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This assessment provides input to the reauthorized National Integrated Drought
Information System (NIDIS) and the National Climate Assessment (NCA), and

it establishes the scientific foundation needed to manage for drought resilience
and adaptation. Focal areas include drought characterization; drought impacts

on forest processes and disturbances such as insect outbreaks and wildfire; and
consequences for forest and rangeland values. Drought can be a severe natural
disaster with substantial social and economic consequences. Drought becomes
most obvious when large-scale changes are observed; however, even moderate
drought can have long-lasting impacts on the structure and function of forests and
rangelands without these obvious large-scale changes. Large, stand-level impacts
of drought are already underway in the West, but all U.S. forests are vulnerable

to drought. Drought-associated forest disturbances are expected to increase with
climatic change. Management actions can either mitigate or exacerbate the effects
of drought. A first principal for increasing resilience and adaptation is to avoid
management actions that exacerbate the effects of current or future drought.
Options to mitigate drought include altering structural or functional components
of vegetation, minimizing drought-mediated disturbance such as wildfire or insect
outbreaks, and managing for reliable flow of water.
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EXECUTIVE SUMMARY

Overview and Purpose

Integrated Drought Information System (NIDIS) and the National
Climate Assessment (NCA); it also establishes the scientific
foundation needed to manage for drought resilience and adaptation. The
NIDIS Act' was signed into law in 2006 and reauthorized by Congress
in 2014.2 NIDIS will be implemented through a network of agencies
and partners to integrate drought monitoring and forecasting systems
at multiple levels (Federal, State, and local). It will support research
that focuses on drought risk assessment, forecasting, and monitoring.
Produced every 4 years, the NCA evaluates the effects of global climate
change on forests, agriculture, rangelands, land and water resources,
human health and welfare, and biological diversity, and it projects major
trends. The NCA is based on technical information produced by public
agencies and nongovernmental organizations.

T his assessment provides input to the reauthorized National

As drought regimes change, the ability to quantify and predict

the impacts on forests and rangelands is critical to developing

and implementing management actions to increase resiliency and
adaptation. The U.S. Department of Agriculture (USDA), Forest
Service, Research and Development scientists in partnership with
Duke University authored this assessment, entitled, Effects of Drought
on Forests and Rangelands in the United States: A Comprehensive
Science Synthesis. The assessment is a collaborative effort authored
by 77 scientists from the Forest Service and other Federal agencies,
research institutions, and various universities across the United States.
The authors identified key issues from a series of virtual workshops
involving scientists and stakeholders. Focal areas in the assessment
include drought characterization, drought impacts on forest processes
and disturbances such as insect outbreaks and wildfire, and the E':;;og_’j\fl‘; v‘f[fg"_ éogot‘ggﬁg:‘g}vey
consequences on forest and rangeland values. The assessment closely  J:s. Quick, Colorado State University, Bugwood org
follows the Intergovernmental Panel on Climate Change (IPCC) process,

which is organized with convening authors, lead chapter authors, and

contributing authors. The convening authors for the assessment had

the chapters individually peer reviewed, and the lead and contributing

authors revised the text in response to reviewer comments.

This assessment establishes
the scientific foundation
needed to manage forests
and rangelands for resilience
and adaption to drought.

"National Integrated Drought Information System Act of 2006. P.L. 109-430 (December 20, 2006).
15 U.S.C. § 313d.

2National Integrated Drought Information System Act of 2014. P.L. 113-86 (March 6, 2014).
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This assessment focuses on
drought characterization, the
impacts on forest processes
and disturbances, and the
consequences on forest and
rangeland values.

Photo credits (from top to bottom):

Craig D. Allen, U.S. Geological Survey

John M. Randall, The Nature Conservancy, Bugwood.org
U.S. Geological Survey
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Topics Addressed in This Assessment

® Characterizing Drought for Forested Landscapes
and Streams

® Physiological Responses of Forests to Future Drought

® Impacts of Drought on Forest Dynamics, Structure,
Diversity, and Management

® Forest Biogeochemistry in Response to Drought

® Insect and Pathogen Responses to Drought

® Fire and Drought

® Rangeland Drought: Effects, Restoration, and Adaptation

® Detecting and Monitoring Large-Scale Drought Effects
on Forests: Toward an Integrated Approach

® Ecohydrological Implications of Drought

® Economics and Societal Considerations of Drought in
Forests and Rangelands

EFFECTS OF DROUGHT ON FORESTS AND RANGELANDS IN THE UNITED STATES



EXECUTIVE SUMMARY

Key Messages From the Report

Characterizing and Predicting Future Drought

In simple terms, drought is a lack of water over a given temporal

and spatial scale. Drought can be a severe natural disaster with
substantial social and economic consequences. Drought becomes
most obvious when large-scale changes are observed (e.g., insect
outbreaks or wildfires) or when water requirements for human or
agricultural needs are not met; however, even moderate drought can
have long-lasting impacts on the structure and function of forests and
rangelands without these obvious large-scale changes. Droughts are
generally identified as one of four types: (1) meteorological,

(2) hydrologic, (3) agricultural, or (4) socioeconomic. Meteorological
and hydrologic droughts relate water availability to a reference
condition (e.g., long-term mean); agricultural and socioeconomic
droughts relate to impacts. In agricultural systems producing annual
crops, characterizing and assessing drought impacts can be fairly
straight forward; however, in systems with perennial vegetation (both
natural and agricultural systems), characterizing and assessing drought
impacts is much more complex, as responses can vary in space, time,
and among species.

Historical and paleoclimatic evidence shows that drought has

always impacted the physical environment and will continue to do
so. The direction of trends in recent history varies from region to
region, with the Western United States showing a trend toward dry
conditions while trends in the East are more variable and complex.
Much of the variability in how drought is characterized depends on
definitions for terms, for reference conditions, and for methods of
averaging short-term weather into climate statistics. Predicting future
changes in drought frequency and severity has proven difficult using

General Circulation Models (GCMs), but recent trends are a growing Drought becomes obvious
global concern. Uncertainty arises primarily from limited capacity to when large-scale changes
predict future precipitation changes, particularly long-term lapses in such as insect outbreaks,
precipitation. Despite this uncertainty, there is growing consensus that  (top) or wildfires (center) are
extreme precipitation events (e.g., lapses in precipitation and more observed and when water
intense storms) will increase in frequency, and warmer temperatures requirements for human or
will exacerbate the impacts of drought on forests and rangelands in the  agricultural needs are not
future (chapter 2). met (bottom).

Photo credits (from top to bottom)

USDA Forest Service, Bugwood.org

National Interagency Fire Center, Bugwood.org

Gerald Holmes, California Polytechnic State University,
Bugwood.org
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Ecosystem structure and
processes are altered by
drought. Cheatgrass (top)
is a nonnative plant that
invades burned sites.
Dieback (bottom) can
have global impacts on
carbon cycles.

Photo credits (from top to bottom):
Craig D. Allen, U.S. Geological Survey
Chris Evans, lllinois Wildlife Action Plan, Bugwood.org

EXECUTIVE SUMMARY

Understanding the Effects of Drought on Forests and Rangelands
There is a critical need to understand how drought affects forests and
rangelands, in part because drought severity and drought-associated
forest disturbances are expected to increase with climatic change.
Drought affects forest and rangeland systems both directly and
indirectly. In regions where seasonal droughts are common, forest

and rangeland ecosystems respond through various physiological and
morphological adaptations. In regions where drought is less commmon,
responses can be substantial because ecosystems are not well adapted
to drought conditions.

