review process of an author’s scholarly research by experts in the 
same field prior to its publication in order to critically evaluate the research, maintain 
academic standards and credibility

perennial flow or perennial streamflow – surface water flow in streams and drainages 
that occurs year-round

perennial plants – plants that have a life cycle of greater than two years; examples in-
clude woody plants, like trees and shrubs 

peridomestic birds – species of birds that live around human habitation

peri-urban area – the area adjoining an urban area, a transition zone characterized by 
both urban and rural activities 

persistence – the likelihood that a species will occupy and reproduce at a level that will 
not lead to local extinction in a certain geographic area for a certain number of years

phenology – the timing of seasonal events in the life cycle of plants and animals, such as 
the development of leaves, blooms of flowers, spawning of fish, and migrations of birds; 
phenology is important, because as climate changes, these life cycle events may change 
in different ways for different species, such that, if temperature increases significantly, 
a crop’s flower may bloom and shrivel in advance of the arrival of an important pollina-
tor (such as a bird, whose migration is timed with changes in the length of day), which 
would result in a lack of plant reproduction, and less food (possibly starvation) for the 
pollinator

phenotypic plasticity – the ability of an organism to change its phenotype in response 
to environmental changes; phenotype includes the physical and biochemical character-
istics of an organism, such as its stature or blood type

photovoltaic solar (PV) – technology for conversion of sunlight into electricity through 
the photoelectric effect, a lower-cost solar technology than concentrated solar power (CSP)

photosynthetic pathway – metabolism type of a plant; examples are CAM, C3, and C4 
(see definitions above)

PM2.5 – particulate matter (airborne dirt and dust) smaller than 2.5 microns in diameter; 
pm2.5 particles are also referred to as “fine particles” and are believed to pose very large 
health risks, because they can easily lodge deeply into the lungs

primary production – production of green plant tissue in a given time period, accom-
plished through conversion of the sun’s energy to chemical energy (organic compounds) 
by photosynthetic plants; primary production is an important measure of ecosystem 
output and health

prior appropriation doctrine – a legal water right that assigns priority of use to the first 
person or entity to put the water to “beneficial” use,” granting them right to the full 
amount from available supplies before a junior appropriator (one who came later) can 
use his: “first in time, first in right.” 

proxy – physical evidence from the past that provides an indication of prehistoric cli-
matic conditions in place of direct measurements; examples are tree rings, ice cores, gla-
cier size and movement, sand dunes, lake sediments, and cave speleothems
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radiative forcing – changes in the balance of radiated energy between different layers of 
the atmosphere. Positive forcing warms the climate system while negative forcing cools 
the system. 

resilience strategies – management strategies that enhance the capacity to withstand 
and recover from emergencies and disasters 

return flow – water left over from irrigating a crop that does not evaporate but returns to 
a surface flow (such as an acequia or canal) or to a groundwater source 

revetment – facings of masonry or other hardened surface built to protect an embankment

risk – likelihood of harm plus the consequence

risk-based framing – planning based on the pros and cons of a given set of possibilities. 
For the National Climate Assessment, risk-based framing includes assessment of a risk 
in terms of the likelihood of its occurrence and the magnitude of the impact associated 
with the risk. 

robust – can refer to a scientific finding or a method that can stand up to a wide range of 
critique; in the context of climate adaptation planning, a robust adaptation strategy will 
be successful across a wide range of possible future conditions

runoff efficiency – the ratio of precipitation that infiltrates as groundwater as compared 
to runoff; a high runoff efficiency means that the precipitation will soak into the soil and 
percolate down into the groundwater, thus saving water within a region, as opposed to 
a low runoff efficiency, which would result in precipitation being quickly diverted out of 
a region, as occurs during a high intensity rainfall and flash flood

salmonid – species of fish that spawn in freshwater but may spend a portion of their life 
in the ocean

Santa Anas – strong, hot, gusty, and dry winds in Southern California that periodically 
blow from the inland deserts during the otherwise cool, moist fall and winter there, 
contributing to fire risk 

scenario – A scenario is a coherent, internally consistent and plausible description of a 
possible future state of the world. It is not a forecast; rather, each scenario is one alterna-
tive image of how the future can unfold.

scenario planning – a process designed for managing into the future under conditions 
of high uncertainty and lack of control. The objective of scenario planning is to develop 
and test decisions under a variety of plausible futures.

