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KEY FINDINGS

Decision-Support Experiments and Evaluations using Seasonal to
 Interannual Forecasts and Observational Data:  A Focus on Water Resources

Decision-support experiments that test the utility of seasonal-to-interannual (SI) information for use by water resource 
decision makers have resulted in a growing set of successful applications. However, there is significant opportunity for 
expansion of applications of climate-related data and decision-support tools, and for developing more regional and local 
tools that support management decisions within watersheds. Among the constraints that limit tool use are: 

The range and complexity of water resources decisions: This is compounded by the numerous organizations respon-•	
sible for making these decisions, and the shared responsibility for implementing them. These organizations include 
water utility companies, irrigation management districts and other entities, and government agencies.
Inflexible policies and organizational rules that inhibit innovation: Large institutions historically have been reluctant •	
to change practices in part because of value differences; risk aversion; fragmentation; the primacy accorded water 
rights, which often vary from region to region, and among various users; and sharing of authority. This conservatism 
impacts how decisions are made as well as whether to use newer, scientifically generated information, including SI 
forecasts and observational data. 
Different spatial and temporal frames for decisions: Spatial scales for decision making range from local, state, and •	
national levels to international. Temporal scales range from hours to multiple decades impacting policy, operational 
planning, operational management, and near real-time operational decisions. Resource managers often make multi-
dimensional decisions spanning various spatial and temporal frames.
Lack of appreciation of the magnitude of potential vulnerability to climate impacts: Communication of the risks •	
differs among scientific, political, and mass media elites, each systematically selecting aspects of these issues that 
are most salient to their conception of risk, and thus, 
socially constructing and communicating its aspects 
most salient to a particular perspective.

Decision-support systems are not often well integrated 
into planning and management activities, making it difficult 
to realize the full benefits of these tools. Because use of 
many climate products requires special training or access 
to data that are not easily available, decision-support 
products may not equitably reach all audiences. Moreover, 
over-specialization and narrow disciplinary perspectives 
make it difficult for information providers, decision makers, 
and the public to communicate with one another. Three 
lessons stem from this: 
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Decision makers need to understand the types of predictions that can be made, and the •	
trade-offs between longer-term predictions of information at the local or regional scale 
on the one hand, and potential decreases in accuracy resulting from transition to smaller 
spatial scales on the other. 
Decision makers and scientists need to work together in formulating research questions •	
relevant to the spatial and temporal scale of problems the former manage that can be sup-
ported by current understandings of physical conditions. 
Scientists should aim to generate findings that are accessible and viewed as useful, accurate •	
and trustworthy by stakeholders by working to enhance transparency of the scientific 
process.

3.1 INTRODUCTION

Over the past century, the United States has 
built a vast and complex infrastructure to pro-
vide clean water for drinking and for industry, 
dispose of wastes, facilitate transportation, 
generate electricity, irrigate crops, and reduce 
the risks of floods and droughts.To the average 
citizen, the nation’s dams, aqueducts, reser-
voirs, treatment plants, and pipes are taken for 
granted. Yet they help insulate us from wet and 
dry years and moderate other aspects of our 
naturally variable climate. Indeed they have 
permitted us to almost forget about our complex 
dependences on climate. We can no longer ig-
nore these close connections (Gleick, 2000).

This Chapter synthesizes and distills lessons 
for the water resources management sector 
from efforts to apply decision-support experi-
ments and evaluations using SI forecasts and 
observational climate data. Its thesis is that, 

while there is a growing, theoretically-grounded 
body of knowledge on how and why resource 
decision makers use information, there is little 
research on barriers to use of decision-support 
products in the water management sector. Much 
of what we know about these barriers comes 
from case studies on the application of SI 
forecast information and by efforts to span or-
ganizational boundaries dividing scientists and 
users. Research is needed on factors that can be 
generalized beyond these single cases in order 
to develop a strong, theoretically-grounded 
understanding of the processes that facilitate in-
formation dissemination, communication, use, 
and evaluation, and to predict effective methods 
of boundary spanning between decision makers 
and information generators. 