High evaporative demand, the combination of high temperature and
low humidity, combines with low soil moisture to induce stress through
closure of stomata, which can lead to carbon stress, loss of hydraulic
function, and mortality. Species vary in their vulnerability to drought

due to differences in their allocation to roots, mycorrhizal associations,
and xylem anatomy (chapter 3). Large stand-level impacts of drought
are already underway in the West, but all U.S. forests are vulnerable

to drought. Changes in climate will continue to stress forests and alter
suitable habitat. Combined field evidence and models suggest that
climate change is causing relocation of habitats at rates much faster than
populations of trees can migrate. Reorganizations of stand structure and
species composition are expected to lag behind shifts in habitat caused
by increasing drought and temperature change (chapter 4).

Droughts are predicted to accelerate the pace of invasion by some
nonnative plant species into rangelands and grasslands. Drought can also
promote plant invasion indirectly by modifying the environment to favor
nonnative species. For example, opportunities for invasion are created
when drought kills native plants leaving open niches and bare ground
(chapter 8). Drought is also an important contributor to the invasive
annual grass-wildfire loop that threatens ecosystems not adapted to fire
(e.g., cheatgrass’ positive feedback with fire in parts of western North
America’s sagebrush biome). In this self-perpetuating cheatgrass-fire
loop, drought increases the frequency of wildfires, and nonnative plants
(especially annual grasses) are likely to invade burned sites.

Drought alters ecosystem processes such as nutrient, carbon, and
water cycling in ways that are not yet well understood (chapter

5). Drought tends to slow nutrient uptake by plants and reduce re-
translocation of foliar nutrients with premature leaf senescence.
Dieback that results from combinations of drought and natural enemies

EFFECTS OF DROUGHT ON FORESTS AND RANGELANDS IN THE UNITED STATES
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can severely reduce carbon exchange between atmosphere and
biosphere. Recent large diebacks have had global impacts on carbon
cycles, including carbon release from biomass and reductions in carbon
uptake from the atmosphere, although impacts may be offset by
vegetation regrowth in some regions. Multi-year or severe droughts can
have substantial impacts on hydrological and stream biogeochemical
processes.

Indirect effects of drought on forests can be widespread and
devastating. Notable recent examples include insect and pathogen
outbreaks (chapter 6) and increased wildfire risk (chapter 7). Available
evidence suggests a nonlinear relationship between drought intensity
and bark beetle outbreaks; moderate drought reduces outbreaks
whereas long, intense drought can increase it. As a consequence of
long-term drought and warming in the Western United States, bark
beetles are currently the most important biotic agent of tree mortality.
Multiple large outbreaks have killed hundreds of millions of trees

in recent decades. Host trees weakened by drought allow beetle
populations to build. Warming facilitates northward range expansion.

In contrast, there is little current evidence for a role of drought in bark
beetle outbreaks in coniferous forests of the Eastern United States.
Fungal pathogens are poorly understood, but available evidence
suggest reduced pathogen performance and host impacts in response
to drought for primary pathogens and pathogens whose lifecycle
depends directly on moisture. In comparison, secondary pathogens that
depend on stressed hosts for colonization are anticipated to respond to
drought with greater performance and host impacts.

Historical and pre-settlement relationships between drought and
wildfire have been well documented in much of North America, with
forest fire occurrence and area burned clearly increasing in response

to drought. This body of evidence indicates that the role of drought in
historical and likely future fire regimes is an important contingency that
creates anomalously high potential for ignition, fire spread, and large fire
events. However, drought is only one aspect of a broader set of controls
on fire regimes, and by itself is insufficient to predict fire dynamics or
effects. Whereas the relationships between fire occurrence or area
burned and drought are well documented, the relationship between
drought and fire severity can be complex. For example, north-facing
slopes might offer some degree of local protection during mild
droughts, but even they become dry under extreme conditions,
reducing fine-scale heterogeneity in vegetation consequences.

Drought can increase

the intensity of insect

and pathogen outbreaks
including bark beetles (top),
Dothistroma needle blight
(center), and hemlock woolly
adelgid (bottom).

Photo credits (from top to bottom)

Ronald F. Billings, Texas Forest Service, Bugwood.org
Robert L. James, USDA Forest Service, Bugwood.org
Elizabeth Willhite, USDA Forest Service, Bugwood.org
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Drought impacts streams
(top) by concentrating
sediments and nutrients.
In rangelands, drought can
reduce vegetative cover,
leading to wind and water
erosion (bottom).

Photo credits (from top to bottom):
Carol J. VanDyke, U.S. Geological Survey
Seth Munson, U.S. Geological Survey
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Streamflow and groundwater recharge respond directly to drought
through reductions in precipitation (rain and/or snowfall), and they
respond indirectly via evapotranspiration responses to changing
evaporative energy and water availability. Hydrologic responses to
drought can be either mitigated or exacerbated by forest vegetation,
depending on vegetation water use and how drought affects forest
population dynamics (chapter 10). Drought affects water quality both
directly and indirectly. Direct impacts are primarily physical, as reduced
streamflow concentrates nutrients and sediment and warms more
quickly. Indirect effects include a combination of terrestrial, riparian,
and instream processes that impact sediment and nutrient
concentrations and fluxes.

Detecting and Monitoring Future Droughts

The ability to detect drought effects on forest and rangelands over
broad scales is limited, especially for episodic droughts of moderate
severity. Compared to agricultural systems, detecting drought impacts
on trees and other perennial vegetation may require a multi-year
“memory” of antecedent conditions. With broad-scale monitoring, it is
often not possible to detect drought effects, as moisture stress is not
expressed uniformly across vegetation types.

Remote sensing approaches attempt to observe direct, secondary,
and longer term effects of drought on vegetation (chapter 9). Remote
sensing methods integrate across entire mixed-vegetation pixels and
rarely distinguish the effects of drought on a single species, nor can
they disentangle drought effects from those caused by various other
disturbance agents. An integrated data-mining approach may hold the
most promise for enhancing our ability to resolve drought impacts to
forests. Efforts to integrate meteorological and remotely sensed data
streams, together with other ancillary datasets such as vegetation
type, wildfire occurrence, and pest activity, may help to identify and
characterize drought effects.

Economic and Social Consequences of Drought

Drought has direct consequences to forest and rangeland production
(chapter 11). Droughts can negatively impact forest inventories by
increasing mortality and reducing growth. Drought in rangelands
reduces forage and water available for livestock grazing. Reduced
vegetative cover can lead to wind and water erosion. Drought-related
disturbance, such as wildfire, can have protracted effects that include
significant timber market losses.

EFFECTS OF DROUGHT ON FORESTS AND RANGELANDS IN THE UNITED STATES
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Reduced water yield from forests and rangelands during extended
meteorological drought can have substantial impacts on domestic

and agricultural water supplies, which often results in water markets
implementing quantity controls. Drought can also have nonmarket
effects on forests and rangelands. For example, drought affects outdoor
recreation, where low reservoir levels can reduce availability of fishing,
recreational boating, swimming, and camping (although some net
benefit can result from more precipitation-free days). Low winter snow
cover reduces economic benefits from skiing and related activities.

Ongoing drought in the Western United States, where most tribal lands
exist, is expected to continue to affect tribal health, culture, economies,
and infrastructure. Competing demands for dwindling water resources
challenge Federal trust responsibilities. Complicating factors, including
warming streams and hydrologic-cycle changes, affect fish populations
important to tribal diets and ceremonies. Because of their natural
resource dependence for income, employment, and cultural practices,
many tribes are also vulnerable to higher rates of forest and rangeland
disturbances, including invasive species spread, increased occurrences of
epidemic pest populations and their associated damages, and wildfires.