seasonality – with reference to climate, the characteristic weather and climate attributes 
of a particular time of year. Scientists often refer to shifts in seasonality, such as a fre-
quently recurring delay in the onset of the first winter snowfall

sea-surface temperature (SST) – the temperature of the water close to the ocean’s sur-
face, a measurement which can vary between 1 mm (.04 inches) and 20 m (3.3 feet) below 
the ocean surface

sediment – Transported and deposited particles derived from rocks, soil, or biological 
material, that forms in layers on the earth’s surface. Also the layer of soil, sand, and min-
erals at the bottom of surface water, such as streams, lakes, and rivers.
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sediment load – the amount of sediment a stream or river can carry; this is a function 
of the river’s flow and speed. If a river is supplied with less sediment than it can carry, 
it will erode its bed to supply the missing sediment; if it gets more sediment from the 
landscape than it can carry, the sediment will be deposited on the riverbed, causing it to 
rise (aggradation).

sensitivity – the degree to which a vulnerable system responds to the climate phenom-
enon or stimulus

sheet sands – a thin accumulation of coarse sand or fine gravel having a flat surface

shrubland – land dominated by shrub vegetation

sink – something that acts as a reservoir to absorb a greenhouse gas on a short- or long-
term basis, such as forests, which can absorb carbon dioxide, serve as a land-based sink 
for greenhouse gases; similarly, carbon dioxide is absorbed by the oceans, so the oceans 
serve as a “sink”

snowpack – an accumulation of snow on the ground, generally in high altitudes in the 
West; snowpack serves as an important water resource and the gradual melt of snow-
pack is important for providing surface water supplies that will last through the summer 

snow water equivalent – the amount of water that would be obtained if the snowpack 
were melted, usually expressed in inches

soil moisture – water diffused in shallow soil and potentially available to plants.

soil-moisture balance – a method of accounting for the addition, removal, and change 
in storage of water within some volume, ranging from a soil sample to a watershed, over 
a specific period of time

soil water deficit – the amount of available water removed from the soil within the ac-
tive root depth of plants

solar irradiance forcing – see radiative forcing

source – a process or activity through which a greenhouse gas is released into the 
atmosphere

spatial resolution – the level of geographic detail of data or model grid size

stakeholder – natural resource managers, decision makers, and other parties with an 
interest in a particular outcome, or in the way a climatic phenomenon might affect them, 
such as the way a water resource manager might be interested in the way that drought 
might affect their operations, thus they would be referred to as stakeholders, with re-
gard to the topics of climate variation and change

stationarity, principal of stationarity – the idea that the future will look like the past; 
i.e., that statistical relationships developed in a historical period are applicable to a fu-
ture period

statistical (or empirical) downscaling – a method providing finer spatial detail of cli-
mate model (GCM) results; statistical downscaling uses mathematical relationships be-
tween the GCM data and historical data to adapt GCM projections to local conditions

storm surge – “an abnormal rise of water generated by a storm’s winds. Storm surge 
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can reach heights well over 20 feet and can span hundreds of miles of coastline” (from 
NOAA National Hurricane Center) 

stressor – interactions of economic and cultural globalization, demographic change, and 
climate change 

subtropics – regions bordering the tropics; the southern part of the Southwest can be 
considered part of the Northern Hemisphere subtropical region. The climate of the sub-
tropics is usually characterized by semi-arid conditions, and many of the world’s des-
erts are located in subtropical climate zones.  

sun kink – misalignment of a railroad from heat stress

supply chain – the  movement and storage of raw materials, manufacturing, and fin-
ished goods from point of origin to point of consumption  Supply chains are compo-
nents of the urban metabolism energy flow.  

sustainable – meeting the needs of the present without compromising the wellbeing of 
future generations  

synoptic circulation – regional atmospheric pressure patterns and their associated sur-
face winds

tailwater – excess surface water draining from an irrigated field

teleconnection – a linkage between weather or climate changes occurring in widely sep-
arated regions of the globe. The most well-known teleconnection is the El Niño Southern 
Oscillation, in which persistent climate changes in the eastern and central tropical Pacific 
Ocean can affect the weather and climate of places as far away as East Africa, Alaska, 
Florida, and so on.

temperature gradient – the rate at which temperature changes with depth or height

thermocline – an abrupt temperature gradient in a body of water extending from a 
depth of about 100m (328 ft) to 1000m (3281 ft); the temperature of the thermocline in 
the eastern Pacific Ocean is a determinant of future El Niño Southern Oscillation activity

tidal prism – the volume of water leaving an estuary at ebb tide

time series –  data taken at fixed intervals at successive points in time; for example, sci-
entists might refer to a 100-year record of precipitation in the Southwest as the region’s 
precipitation time series

traceable account – in this document, this consists of (1) the reasoning behind the con-
clusion, (2) the sources of data and information contributing to the conclusion, (3) an 
assessment of the amount of evidence and degree of agreement among sources of evi-
dence, (4) an assessment of confidence in the finding, and (5) an assessment of uncer-
tainty associated with the finding.