Decision support is a three-fold process that en-
compasses: (1) the generation of climate science 
products; (2) the translation of those products 
into forms useful for decision makers (i.e., user-
centric information); and, (3) the processes that 
facilitate the dissemination, communication, 
and use of climate science products, informa-
tion, and tools (NRC, 2007). As shall be seen, 
because users include many private and small 
users, as well as public and large users serving 
multiple jurisdictions and entities, effective 
decision support is difficult to achieve. 

Section 3.2 describes the range of major deci-
sions water users make, their decision-support 
needs, and the role decision-support systems 
can play in meeting them. We examine the at-
tributes of water resource decisions, their spatial 
and temporal characteristics, and the implica-
tions of complexity, political fragmentation, and 
shared responsibility on forecast use. We also 
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discuss impediments to forecast information 
use by decision makers, including mistrust, 
uncertainty, and lack of agency coordination, 
and discuss four cases whose problem foci 
range from severe drought to flooding, where 
efforts to address these impediments are being 
undertaken with mixed results. 

Section 3.3 examines challenges in fostering 
closer collaboration between scientists and 
decision makers in order to communicate, 
translate, and operationalize climate forecasts 
and hydrology information into integrated 
water management decisions. We review what 
the social and decision sciences have learned 
about barriers in interpreting, deciphering, 
and explaining climate forecasts and other 
meteorological and hydrological models and 
forecasts to decision makers, including issues 
of relevance, accessibility, organizational con-
straints on decision makers, and compatibility 
with users’ values and interests. Case studies 
reveal how these issues manifest themselves in 
decision-support applications. Chapter 4, which 
is a continuation of these themes in the context 
of how to surmount these problems, examines 
how impediments to effectively implementing 
decision-support systems can be overcome in 
order to make them more useful, useable, and 
responsive to decision-maker needs. 

3.2 What decisions do 
water users make, what 
are their decision-support 
needs, and what roles can 
decision-support systems 
play in meeting these 
needs?

This section reviews the range and attributes of 
water resource decisions, including complexity, 
political fragmentation, shared decision mak-
ing, and varying spatial scale. We also discuss 
the needs of water resource managers for cli-
mate variability forecast information, and the 
multi-temporal and multi-spatial dimensions of 
these needs. Finally, we examine how climatic 
variability affects water supply and quality. 
Embedded in this examination is discussion of 
the risks, hazards, and vulnerability of water 
resources (and human activities dependent on 
them) from climatic variability.

3.2.1 Range and Attributes of 
Water Resource Decisions
As discussed in Chapter 1, and as illustrated in 
Table 1.1, decisions regarding water resources 
in the United States are many and varied, and 
involve public and private sector decision mak-
ers such as farmers, ranchers, electric power 
utilities, and eminent domain landowners who 
use a large percentage of the country’s water. 
Spatial scales for decision making range from 
local, state, and national levels to international 
political jurisdictions, the latter with some say 
in the way United States water resources are 
managed (Hutson et al., 2004; Sarewitz and 
Pielke, 2007; Gunaji, 1995; Wagner, 1995). 
These characteristics dictate that information 
must be tailored to the particular roles, respon-
sibilities, and concerns of different decision 
makers to be useful. Chapter 1 also suggested 
that the way water issues are framed—a process 
determined partly by organizational commit-
ments and perceptions, and in part by chang-
ing demands imposed by external events and 
actors—determines how information must be 
tailored to optimally impact various decision-
making constituencies and how it will likely 
be used once tailored. In Chapter 3, we focus 
on the implications of this multiple-actor, 
multi-jurisdictional environment for delivery 
of climate variability information. 