Managing Forests and Rangelands To
Increase Resiliency and Drought Adaptation

Drought in rangelands
reduces forage and water
available for livestock grazing

How can forest and rangeland practices adapt to changing drought (top). Lower reservoir and

regimes? Frequent onv—severlty drought may selectively favor more winter snow levels impact
drought-tolerant speC|e.s. and Cfeate forests and rangelands better outdoor recreation activities
adapted to future conditions without the need for management (bottom).
intervention. By contrast, severe drought (especially in combination with
insect outbreaks or fire), may threaten large-scale changes that warrant
H H H Ph redits (from b m)
SUbStant.lall man.a_ger_nent responses' ACtlonS COUId range from redU.Cllng Kel(ithovi/(:\etr,SUSCI)DAtAogr\tSuhTrtao\ Research Service, Bugwood.org
vulnerability, facilitating post-drought recovery, or facilitating a transition U Geological Survey

to a new condition.

Management actions can either mitigate or exacerbate the effects of
drought. A first principal for increasing resilience and adaptation would
be to avoid management actions that exacerbate the effects of current
or future drought. Options can include altering structural or functional
components of vegetation, minimizing drought-mediated disturbance
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Management strategies, such
as thinning (top) and riparian
buffer zone conservation
(bottom), may help to mitigate
the effects of drought.

Photo credits (from top to bottom):
Scott Roberts, Mississippi State University, Bugwood.org
USDA Natural Resources Conservation Service
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such as wildfire or insect outbreaks, and managing for reliable flow

of water. Managers can implement structural changes by thinning or
density management of planted forests. Thinned stands require less
water and may be less vulnerable to water stress and insect outbreaks.
Reduced fuel loads in thinned stands can also reduce wildfire risk.

Managers can also implement functional changes by favoring or planting
more drought-adapted species. Management for a diversity of species
can reduce stand vulnerability to drought, as uncertainty in future climate
can encourage management for mixtures of drought-tolerant species and
genotypes. Species diversity can also reduce intensity of insect attacks.
In some regions of the United States, planting or favoring more drought-
tolerant species may conflict with management objectives that favor
rapid accumulation of biomass, as fast-growing woody species often use
more water and exacerbate drought impacts.

While harvesting increases annual water yield in some forest
ecosystems, a large reduction of forest cover is needed to have

an appreciable effect on water yield. Hence, potential increases in
streamflow through forest cutting are limited by the amount of land
that managers can harvest. In addition, streamflow responses are
often short term due to rapid forest regrowth, and the aggrading post-
cut forest may actually have lower streamflow than the uncut forest.

In contrast to management actions that are intended to augment
streamflow, increasing drought stress in some forest ecosystems

may warrant management strategies that retain water (and hence
reduce streamflow) on the landscape in order to keep trees alive.

Land managers may need to plan the timing of some management
activities to ensure that ecosystems have optimal growing conditions
and that these activities do not disturb streams during low-flow
periods. Removal and alteration of riparian vegetation increases stream
temperatures; therefore, maintaining or increasing shading from solar
radiation through riparian buffer zone conservation and restoration may
mitigate any changes in stream temperatures caused by drought.

In summary, this assessment synthesizes information from the
published literature to better understand the impacts of drought on
forests and rangelands in the United States. Our expectation is that this
assessment will provide researchers, land managers, policymakers, and
other stakeholders a set of realistic inferences of drought effects that
can be applied to help predict future impacts and evaluate management
options for adaptation and mitigation.
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Droughts have been a major factor influencing forests
and rangelands in the United States for millennia (Cook
and others 2007, Cook and others 2014), and they can
have substantial social and economic consequences
(Andreadis and others 2005, Wilhite and Buchanan-
Smith 2005). Cook and others (2007) suggest that the
Western United States has recently entered a period
of protracted aridity, and drought has become more
frequent and severe in the Southeastern United States
since the 1980s (Melillo and others 2014, Pederson
and others 2012, Seager and others 2009). In forests,
these recent droughts have contributed to large-scale
insect outbreaks (Weed and others 2013), forest
die-off and reduced growth (Allen and others 2010,
Breshears and others 2005, Klos and others 2009),
and increased wildfire risk and area burned (Littell

and others 2009, Westerling and others 2003), all of
which impact forest biogeochemical cycling (Goetz and
others 2012, Johnson and others 2007) and hydrologic
processes (Guardiola-Clarmonte and others 2011,
Holden and others 2012). In rangeland ecosystems,
severe drought can limit production (Knapp and

Smith 2001), alter nutrient cycling (Evans and Burke
2013), and increase wildfire risk and susceptibility

to invasive plant species (Abatzoglou and Kolden
2011). Quantifying the economic and social impacts

of drought on forests and rangelands is complex due
to the wide array of ecosystem services impacted;
however, impacts such as reduced forest growth and
carbon (C) accumulation (Amiro and others 2010,
Hicke and others 2012), increased wildfire suppression
costs (Prestemon and others 2008), and degraded
rangeland conditions (Polley and others 2013) are well
documented.

Although it is clear that shifts in circulation patterns,
energy for evapotranspiration (ET), and air temperatures
are changing in ways that enhance the consequences
of drought on forests and rangelands, there is less
certainty about the effects of climate change on drought
occurrence in the future (Seneviratne and others 2012,
Trenberth and others 2014). Despite this uncertainty,
many of the General Circulation Models predict that
some regions of the United States (e.g., the Southwest)
may experience a greater frequency of severe droughts
(Swain and Hayhoe 2015). When combined with greater
air temperatures, droughts could have a greater impact
on forests and ranges (Adams and others 2009, Allen
and others 2010), even if severity and occurrence is
unchanged in the future. The prospect of increasing
frequency and severity of future droughts motivates a
fresh synthesis of evidence for changes underway now,

their cause, and how they may affect forest and range
ecosystems and management responses.

Forest and rangeland ecosystems are inherently resilient
to climate variability at time scales ranging from daily to
millennia. This resiliency has ensured that ecosystems
can endure short-term and minor climatic variation
without substantial losses in structure and function.

In areas where drought is common and ecosystems
have some level of adaptive capacity (Breda and others
2006, Mariotte and others 2013, Milbau and others
2005), a key unknown is whether current species

and associated ecosystem processes will be able to
endure more severe (or different) droughts in the future.
Tipping points may have already been reached in some
ecosystems, with large-scale mortality resulting from
"“global-change-type"” droughts (Adams and others
2009, Breshears and others 2005) in forests in the
Southwestern United States. Less is known in more
mesic regions, where observational data on the impacts
of historical droughts are limited (Klos and others
2009); however, an increased frequency of episodic
events such as severe droughts may have even greater
impacts because some species are not as well adapted
to increasing aridity (Pederson and others 2014). In this
case, drought may favor more drought-tolerant species
and alter successional pathways (Meinzer and others
2013). In either case, it is likely that drought will be a
major disturbance force in the future and will present
challenges for natural resource managers as they deal
with the implications of changing forest conditions and
disturbance regimes. A better understanding of drought
impacts on forest and rangeland values will help land
managers anticipate responses and inform management
actions that increase adaptive capacity.