transparency – openness and accountability

transpiration – the process by which plants take up and use water for cooling and for 
the production of biomass

uncertainty – estimating uncertainties is intrinsically about describing the lim-
its to knowledge and for this reason involves expert judgment about the state of that 
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knowledge. Two primary types of uncertainty are ‘value uncertainties’ and ‘structural 
uncertainties’. Value uncertainties arise from the incomplete determination of particular 
values or results, for example, when data are inaccurate or not fully representative of the 
phenomenon of interest. Structural uncertainties arise from an incomplete understand-
ing of the processes that control particular values or results, for example, when the con-
ceptual framework or model used for analysis does not include all the relevant processes 
or relationships. Value uncertainties are generally estimated using statistical techniques 
and expressed probabilistically. Structural uncertainties are generally described by giv-
ing the authors’ collective judgment of their confidence in the correctness of a result. 

upwelling – the rising of a layer of water to the surface; upwelling is important in the El 
Niño Southern Oscillation, where upwelling of cool or warm water can change the state 
of surface water temperature and trigger an El Niño or La Niña episode; it is also impor-
tant to fish species, who often migrate to nutrient-rich upwelled coastal waters

urban domes – pockets of increased ozone, carbon dioxide, and particulate matter pres-
ent in air above urban spaces

urban land – developed land where the housing density is greater than one unit per 2.5 
acres

urban metabolism – the total urban system flow of materials, resources, energy, and 
outputs in the form of waste

urban-wildland interface – transitional zone between developed land and unoccupied 
land; this interface is important in the start and spread or impact of wildfires near urban 
areas

valley fever – coccidioidomycosis, a disease that occurs almost exclusively in Arizona and 
California, caused by the inhalation of a soil-dwelling fungus

vector – an organism such as a mosquito that transmits disease from one host to another

VIC model – a macroscale, distributed, physically based hydrologic model that balances 
both surface energy and water over a grid mesh; the VIC model is used in many hydro-
logic studies of the potential impacts of climate change

vulnerability – “a function of character, magnitude and rate of climate change to which 
a system is exposed, as well as the system’s sensitivity and adaptive capacity” (NRC 
2010).  

water cycle – The natural transport of water in all its states from the atmosphere to the 
earth and back to the atmosphere through various processes. These processes include: 
precipitation, infiltration, percolation, evaporation, transpiration, and condensation. 

water transfer – the transfer of water to different uses, different sectors, or across juris-
dictional lines 

wave run-up – the maximum vertical extent of the rush of a wave onto a beach or a 
structure above the still water level; wave run-up is an important factor in determining 
the extent of beach erosion

wet warming scenario – a climate scenario in which the climate becomes wetter (more 
precipitation) as well as warmer
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wildland-urban interface – transitional zone between developed land and unoccupied 
land; this interface is important in the start and spread or impact of wildfires near urban 
areas

wind stress – the dragging force of air moving over a surface

Winters doctrine – doctrine established by the U.S. Supreme Court in 1908 in Winters 
v. United States, which held that when the U.S. government establishes a reservation, it 
also implicitly reserves water rights sufficient to meet the current and future needs of the 
tribe and the purpose for which the reservation was set aside (including fisheries, where 
applicable). The priority date for tribal water rights under the Winters doctrine is thus 
the date the reservation was established.
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Assessment of Climate Change in the Southwest United States, one of a series 
of regional reports prepared for the 2013 National Climate Assessment, is 
a landmark study in terms of its breadth and depth of coverage. Coordi-
nated by the Southwest Climate Alliance—a consortium of researchers affil-
iated with the NOAA Regional Integrated Sciences and Assessments in the 
Southwest (California–Nevada Applications Program, Climate Assessment 
for the Southwest, Western Water Assessment) and the Department of the 
Interior Southwest Climate Science Center—the report blends the contri-
butions of 120 experts in climate science, economics, ecology, engineering, 
geography, hydrology, planning, resource management, and other disci-
plines to provide the most comprehensive, and understandable, analysis to 
date about climate and its effects on the people and landscapes of Arizona, 
California, Colorado, Nevada, New Mexico, and Utah—including the U.S.–
Mexico border region and the lands of Native Nations. What is the climate 
of the Southwest like today? What has it been like in the past, and how 
is it projected to change over the 21st century? How will that affect water 
resources, ecosystems, agricultural production, energy supply and delivery, 
transportation, human health, and a host of other areas? How vulnerable is 
the region to climate change? What else do we need to know about it, and 
how can we limit its adverse effects? This report addresses these and other 
questions, offering decision makers and stakeholders a substantial basis 
from which to make informed choices that will affect the well-being of the 
region’s inhabitants in the decades to come.
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