3.2 .1.1 Institutional complexit y, 
political fr agmentation, and 
shared decision making: impacts 
on information use

The range and complexity of water resource 
decisions, the numerous organizations respon-
sible for making these decisions, and the shared 
responsibility for implementing them affect 
how water resource decision makers use climate 
variability information in five ways: 

a tendency toward institutional conserva-1.	
tism by water agencies;
 a decision-making climate that discour-2.	
ages innovation;
 a lack of national-scale coordination of 3.	
decisions
difficulties in providing support for deci-4.	
sions at varying spatial and temporal scales 
due to vast variability in “target audiences” 
for products; and 
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growing recognition that rational choice 5.	
models that attempt to explain information 
use as a function of decision-maker needs 
for “efficiency” are overly simplistic. 

These are discussed in turn in this Section and 
the following two Sections.

First, institutions that make water resource 
decisions, particularly government agencies, 
operate in domains where they are beholden 
to powerful constituencies. These constituen-
cies have historically wanted public works 
projects for flood control, hydropower, water 
supply, navigation, and irrigation. They also 
have worked hard to maximize their benefits 
within current institutional structures, and are 
often reluctant to change practices that appear 
antiquated or inefficient to observers.

The success of these constituencies in leverag-
ing federal resources for river and harbor im-
provements, dams, and water delivery systems 
is in part due to mobilizing regional develop-
ment interests. Such interests commonly resist 
change and place a premium on engineering 
predictability and reliability (Feldman, 1995, 
2007; Ingram and Fraser, 2006; Merritt, 1979; 
Holmes, 1979). This conservatism not only 
affects how these agencies and organizations 
make decisions, it also impacts how they 
employ, or do not employ, scientifically gener-
ated information, including information that 
related to SI climate variability. Information 
that conflicts with their mandates, traditions, or 
roles may not be warmly received, as surveys 
of water resource managers have shown (e.g., 
O’Connor et al., 1999 and 2005; Yarnal et al., 
2006; Dow et al., 2007). 

Second, the decision-making culture of United 
States water resources management has tradi-
tionally not embraced innovation. It has long 
been the case that value differences, risk aver-
sion, fragmentation, and sharing of authority 
has produced a decision-making climate in 
which innovation is discouraged. This has, 
on occasion, been exacerbated by the growth 
of competitive water markets that sometimes 
discourage innovation in favor of short-term 
economic gain, and has been seen, for instance, 
in adoption of irrigation water conserving 
techniques or even crop rotation. When innova-
tions have occurred, they have usually resulted 
from, or been encouraged through, outside 
influences on the decision-making process, 
including extreme climate events or mandates 
from higher-level government entities (Hartig 
et al., 1992; Landre and Knuth, 1993; Cortner 
and Moote, 1994; Water in the West, 1998; May 
et al., 1996; Upendram and Peterson, 2007; 
Wiener et al., 2008). 

Third, throughout the history of United States 
water resources management there have been 
various efforts to seek greater synchronization 
of decisions at the national level, in part, to 
better respond to environmental protection, 
economic development, water supply, and 
other goals. These efforts hold many lessons 
for understanding the role of climate change 
information and its use by decision makers, 
as well as how to bring about communication 
between decision makers and climate informa-
tion producers. While there has been significant 
investment of federal resources to provide for 
water infrastructure improvements, there has 
been little national-scale coordination over deci-
sions, or over the use of information employed 
in making them (Kundell et al., 2001). The sys-
tem does not encourage connectivity between 
the benefits of the federal investments and those 
who actually pay for them, which leaves little 
incentive for improvements in efficiency and 
does not reward innovation (see Wahl, 1989).

3.2.1.2 Implications of the federal 
role in water management

In partial recognition of the need to coordinate 
across state boundaries to manage interstate riv-
ers, in the 1960s, groups of northeastern states 
formed the Delaware River Basin Commission 
(DRBC) and the Susquehanna River Basin 
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to better respond 
to environmental 
protection, economic 
development, water 
supply, and other goals.