The need to better understand current changes and

to anticipate potential impacts of drought on U.S.
forests and rangelands is addressed in this assessment
by science leaders from Government agencies,

national labs, and the academic community. The
assessment is divided into three main components:

(1) characterizing drought, (2) understanding the
effects of drought on forests and rangelands, and (3)
assessing the consequences of drought on forest and
rangeland values. The first component, characterizing
drought, provides a thorough analysis of how drought
is quantified and provides metrics and approaches

best suited for forest and rangeland ecosystems. The
second component addresses direct effects on growth,
mortality, and biogeochemical cycling processes, as
well as indirect effects on wildfires and insect and
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pathogen outbreaks. The final component addresses
impacts on water resources and economic and social
systems. We developed inferences from the published
literature that included results from direct observation,
experiments, and modeling. Due to the uncertainty

of future predictions of drought occurrence, we do

not explicitly predict the impacts of future climate
change on forest and rangeland ecosystems; however,
observations from recent extended droughts in many
regions of the United States may provide a realistic set
of inferences that can be projected into the future.
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Introduction

The changing nature of drought is a growing global
concern (Cook and others 2015, Dai 2011, Seneviratne
and others 2010, Sheffield and Wood 2008b, Trenberth
and others 2014, Wilhite and others 2014). Drought

can be a severe natural disaster with substantial social
and economic consequences affecting large areas with
extended durations (Wilhite and Buchanan-Smith 2005).
Although it is clear that shifts in circulation patterns,
energy for evapotranspiration, and air temperatures are
changing in ways that enhance the consequences of
drought, there is only weak consensus about the effects
of climate change on drought occurrence (IPCC 2013,
Seneviratne and others 2012, Trenberth and others
2014). Some of that uncertainty stems from the complex
nature of quantitatively defining drought, but also
because some of the changes in drought characteristics
are only partially reflected in traditional drought metrics
[Palmer Drought Severity Index (PDSI) and the
Standardized Precipitation Index (SPI)]. Furthermore,
although these traditional metrics have adequately
reflected the consequences of meteorologically derived
moisture deficits on agricultural commodities and

water supply, there is a poorer (although improving)
understanding of how drought interacts with forests
and rangelands and their associated aquatic habitats.
Understanding the potential impacts of future drought
on forests and rangelands requires knowledge of how
droughts impact forest, shrub, and rangeland structure
(covered in other chapters in this assessment) and how
drought projections are characterized in the General
Circulation Model (GCM) output.

The purpose of this chapter is to explore drought

as a hydrometeorological phenomenon and reflect
broadly on the characteristics of drought that influence
forests, rangelands, and streams. It is a synthesis of
understanding about drought processes, hydrology,
paleoclimatology, and historical climate variability,

and how this understanding can help predict potential
future droughts and their consequences to forests and
rangelands. It describes alternative approaches for
characterizing drought and highlights additional work
that could inform projection and adaptation for future
droughts.

What Is Drought?

Drought is a lack of water. This simple wording implies
potentially complex stories. The most important
implication is that drought is characteristic of time, not

of place. A place can be dry or wet, but droughts occur
in given locations over time. For example, the Sonoran
Desert may have a lack of water for many purposes,
but conceptually it has just the right amount of water
for the Sonoran Desert, and it occasionally experiences
droughts. Wet places, like the coastal rain forests in
Washington State, also experience droughts when there
is an unusually dry summer. Consistently dry seasons
would not merit the designation of “drought” in and

of themselves; however, variations in how dry or long
the dry season is from year to year are relevant. In
places like the Western United States, where there is a
coincidence of the dry season with the growing season
every year, it does not make sense to frame summer as
a “drought” so much as to note the seasonal aridity of
the location (Seneviratne and others 2012, Wilhite and
Buchanan-Smith 2005).

Although drought is generally defined from a climatic
perspective (precipitation levels that are much

lower than the annual average), short-term moisture
fluctuations also provide important ecological context.
A wet period leading to a vegetation flush, followed
by a long dry spell, for instance, may not constitute

a "drought” relative to long-term averages, but the
inability to meet the temporarily increased water
demand would nonetheless represent a meaningful
drought. From the perspective of a plant, it may look
like a temporary enhancement of seasonal aridity
contrasts. An example of this is seen in fire risks

in rangeland ecosystems where wet springs can
produce an overabundance of fine fuels from invasive
annual grasses (Littell and others 2009, Swetnam
and Betancourt 1998, Westerling and others 2003).
Similarly, such fluctuations have been tied to forest
mortality, with timing having an important influence on
outcomes (Anderegg and others 2013).

This descriptive definition also speaks to a purpose

for water. Lack of water is most relevant when water
requirements for sustaining terrestrial and aquatic
ecosystems or providing for human uses cannot be
met. In natural ecosystems, those requirements broadly
relate to climatological expectations (in a statistical
sense) for water supply. Similarly, in rational agricultural
management, climatological expectations should

still provide a basic norm for distinguishing drought
conditions, although sometimes drought is claimed
when slightly dry conditions endanger marginally suited
crops. Generally, drought is perceived as a concern
during the growing season or warm season, as these
are when there is a demand for water. However,
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droughts can have substantial ecological consequence
related to lack of snow cover, particularly for wildlife
(McKelvey and others 2011) or plants that are protected
from cold extremes by a layer of snow.

Drought Classification

Most of the indices applied to classify drought are

tied to common meteorological measurements, like
precipitation and temperature, because these are widely
available with relatively long records. The long records
make it possible to compare particular precipitation
amounts or water-balance estimates to the local
climatological distribution, in essence gauging risk or
probability levels of current meteorological events. The
meteorologically based indices are commonly applied
for drought forecasting based on weather forecasts,
given that weather is the most fundamental driver

and also the most fundamental uncertainty in drought
estimation. Despite common application, there is
some concern about the utility of drought indices in
understanding conditions related to changes in land
cover, land use, or climate (Alley 1984, Sheffield and
others 2012).

The context of utility or need for water frames much
of the traditional way of defining and describing
drought. Drought is most commonly thought of in

Drought class Primary focus

Meteorological Dry weather

Hydrologic Streamflow and
reservoir levels
Agricultural Productivity and

survival of crops

Socioeconomic
of drought

Economic outcomes

terms of the harm it can induce. It is broadly seen as
one of the most potentially severe natural disasters
in terms of either human lives or capital loss because
it covers large areas and can lead to famine for large
populations (Wilhite and Buchanan-Smith 2005).
Drought has generally been framed in four classes or
“types” (Wilhite and Glantz 1985): (1) meteorological
drought, (2) hydrologic drought, (3) agricultural
drought, and (4) socioeconomic drought (table 2.1).
These four classes are not mutually independent,
but refer to different ways to measure, identify, or
conceptualize drought conditions. Almost all types of
drought relate to meteorological conditions leading
to a lack of water, such as a lack of precipitation or
excess demand from evapotranspiration. Hydrologic,
agricultural, and socioeconomic drought are filters
placed on meteorological drought to frame how they
affect human demands and values for water, ranging
from food production to electrical power production,
recreation, and wildlife management. Generally the
context is economic, although environmental benefits
of water are recognized as well. They also frame
different time scales of response to meteorological
forcing. Most of these drought types frame drought
as an event. In this framing, a drought is a type

of disturbance, or even disaster, with a distinct
occurrence. This framing is particularly relevant to
crops of limited lifespan, seasonal cycles of water

Estimation

Indices built from weather station or
weather forecast information targeted
toward soil moisture and agricultural or
hydrologic drought. Weather changes
rapidly, but indices aggregate weather
over time.