69

Decision-Support Experiments and Evaluations using Seasonal to
 Interannual Forecasts and Observational Data:  A Focus on Water Resources

Commission (SRBC) to pave the way for con-
flict resolution. These early federal interstate 
commissions functioned as boundary organi-
zations that mediated communication between 
supply and demand functions for water and cli-
mate information (Sarewitz and Pielke, 2007). 
They relied on frequent, intensive, face-to-face 
negotiations; coordination among politically-
neutral technical staffs; sharing of study find-
ings among partners; willingness to sacrifice 
institutional independence when necessary; and 
commission authority to implement decisions 
so as to transcend short-term pressures to act 
expediently (Cairo, 1997; Weston, 1995)1.

An ambitious effort to coordinate federal water 
policy occurred in 1965 when Congress estab-
lished the Water Resources Council (WRC), 
under the Water Resources Planning Act, to 
coordinate federal programs. Due to objections 
to federal intervention in water rights issues by 
some states, and the absence of vocal defend-
ers for the WRC, Congress de-funded WRC 
in 1981 (Feldman, 1995). Its demise points out 
the continued frustration in creating a national 
framework to coordinate water management, 
especially for optimal management in the con-
text of climate variability. Since termination 
of the WRC, coordination of federal programs, 
when it has occurred, has come variously from 
the Office of Management and Budget, White 
House Council on Environmental Quality, and 
ad hoc bodies (e.g., Task Force on Floodplain 
Management)2. A lesson in all of this is that 
innovation in promoting the use of information 
requires a concerted effort across agencies and 

1	  Compact entities were empowered to allocate 
interstate waters (including groundwater and inter-
basin diversions), regulate water quality, and manage 
interstate bridges and ports. DRBC includes numerous 
federal partners such as the Department of Interior 
and Army Corps of Engineers officials (DRBC, 1998; 
DRBC, 1961; Weston, 1995; Cairo, 1997). One of the 
forces giving rise to DRBC was periodic drought that 
helped exacerbate conflict between New York City and 
other political entities in the basin. This led to DRBC’s 
empowerment, as the nation’s first federal interstate 
water commission, in all matters relating to the water 
resources of its basin, ranging from flooding to fisher-
ies to water quality.

2	 Today the need for policy coordination, according 
to one source, “stems from the . . . environmental and 
social crises affecting the nation’s rivers” (Water In the 
West, 1998: xxvii). In nearly every basin in the West, 
federal agencies are responding to tribal water rights, 
growing urban demands, endangered species listings, 
and Clean Water Act lawsuits. Climate change is ex-
pected to exacerbate these problems.

political jurisdictions. Sometimes this may best 
be facilitated by local collaboration encouraged 
by federal government incentives; at other 
times, federal coordination of information may 
be needed, as shown by a number of case studies 
noted in Chapter 4.

Fourth, the physical and economic challenge 
in providing decision support due to the range 
of “target audiences” (e.g., Naim, 2003) and 
the controversial role of the federal govern-
ment in such arenas is illustrated by efforts to 
improve the use of SI climate change informa-
tion for managing water resources along the 
United States—Mexico border, as well as the 
United States—Canada border. International 
cross-boundary water issues in North America 
bring multiple additional layers of complexity, 
in part because the federal governments of 
Canada, Mexico and the United States often 
are ill-equipped to respond to local water and 
wastewater issues. Bringing the U.S. State De-
partment into discussions over management of 
treatment plants, for example, may not be an 
effective way to resolve technical water treat-
ment or supply problems. 

In the last decade, climate-related issues that 
have arisen between Mexico and the United 
States regarding water revolve around disagree-
ments among decision makers on how to define 
extraordinary drought, allocate shortages, and 
cooperatively prepare for climate extremes. 
These issues have led to renewed efforts to bet-
ter consider the need for predictive information 
and ways to use it to equitably distribute water 
under drought conditions. Continuous monitor-
ing of meteorological data, consumptive water 
uses, calculation of drought severity, and detec-
tion of longer-term climate trends could, under 
the conditions of these agreements, prompt 
improved management of the cross-boundary 
systems (Gunaji, 1995; Mumme, 2003, 1995; 
Higgins et al., 1999). The 1906 Rio Grande 
Convention and 1944 Treaty between the United 
States and Mexico, the latter established the 
International Boundary Water Commission, 
contain specific clauses related to “extraordi-
nary droughts”. These clauses prescribe that the 
United States government apprise Mexico of 
the onset of drought conditions as they develop, 
and adjust water deliveries to both United States 
and Mexican customers accordingly (Gunaji, 

Innovation in 
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1995). However, there is reluctance to engage 
in conversations that could result in permanent 
reduced water allocations or reallocations of 
existing water rights. 

For the United States and Canada, a legal re-
gime similar to that between the United States 
and Mexico has existed since the early 1900s. 
The anchor of this regime is the 1909 Boundary 
Waters Treaty that established an International 
Joint Commission with jurisdiction over threats 
to water quality, anticipated diversions, and 
protection of instream flow and water supply 
inflow to the Great Lakes. Climate change-
related concerns have continued to grow in 
the Great Lakes region in recent years due, 
especially, to questions arising over calls to 
treat its water resources as a marketable com-
modity, as well as concerns over what criteria 
to use to resolve disputes over these and other 
questions (Wagner, 1995; International Joint 
Commission, 2000).

3.2 .1.3 Institutions and decision 
making

Fifth, there is growing recognition of the limits 
of so-called rational choice models of informa-
tion use, which assume that decision makers 
deliberately focus on optimizing organizational 
performance when they use climate variability 
or other water resource information. This rec-
ognition is shaping our understanding of the 
impacts of institutional complexity on the use of 
climate information. An implicit assumption in 
much of the research on probabilistic forecast-
ing of SI variation in climate is that decision 
makers on all levels will value and use improved 
climate predictions, monitoring data, and fore-
cast tools that can predict changes to conditions 
affecting water resources (e.g., Nelson and Win-
ter, 1960). Rational choice models of decision 
making are predicated on the assumption that 
decision makers seek to make optimal decisions 
(and perceive that they have the flexibility and 
resources to implement them). 

A widely-cited study of four water management 
agencies in three locations—the Columbia 
River system in the Pacific Northwest, the Met-
ropolitan Water District of Southern California, 
and the Potomac River Basin and Chesapeake 
Bay in the greater Washington, D.C. area—
examined the various ways water agencies at 

different spatial scales use probabilistic climate 
forecast information. The study found that not 
only the multiple geographic scales at which 
these agencies operate but also the complexity 
of their decision-making systems dramatically 
influence how, and to what extent, they use 
probabilistic climate forecast information. An 
important lesson is that the complexity of these 
systems’ sources of supply and infrastructure, 
and the stakeholders they serve are important 
inf luences on their capacity to use climate 
information. Decision systems may rely on 
multiple sources of data, support the operation 
of various infrastructure components, straddle 
political (and hydrological) boundaries, and 
serve stakeholders with vastly different man-
agement objectives (Rayner et al., 2005). Thus, 
science is only one of an array of potential ele-
ments influencing decisions.

The cumulative result of these factors is that 
water system managers and operations person-
nel charged with making day-to-day decisions 
tend toward an overall institutional conserva-
tism when it comes to using complex meteoro-
logical information for short- to medium-term 
decisions. Resistance to using new sources of 
information is affected by the complexity of 
the institutional setting within which manag-
ers work, dependency on craft skills and local 
knowledge, and a hierarchy of values and pro-
cesses designed to ensure their political invis-
ibility. Their goal is to smooth out fluctuations 
in operations and keep operational issues out of 
the public view (Rayner et al., 2005).

In sum, the use of climate change informa-
tion by decision makers is constrained by a 
politically-fragmented environment, a regional 
economic development tradition that has inhib-
ited, at least until recently, the use of innova-
tive information (e.g., conservation, integrated 
resource planning), and multiple spatial and 
temporal frames for decisions. All this makes 
the target audience for climate information 
products vast and complex. 