Measured or modeled runoff and
reservoir levels. Some meteorological
drought indices target this particular
outcome.

Measured or modeled crop yields.
Some meteorological drought indices
target this particular outcome.

Measured and modeled financial
consequences of water supply or
agricultural production deficits.
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demand (municipal supply, hydropower demand,
water-oriented recreation), and other activities
where short-term interruptions in water supply are
economically relevant (e.g., manufacturing).

Meteorological drought definitions refer to atmospheric
components of the water balance, precipitation and
evapotranspiration, where low precipitation and high
evapotranspirative demand lead to a relative lack of
water. In practice, estimates of these components

or proxies for their estimation (e.g., temperature) are
generally used. Despite the name, meteorological
drought metrics use modeling or simple logic to
reframe short-term meteorological measurements into
indices of impacts to terrestrial and aquatic systems.
Meteorological drought can be framed strictly in terms
of the amount of precipitation over a time period, as
with the SPI (McKee and others 1993), or processed
with temperature information to estimate a soil water
balance, as in the PDSI (Palmer 1965). The Keetch-
Byram Index model (Keetch and Byram 1968) has

a similar conceptualization (though with feedback
between moisture level and loss rate) directed towards
vegetation and fuel moisture levels. Details of these
indices are discussed later in this chapter.

Hydrologic drought is focused more directly on water
available as streamflow or in surface or near-surface
storage, such as reservoirs or shallow aquifers. While
hydrologic drought follows from meteorological drought,
its measurement or estimation focuses primarily on

the various uses of streamflow or reservoirs, such

as aquatic habitat, irrigation, hydroelectric power
generation, or recreation. There is a temporal lag
between unusually dry meteorological conditions and
actual stream and lake levels, and factors other than
those indexing meteorological drought may influence
actual outcomes for streams, shallow groundwater,
lakes, or reservoirs. For instance, precipitation intensity
or its distribution in time can markedly influence its
potential for generation of runoff in both the short and
long term. Multiple brief or small rainfall events may
increase the amount of precipitation received, but much
of that water would likely be returned to the atmosphere
through subsequent evaporation after being intercepted
in trees or only shallowly penetrating the soil. On the
other hand, focusing an equivalent amount of water into
a single, brief storm with high intensity may result in
increased runoff but little recovery in soil or vegetation
moisture levels.

For some purposes, a lack of streamflow represents

a drought more than a lack of precipitation. A lack of
water can yield profound impacts for stream fishes,

as it affects volume of available fish habitat, stream
temperature (Isaak and others 2012), and food supply
to fishes (Harvey and others 20086). In western U.S.
mountains, runoff from accumulated snowpacks feeds
reservoirs and irrigation to downstream farms. Although
these farms may get occasional rain in the summer
months, that precipitation amount may never really be
sufficient to support crops. In such a case, the local
precipitation or water balance is not as relevant as the
potential hydrologic drought of the stream providing
irrigation water.

Simple meteorological indices of drought do not
consistently predict the streamflow consequences of
a drought. While there is a connection between a lack
of precipitation and a lack of streamflow, there are
subtleties of shift in precipitation characteristics, or even
of changes in vegetation or soil characteristics that can
change the runoff efficiency of precipitation events
that occur within the context of a prolonged drought
(Guardiola-Claramonte and others 2011, Potter and
Chiew 2011). There can also be mismatches between
return intervals of precipitation amounts (or index
values) and streamflow volumes (Potter and Chiew
2011), reflective of the complexity of runoff generation
processes.

Agricultural drought, also termed soil moisture drought
by Seneviratne and others (2012), is tied to productivity
and mortality of crops. It is functionally related to the
soil moisture reservoir. Once precipitation has stopped,
soils dry through evaporation at the surface and via
evapotranspiration of water through the crop. The
contribution of direct evaporation at the surface to

total evapotranspiration declines as the soil dries. As
the soil moisture content drops, roots cannot uptake
water as rapidly, and plant productivity falls off as
stomata remain closed for a greater fraction of the time.
Eventually, the water in the soil is bound so strongly by
capillary and osmotic potentials that plant roots cannot
extract more water. Crops can die before this level is
reached simply if productivity falls below the needs for
maintenance respiration. Metrics of agricultural drought
(PDSI) were developed for annual crops or vegetation
managed as an annual crop. As such, they are best
suited for shallow-rooted plants and may overestimate
drought experienced by deep-rooted perennial forest
and shrub species.
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Socioeconomic drought follows from both agricultural
and hydrologic drought. Agricultural losses from

drought represent a fairly direct economic impact,

but this also cascades into lack of materials for
agricultural manufacturing and support industries and
services. Similarly, a lack of water for municipal supply,
manufacturing, irrigation, hydroelectric production,

or recreation can reverberate through the economy.
These economic impacts may substantially lag

behind the meteorological drought event that triggers
socioeconomic consequences. The relationship between
drought and its economic consequences also varies with
associated historical decisions (chapter 11). This complex
interplay of drought, environmental consequences,

and impacts to humans, followed by human-mediated
responses to drought (e.g., technological advances

and altered land values), leads to broadening economic
ramifications over time and space.

Drought Influences
on Forest and
Stream Ecosystems

For forest and stream ecosystems, meteorological

and hydrologic drought frameworks are useful for
characterizing impacts of a given drought event. For
example, meteorological or hydrologic drought may
presage or correlate to fire events (chapter 7) or

insect outbreaks (chapter 6). Most of the work in later
chapters and information on drought changes in this
chapter relate to the common metrics above. However,
it is worthwhile to also reflect on ways that drought
influences forest ecosystems outside of the traditional
harm-oriented framework. It serves as context for
drought metrics, trends, and projections described later.

Forests offer a unique challenge to the traditional
framing of drought because they persist over long time
scales. Forests have adapted to droughts both through
their resilience to drought effects and resistance to
drought occurrence. While fires, insect outbreaks, and
other forest mortality events are tied to drought, it is
generally only the most severe droughts that produce
large-scale or landscape-scale changes. Most droughts
reduce productivity or carbon fixation in trees rather
than kill them. As the climate changes, drought may
become a stronger driver for changes in vegetation
species composition and life form (shrub, woodland,
forest) (Dale and others 2001, Jentsch and others
2007, Luce and others 2012). Reframing drought as a
driver that determines relative fitness among species

adds new context for characterizing drought. To
address this, we can draw on ecological theory and our
understanding of the hydrometeorological process to
assess how long-term changes in drought climatology
(frequency, severity, or spatiotemporal scaling) might
drive large-scale changes in vegetation.

In addition to drought impacts on terrestrial vegetation,
there are impacts to forest aguatic ecosystems.

Forests are generally the largest source for high-quality
water supplies, and they provide extensive habitat for
coldwater fishes (Rieman and others 2003). Drought-
related changes in forests cause changes in runoff
generation, with the potential for immediate negative
impacts on stream ecology. However, drought is also

a fundamental driver of instream ecological processes,
and some highly prized aquatic species are present
because they are better adapted to drought-related
effects to streams and surrounding forests than are
other species. Changes in drought characteristics may
consequently be a driver of long-term and large-scale
changes to instream ecological processes. Fish species
are substantially less long-lived than trees, but presence
of a given population in a stream is a comparably
persistent aspect of the problem. The interaction of
drought with local population and metapopulation
dynamics is a more important consideration than
losses from a single generation. For example, increased
drought-related disturbance may promote migratory

life histories over resident life histories (Dunham and
others 2003). Another example is the range of drought
adaptations of some fishes in the Great Plains (Falke
and others 2011, Fausch and others 2002). Local
extirpations of some fishes could result if small streams
become both more unpredictable in low flows and less
productive (reducing the potential for migratory life
histories).