The interplay of these factors, particularly the 
specific needs of target audiences and the in-
herently conservative nature of water manage-
ment, is shown in the case of how Georgia has 
come to use drought information to improve 
long-term water supply planning. As shall be 
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BOX 3.1:  Georgia Drought 

Background
Two apparent physical causes of the 2007/2008 Southeast drought include a lack of tropical storms and hurricanes, 
which usually can be counted on to replenish declining reservoirs and soil moisture, and the development of a La 
Niña episode in the tropical Pacific, which continues to steer storms to the north of the region (Box Figure 3.1). 
Drought risk is frequently modeled as a function of hazard (e.g., lack of precipitation) and vulnerability (i.e., suscep-
tibility of society to the hazard) using a multiplicative formula, risk = hazard × vulnerability (Hayes et al., 2004). In 
2007, Atlanta, Georgia received only 62 percent of its average annual precipitation, the second driest calendar year 
on record; moreover, streamflows were among the lowest recorded levels on several streams. By June 2007, the 
National Climatic Data Center reported that December through May precipitation totals for the Southeast were 
at new lows. Spring wildfires spread throughout southeastern Georgia which also recorded its worst pasture con-
ditions in 12 years. Georgia’s Governor 
Purdue extended a state of emergency 
through June 30; however, the state’s 
worst drought classification, accompanied 
by a ban on outdoor water use, was not 
declared until late September. 

While progressive state drought plans, 
such as Georgia’s (which was adopted 
in March, 2003), emphasize drought 
preparedness and mitigation of impacts 
through mandatory restrictions in some 
water use sectors, they do not commonly 
factor in the effect of population growth 
on water supplies. Moreover, conserva-
tion measures in a single state cannot 
address water allocation factors affecting 
large, multi-state watersheds, such as 
the Apalachicola–Chattahoochee–Flint 
(ACF), which encompasses parts of Geor-
gia, Alabama, and Florida. 

Institutional barriers and problems
The source of water woes in this Southeastern watershed dates back to a 1987 decision by the Army Corps of 
Engineers to reallocate 20 percent of power generation flow on the Chattahoochee River to municipal supply 
for Atlanta, which sits near the headwaters of the river. Alabama and Florida soon demanded an assessment of 
the environmental and economic effects of that decision, which set off a series of on-again, off-again disputes and 
negotiations between the three states, known as the “Tri--State Water Wars”, that have not been resolved (as of 
June, 2008). At the heart of the disputes is a classic upstream-downstream water use and water rights dispute, 
pitting municipal water use for the rapidly expanding Atlanta metropolitan region against navigation, agriculture, 
fishing, and environmental uses downstream in Alabama and Georgia. The situation is further complicated by water 
quality concerns, as downstream users suffer degraded water quality, due to polluted urban runoff and agricul-
tural waste, pesticide, and fertilizer leaching. Despite the efforts of the three states and Congress to create water 
compacts, by engaging in joint water planning and developing and sharing common data bases, the compacts have 
never been implemented as a result of disagreements over what constitutes equitable water allocation formulae 
(Feldman, 2007).

Political and sectoral disputes continue to exacerbate lack of coordination on water-use priorities, and there is a 
continuing need to include climate forecast information in these activities, as underscored by continuing drought in 
the Southeast. The result is that water management decision making is constrained, and there are few opportuni-
ties to insert effective decision-support tools, aside from the kinds of multi-stakeholder shared-vision modeling 
processes developed by the U.S. Army Corps of Engineers Institute for Water Resources.

Figure Box 3.1  Georgia statewide precipitation: 1998 to 2007
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seen in Section 3.3.1, while the good news in 
this case is that information is beginning to 
be used by policymakers, the downside is that 
some information use is being inhibited by 
institutional impediments, namely, interstate 
political conflicts over water.

Spatial scale of decisions
In addition to the challenges created by institu-
tional complexity, the spatial scale of decisions 
made by water management organizations 
ranges from small community water systems 
to large, multi-purpose metropolitan water 
service and regional water delivery systems 
(Rayner et al., 2005). Differences in spatial 
scale of management also affect information 
needed—an issue discussed in Chapter 4 when 
we analyze Regional Integrated Science Assess-
ment (RISA) experiences. These problems of 
diverse spatial scale are further compounded 
by the fact that most water agency boundaries 
do not conform to hydrological units. While 
some entities manage water resources in ways 
that conform to hydrological constraints (i.e., 
watershed, river basin, aquifer or other drainage 
basin, Kenney and Lord, 1994; Cairo, 1997), 
basin-scale management is not the most com-
mon United States management approach. Be-
cause most hydrologic tools focus on watershed 
boundaries, there is a disconnect between the 
available data and the decision context. 

Decision makers often share authority for 
decisions across local, state, and national ju-
risdictions. In fact, the label “decision maker” 
embraces a vast assortment of elected and 
appointed local, state, and national agency 
officials, as well as public and private sector 
managers with policy-making responsibilities 
in various water management areas (Sarewitz 
and Pielke, 2007). Because most officials have 
different management objectives while sharing-
authority for decisions, it is likely that their spe-
cific SI climate variability information needs 
will vary not only according to spatial scale, but 
also according to institutional responsibilities 
and agency or organization goals.

Identifying who the decision makers are is 
equally challenging. The Colorado River basin 
illustrates the typical array of decision makers 
on major U.S. streams. A recent study in Ari-
zona identified an array of potential decision 

makers affected by water shortages during 
drought, including conservation groups, irriga-
tion districts, power providers, municipal water 
contractors, state water agencies, several federal 
agencies, two regional water project operators 
(the Central Arizona and Salt River projects), 
tribal representatives, land use jurisdictions, 
and individual communities (Garrick et al., 
2008). This layering of agencies with water 
management authority is also found at the 
national level.

There is no universally agreed-upon classifica-
tion system for defining water users. Taking 
as one point of departure the notion that water 
users occupy various “sectors” (i.e., activity 
areas distinguished by particular water uses), 
the U.S. Geological Survey (USGS) monitors 
and assesses water use for eight user catego-
ries: public supply, domestic use, irrigation, 
livestock, aquaculture, industrial, mining, and 
thermo-electric power. These user categories 
share freshwater supplies withdrawn from 
streams and/or aquifers and, occasionally, from 
saline water sources as well (Hutson et al., 
2004). However, the definitions of these classes 
of users vary from state to state.

One limitation in this user-driven classifica-
tion scheme in regards to identifying informa-
tion needs for SI climate forecasts is that it 
inadvertently excludes in-stream water users, 
those who do not remove water from streams 
or aquifers. Instream uses are extremely 
important, as they affect aquatic ecosystem 
health, recreation, navigation, and public health 
(Gillilan and Brown, 1997; Trush and McBain, 
2000; Rosenberg et al., 2000; Annear et al., 
2002). Moreover, instream uses and wetland 
habitats have been found to be among the most 
vulnerable to impacts of climate variability and 
change (NAST, 2001)3.

Finally, decision makers’ information needs are 
also influenced by the time frame for decisions, 
and to a greater degree than scientists’ needs. 

3	 In general, federal law protects instream uses only 
when an endangered species is affected. Protection at 
the state level varies, but extinction of aquatic species 
suggests the relatively low priority given to protecting 
flow and habitat. Organizations with interests in the 
management of instream flows are diverse, ranging 
from federal land management agencies to state natural 
resource agencies and private conservation groups, and 
their climate information needs widely vary (Pringle, 
2000; Restoring the Waters, 1997). 
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local, state, and 
national jurisdictions.
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For example, while NOAA researchers com-
monly distinguish between weather prediction 
information, produced on an hours-to-weeks 
time frame, and climate predictions, which may 
be on a SI time frame, many managers make 
decisions based on annual operating require-
ments or on shorter time frames that may not 
match the products currently produced.