Ecological Drought
Characterization

The impacts of dry conditions on ecological processes
are about tradeoffs. Some biota benefit from drought
primarily because other biota are more negatively
impacted. This view of drought ecology—where
drought stress is viewed as a driver of ecosystem
processes—is part of what makes application of
traditional drought metrics difficult. Although indices
with single values are easier to present and apply in
quantitative analysis, ecological drought characterization
is more complex and multidimensional. Some of the key
dimensions are:
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@ Severity—defined as degree of moisture deficit
@ Frequency-level of deficit, alternatively probability

® Temporal patchiness—autocorrelation in time that
incorporates duration and short-term variability

@ Spatial coherence—or spatial distribution across the
landscape

@ Correlation with other factors (e.g., season or
temperature)

Some current metrics conflate one or more of the
aforementioned dimensions. Calculation of PDSI,

for example, incorporates lack of precipitation, air
temperature, and duration of an event. SPl is a simple
metric of severity, but the complete range of options
for SPI values with varying temporal footprints

reveals that it also can offer temporal autocorrelation
information. It is likely that drought cannot be measured
or characterized along any one of these dimensions
absent some others; however, exploring the different
dimensions can be informative for explaining
component contributions in part for ecological drought.

The most natural and direct measures of drought
severity for forest and stream ecosystems are probably
reflected in measures such as soil moisture, streamflow,
or fuel moisture. These measures have a particular value
at a given time, but they reflect spatial and temporal
integration of precipitation and evapotranspiration.
Consequently, there is some need to explicitly recognize
the role of time if only meteorological information is
used. A day without precipitation occurs often, but
multiple days without precipitation cause drier soils and
reduced streamflow. Nonetheless, we can see that
with an appropriately informative footprint (discussed
briefly below), variations in the amount of precipitation
received or precipitation less evapotranspiration are
informative quantities.

Frequency of a given level of severity is critical in
understanding the ecological role of drought because
the relationship of the frequency of mortality-

inducing drought to generation or recovery times is a
fundamental descriptor of ecosystem dynamics. At one
end of the spectrum, species that mature more slowly
than the frequency at which mortality-inducing weather
events occur are not well fit to the local climate. At

the other end, species that take advantage of frequent
disturbance may not compete well with species that

invest toward longer term gains when disturbance is
infrequent. In most cases, disturbances will occur within
a species lifetime, and there are different strategies
and adaptations related to different frequencies.
Relationships between frequency and severity are
commonly embedded within those adaptations. It is
unusual to have severe fire or insect outbreaks on a
frequent basis, simply because it is hard to regrow
adequate fuel or food to sustain the next severe event.
Although fire, pathogen, and insect outbreaks are
general examples in this area, trees adapted to low-
productivity arid sites, such as bristlecone pine (Pinus
aristata), offer another example where the isolation
offered by frequent severe drought builds a degree of
resilience to other mechanisms of mortality spread by
abundance of neighbors.

The concept of temporal patchiness is a metric to
describe how slowly moisture states vary. Broadly, high
year-to-year autocorrelation in moisture reflects long-
term dry states, whereas low autocorrelation reflects
high variability in moisture states over short timeframes.
Both ends of this spectrum can have substantial
impacts on ecological processes and disturbance
regimes. For example, high contrasts in moisture over
relatively short (seasonal to interannual time scales) can
increase the severity of drought-related stressors such
as fire or insects. Such is the case in shrublands with
wet winters and springs that promote heavy growth of
annual grasses (e.g., Bromus spp.) and lead to more
severe and larger fires during the following dry summer
(Abatzoglou and Kolden 2011, Littell and others 2009).
Substantial growth in a forest in a wet year contrasted
to dry conditions the next year can lead to increased
moisture stress because of increased leaf area. While
duration is well captured by commmon drought indices,
the high contrast risk is not, and the two are related in
a given climate and soil. While the former is important
to critical water supply levels and agricultural crops, the
latter has greater context in less regulated systems.

Meteorological drought has substantial spatial
coherence, with a footprint of much greater scale than
is typical for landscape ecology. Severe meteorological
droughts, sometimes termed “megadroughts” may
encompass multiple regions of the United States at

a given time (e.g., Coats and others 2014, Cook and
others 2014a). While this scale has potential importance
for distribution of fire suppression equipment or
response to insect outbreaks, more-local scales are also
relevant because a particular meteorological drought
may play out differently within a landscape. North-facing
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slopes retain moist conditions longer into the growing
season than south-facing slopes, which is reflected in
productivity and plant species. One consequence is that
fire severity can vary substantially across topographic
position, such as aspect or riparian proximity (Dillon
and others 2011, Dwire and Kauffman 2003). The
outcome for vegetation communities is that the spatial
scales of drought-related mortality are related to the
grain of topographic variation, or hillslope facets, in
historical examinations (Hessburg and Agee 2003). The
severity of the meteorological drought can, itself, have
some influence on this patchiness, and topographic
relationships to fire severity are damped in the driest
years (Dillon and others 2011).

Correlation of drought to other meteorological

characteristics is an increasingly important area of study.

If we look through the list of key dimensions, there is a
sense of increasing levels of information or organization
(sensu Bloschl 1996) of outcomes for drought events.
At the basic level, there is the question of how dry it

is (severity), followed by how dry an event is relative

to other events (probability/frequency), followed by
how quickly or slowly the moisture levels transition
(temporal patchiness), and how different places within
a landscape experience a given meteorological drought
(spatial coherence). The next level of organization is
how drought might relate to other factors of importance
in ecology. In the following section, we discuss the
linkage between temperature and drought because it
has substantial relevance to the broad discussion on
climate change and drought (Dai 2011, Sheffield and
others 2012, Trenberth and others 2014), particularly in
the context of forest ecology (Adams and others 2009,
Allen and others 2010, Breshears and others 2005).

The causal relationship between temperature and
drought arises from interactions mediated by solar
heating. Clearly, warmer air has lower relative
humidity (given a fixed specific water content in the
air), and warmer air has the capacity to impart more
sensible heat to the energy balance. However, the
great majority of the heat in the energy balance is
incoming solar radiation. Some solar heating goes to
evaporating water and some goes into heating soil,
vegetation, and air. As a consequence, air temperature
and evapotranspiration are correlated simply because
they share the same driver (i.e., solar radiation), not
because air temperature substantially adds to the
energy available for evapotranspiration. This makes
temperature a simple index for framing both the energy
available for evapotranspiration and the capacity of air

to hold additional moisture. For example, temperature
is a variable in the Thornthwaite equation (Thornthwaite
1948), which is used in calculation of the PDSI. When
there is less water available (due to a lack of antecedent
precipitation), more of the incoming solar energy goes
into raising temperature; however, when conditions

are dry, the increase in temperature is at the expense
of evapotranspiration. Energy goes into warming,

not evaporating. Under dry conditions, temperature
becomes an index of the lack of water available for
evapotranspiration. Thus, within historic contexts,
temperature can be used as an index of dryness: dry is
warm, and warm is dry.

Under a changing climate, in contrast, temperature will
rise independently of aridity. Warmer temperatures
will result from increased atmospheric emissivity and
a changed energy balance of the air. Net radiation

will increase, slightly increasing the energy available
for evaporation, but the relationship between relative
humidity (or vapor pressure deficit) and temperature
for warming on that slow of a scale will not be the
same as it is in current empirical contexts. In short, the
correlation between air temperature and drought will
still exist, but its value will not be in indexing drought
conditions in relation to current conditions.

Instead, warmer temperatures paired to drought will
represent a greater challenge for plants to cope with
drought (Adams and others 2009). This context of
drought being warmer has been termed “global-change-
type drought” (Breshears and others 2005) to reflect
the idea that whether or not “drought” is worse under
a changing climate, the consequences of a given level
of drought could be worse in combination with warmer
temperatures. Because warmer temperatures elevate
metabolism and respiration, a higher productivity will
be required to match the demand. As plants shut down
during moisture stress, they will exhaust carbon stores
more quickly, and survival times between wetting
events will shorten. The physiological mechanisms
underlying drought mortality are discussed in chapter 3.

The correlation of drought to the season in which it
occurs is another important characteristic that may

also shift with warming. For example, if the period of
common drought corresponds to the warm season
(growing season), drought effects will be more severe,
in a broad sense. Expansion of the growing season as
temperatures warm could draw soil water down sooner
as well, yielding deeper dryness in the soil earlier in

the growing season; this would effectively increase
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the duration of the summer drought and have potential
consequences for wildfire (e.g., Westerling and others
2006). Where precipitation is more abundant during the
growing season, the susceptibility to drought is related
to interruptions in that precipitation supply.

Measures of Drought

The drought types mentioned earlier offer some
distinction for classifying drought prediction tools.
Some measures target characterizing drought for broad
purpose based primarily on weather measurements,
while others target understanding hydrologic drought.
Given the general interest in forecasting drought,

both approaches are based on meteorological
measurements and meteorological model outputs.
Meteorological drought indices are either directly tied to
the measurements or placed in a context for convoluting
precipitation and temperature with time to give a

mixed drought and exposure index. Hydrologic drought
is necessarily more local in nature as it depends on
characteristics of the basin of concern. Some reporting
tools, such as the U.S. Drought Monitor, use a blend

of hydrologic and meteorological drought metrics along
with expert guidance.

Fundamentally, every kind of drought is meteorological
in nature, but outcomes are shaped through local
topographic, geologic, and biotic filters. In so far as
models correctly reflect the hydrologic processes of
interest, weather forecasts or stochastic simulations
contingent on seasonal climatological forecasts can
provide useful information on potential outcomes. \We
briefly discuss the most common ones here (see Hayes
and others 2011 for a more thorough listing).

Three of the most common metrics in this class are

the Standardized Precipitation Index (SPI) (McKee and
others 1993), the Palmer Drought Severity Index (PDSI)
(Palmer 1965), and the Keetch-Byram Drought Index
(Keetch and Byram 1968). Although these metrics
theoretically address potential outcomes of drought
(such as soil moisture, streamflow, or crop productivity
and mortality), they are approximate models.

The SPI is a relatively simple approach to characterizing
a precipitation anomaly (McKee and others 1993).
Precipitation totals are calculated for a given window

of specific dates over a series of years. A cumulative
density function (CDF) of the values is computed and
the quantiles are mapped to a normal CDF, allowing the

probability of exceedance above and below the mean
to be translated into approximate standard deviations
of departure. The index is only applicable locally, and it
is relative to the mean precipitation over the period of
interest.

The PDSI and related derivatives are conceptually
related to the water balance of a relatively thin, two-
layer soil incorporating estimates of evaporation

and runoff. The precipitation component is relatively
straightforward, and runoff is computed based on the
water-holding capacity of the soil column (porosity at
field capacity). Evapotranspiration (ET) is drawn from
the two layers of soil independently, with the thin

top layer being available for direct evaporation, while
the second soil layer retains water for transpiration.

ET is calculated based on air temperature using the
Thornthwaite method (Thornthwaite 1948). Because
drier soils evapotranspire less than moist soils, there

is a seasonal adjustment to the Thornthwaite estimate
for well-watered soils. This seasonal adjustment does
not respond to actual evolution of conditions, however,
and close inspection reveals the adjustments to be
relatively minor. A limit is ultimately placed on ET to
prevent violation of the mass balance. To calculate the
index, a convolution of the soil moisture estimated using
this method over time provides a metric that combines
both dryness and the length of time plants are exposed
to the dryness. These calculations are then treated
similarly to the SPI to derive a local dryness index.

The Keetch-Byram Index (Keetch and Byram 1968) is
absolute in nature and not locally indexed. It is based on
an exponential decay conceptualization of soil moisture
in fuels. Precipitation less interception (constant) rewets
fuels, and loss each day is calculated (in tables) as a
function of the daily air temperature and the previous
day’s drought index. As the index approaches its driest
extreme, the effect of further drying is diminished
asymptotically.

Hydrologic drought metrics are generally based upon
measurements of streamflow. Hydrologic drought may
be defined as uncharacteristically low streamflows;
however, values depend heavily on the averaging

period for the quantification of flows (Vidal and others
2010). For example, annual-scale hydrologic drought is
quantified by comparing total annual flow values among
a series of years and finding quantiles of the distribution.
Because there is a pronounced annual cycle, this
averaging scale can be useful for a range of purposes.
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For consequences that manifest at shorter time scales,
shorter averaging periods are necessary and can be
characterized by one of many methods of quantifying
how low flows are in a particular low-flow period. In
places with noted seasonality in runoff, such as those
associated with seasonal precipitation or snowmelt-
dominated runoff, season-scale averages can suffice.
In places where precipitation and runoff do not show
pronounced seasonality, a shorter time-scale average
has greater utility.

Differences in seasonality related to presence and
absence of snow and temperature-precipitation
correlation form the basis for a comprehensive
classification of hydrologic drought types (Van Loon and
Van Lanen 2012). One example dichotomy is flows that
are low because the warm season has low precipitation
versus flows that are low because the precipitation

is frozen in winter. Ecological considerations of how
aquatic species respond to low flows in warm-dry
versus frozen seasons might require examining these
two types of hydrologic drought separately.

Common formal quantification of low flows occurs in
two metrics: the 7Q10 metric and the return intervals of
given percentile on the flow duration curve. The 7Q10
is the minimum weekly flow (drawn from the period

of interest, such as winter or summer) in each year
with a return period of 10 years. For example, with a
record length of 20 years, the second to the lowest of
the observed annual weekly minimum flow would be
the 7Q10. Flow duration curves define the quantiles

of flow in each year, and the 20th percentile daily flow
would be that flow that is exceeded in 80 percent of the
year (i.e. 292 days have higher flows, and 72 days have
lower flows in that year). That value can be sampled
from each year, and comparison can be made by way
of quantiles of the distribution again (the 5- or 10-year
return period, for example).

Advances in computing have resulted in development
of more computationally intensive, physically based
hydrological models, which, like their computationally
simpler predecessors, estimate soil moisture content.
Although there is greater expectation or promise for
precision and transferability, some of the promise of
such models has yet to be realized (Bldschl and others
2013). Despite the availability of such models and
example applications (e.g., Sheffield and Wood 2007),
much work is still focused on use of common (less
computationally intensive) drought metrics. Although

there is a range of reasons for such choices, a key
point is that the basic inputs of precipitation and radiant
energy inputs (or proxies) shared in common across
various models and metrics means that the outputs
are relatively well correlated (Williams and others
2014), making the indices a more practical and efficient
approach.

This capacity to use indices in a correlative manner,
however, may limit the advancement of causative
modeling. Although short-term (within a year) drought
forecasting is conceptually intended to look at potential
future outcomes (e.g., river levels, soil moisture

levels, crop mortality, or fire danger), the development
and validation of the historical/conceptual drought
forecasting models have not focused on prediction

of these values, per se; rather, they have focused on
correlation between the indices and local outcomes.
This leaves us with the strongest predictive capacity
for droughts that have been observed in the past,
without necessarily providing the best information for
predicting drought consequences under a changed
climate. ldentifying and revising those parameterizations
within physically based models that intrinsically

rely on empirical relationships could help advance
understanding of drought risks in a changing climate.

Because of their more comprehensive set of
calculations, more detailed water-balance models blur
the line between meteorological drought forecasting
and hydrologic drought forecasting. These models offer
a more flexible approach in estimating persistence of
moisture availability; therefore, they may eventually
become more useful than current indices for
characterizing forest-related drought.

Although both are referred to as "“drought,” the
relationship between meteorological drought and
hydrologic drought is not linear. Complex interactions
among changes in precipitation, evapotranspiration,
and streamflow (particularly at the extremes) result in
lags and nonlinearities in responses. Understanding this
complexity has similarities to understanding ecological
consequences of meteorological drought.

While the basics are fairly clear (less input generally
means less output), there are a number of aspects
that make the problem more complex, and defined
relationships offer some use in prediction of places
and times of relative sensitivity. A number of statistical
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and physically based modeling tools have been
applied to the problem of relating weather to low
streamflows (Laaha and others 2013). Analysis of the
relationship is commonly framed within a sensitivity
or similar modeling framework, such as the Budyko
(1974) relationship between precipitation, net radiation
(energy for evapotranspiration), and how precipitation
is partitioned into evapotranspiration versus runoff,

or simpler sensitivity/elasticity frameworks (sensu
Schaake 1990) that empirically relate precipitation and
temperature to streamflow.

The effects of precipitation variability on streamflow are
fairly pronounced (Milly and Dunne 2002); generally,
when there is less precipitation there is less runoff
(e.g., fig. 2.1). Thus, meteorological drought results

in hydrologic drought; however, the lag in streamflow
response after precipitation stops means that hydrologic
drought integrates precipitation inputs over time, and
the lowest streamflows result from some combination
of low initial soil/groundwater recharge, a long period
since last precipitation, and evapotranspirative demand.
Rapid evapotranspiration, at an event time scale,
contributes to reduced flows in many circumstances, as
it makes water unavailable for runoff. However, at long
time scales (e.g., annual), evapotranspiration in many
places is functionally limited by available soil moisture
and tends to positively co-vary with streamflow

(Milly and Dunne 2002). In other words, years with
hydrologic drought may also experience reduced
evapotranspiration.
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Figure 2.1—Streamflow variability as related to variations in
precipitation and evapotranspiration at Hubbard Brook in the
Northeastern United States.

One approach to understanding the relationships
between meteorological drought and hydrologic drought
is with direct correlations between flow data and indices
such as PDSI, SPI, and variants (e.g., Haslinger and
others 2014). These kinds of relationships often work
best in rainfed agricultural catchments with limited
snowpack, similar to validations where they were
developed (Palmer 1965). Lag times from substantial
snow accumulation or deep groundwater weaken
relationships with these indices.

The water balance provides another approach, at
least at interannual time scales. Using the water
balance of soil (which is conceptually thin enough that
we can ignore storage changes at interannual time
scales) where Q represents both surface runoff and
recharge to groundwater (from which it is assumed
little evapotranspiration occurs, but which could store
substantial recharge), we can write:

P=Q+ET (1)

Precipitation (P) is the largest term and is split into Q
and ET. When P goes down, both Q and ET tend to
decrease as well. However, we expect the fraction of
precipitation allocated to Q versus ET to be a function

of the ratio of net radiation (energy available for ET) to

P (Budyko 1974, Milly and Dunne 2002). The general
expectation is that as conditions become drier, a greater
fraction of the Pbecomes ET (fig. 2.2), exacerbating
hydrologic drought as meteorological drought
progresses.

Figure 2.2 describes the Budyko relationship, where
the red and blue lines represent physical limits related
to energy and water availability for evaporation. The
bottom axis is an aridity index, which is the ratio of the
incoming energy (which can evaporate water if it is
available) to precipitation (normalized by the latent heat
of evaporation to put it in energy units). The left axis is
the ratio of actual evapotranspiration to precipitation.
Note that while the bottom axis can range to large
values (lots of energy and little water), the vertical axis
is constrained to be less than one because you cannot
evaporate water you do not have. The curved line is
Budyko's (1974) empirically derived relationship from

a large number of rivers around the World. The black
and gray points represent potential river basins one
might find. Some rivers plot above the curve; others,
particularly the gray ones, plot below. Points below the
line partition more water into runoff than average, while
points above the line evaporate more water. Variations
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above and below the line relate to factors, such as those
discussed below, that enhance partitioning into runoff
Versus evapotranspiration.

The related climate elasticity of streamflow approach
(Sankarasubramanian and others 2001, Schaake 1990)
uses changes in precipitation or temperature to form
estimates for annual streamflow changes. This method
uses the relative (and interactive) roles of temperature
and precipitation to understand variations in and
mediation of streamflow (Fu and others 2007, Harman
and others 2011, Potter and others 2011, Vano and
others 2012).

In addition to aridity, a number of factors influence the
partitioning of water into evapotranspiration rather than
runoff/recharge (Woods 2003). A primary example is
the soil depth or rooting depth. The more soil there is to
hold water for trees to utilize, the greater the proportion
that tends to evapotranspire. Similarly, coarse soils and
steep slopes—both of which promote drainage of the
soil profile—tend to reduce evapotranspiration. WWhen
more precipitation falls in cool months, interception
losses are smaller than when it falls in warm months
(Wolock and McCabe 1999). Runoff from basins
where snowmelt dominates tends to be generated
more efficiently than rain-related runoff (Berghuijs and
others 2014). Forest cover and tree species may vary
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Figure 2.2—The Budyko (1974) relationship relating the aridity
index given as the ratio of the net radiation (Rn, energy available
for evapotranspiration) to precipitation (P) to the ratio of the
actual evaporation (E) to precipitation. The blue line shows the
energy limitation for potential evaporation where Rn = P. After
there is sufficient net radiation to evaporate all precipitation,
there is simply a limitation on evaporation given by the red line
where Ea = P. Budyko's curve fits below these physical limits
(black line) as an empirical relationship derived by plotting
several of the World’s rivers on these axes. The points (black
and gray) represent some hypothetical streams. When equation
1 (see text) applies, the ratio of flow to precipitation (Q/P) is
1-E/P, orthe distance between the red line and the point.

independent of the slightly more static features, and
they can exert substantial control on partitioning as
well (e.g., Zhang and others 2001). Soil and vegetation
controls are covered in more detail in chapter 10, but
are mentioned here to illustrate potential controls on
drought responses related to site characteristics.

Changes in precipitation characteristics with prolonged
or extensive droughts could be important as well.
Circulation changes associated with large-scale drought
may promote variations in intensity, duration, and
volume statistics for storms; these variations alter a
storm'’s runoff generation potential (Potter and Chiew
2011). For example, if storms have similar frequency,
but each delivers less water, a greater fraction may be
lost to interception.

Spatial differences also play a role in the relationships
between drought ch