Two important points stem from this. First, 
as longer-term predictions gain skill, use of 
longer-term climate information is likely to 
expand, particularly in areas with economic 
applications. Second, short-term decisions may 
have long-term consequences. Thus, identifying 
the information needed to make better decisions 
in all time frames is important, especially since 
it can be difficult to get political support for 
research that focuses on long-term, incremen-
tal increases in knowledge that are the key to 
significant policy changes (Kirby, 2000). This 
poses a challenge for decision makers con-
cerned about adaptation to global change.
Multi-decadal climate-hydrology forecasts and 
demand forecasts (including population and 
economic sector forecasts and forecasts of water 

and energy demand) are key inputs for policy 
decisions. Changes in climate that affect these 
hydrology and water demand forecasts are par-
ticularly important for policy decisions, as they 
may alter the anticipated streams of benefits and 
impacts of a proposal. Information provided to 
the policy planning process is best provided 
in the form of tradeoffs assessing the relative 
implications, hazards, risks, and vulnerabilities 
associated with each policy option4. 

3.2.2 Decision-Support Needs of Water 
Managers for Climate Information
As we have noted, the decision-support needs of 
water resource decision makers for information 
on climate variability depend upon the tempo-
ral and spatial scale of the decisions that they 
make. The complexity of the decision process 

4	  Ideally, the purpose of the participatory planning 
processes is to formulate policies benefiting stake-
holders. The process is highly interactive and iterative 
with stakeholder groups formulating policy options 
for assessment by the decision support systems and 
experts, in turn, interpreting the assessment results 
for the stakeholders who evaluate and refine them. It 
is acknowledged, however, that water resource deci-
sions are often contentious, and stakeholder decision 
processes may fail to reach consensus. 

Figure 3.1  Water resources decisions: range and attributes.
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is graphically illustrated in Figure 3.1 (Geor-
gakakos, 2006; HRC-GWRI, 2006). This figure 
includes four temporal scales ranging from 
multiple decades to hours. The first decision 
level includes policy decisions pertaining to 
multi-decadal time scales and involving infra-
structure changes (e.g., storage projects, levee 
systems, energy generation facilities, waste 
water treatment facilities, inter-basin transfer 
works, sewer/drainage systems, well fields, 
and monitoring networks), as well as water 
sharing compacts, land use planning, agricul-
tural investments, environmental sustainabil-
ity requirements and targets, regulations, and 
other legal and institutional requirements (see 
Wiener et al., 2000). Policy decisions may also 
encompass many political entities. Decisions 
pertaining to trans-boundary water resources 
are particularly challenging, as noted in Section 
3.2.1.1, because they aim to reconcile benefits 
and impacts measured and interpreted by dif-
ferent standards, generated and accrued by 
stakeholders of different nations, and regulated 
under different legal and institutional regimes 
(Naim, 2003; Mumme, 2003,1995; Higgins et 
al., 1999). 

The second decision level involves operational 
planning decisions pertaining to inter-annual 
and seasonal time scales. These and other low-
er-level decisions are made within the context 
set by the policy decisions and pertain to inter-
annual and seasonal reservoir releases, carry-
over storage, hydro-thermal energy generation 
plans, agreements on tentative or final water 
supply and energy contracts, implementation 
of drought contingency plans, and agricultural 
planning decisions, among others. The relevant 
spatial scales for operational planning decisions 
may be as large as those of the policy decisions, 
but are usually associated with individual river 
basins as opposed to political jurisdictions. 
Interannual and seasonal hydro-climatic and 
demand forecasts (for water supply, energy, and 
agricultural products) are critical inputs for this 
decision level. 

The third decision level pertains to operational 
management decisions associated with short- 
and mid-range time scales of one to three 
months. Typical decisions include reservoir 
releases during flood season; spillway opera-
tions; water deliveries to urban, industrial, or 

agricultural areas; releases to meet environmen-
tal and ecological flow requirements; power 
facility operation; and drought conservation 
measures. The benefits and impacts of these 
decisions are associated with daily and hourly 
system response (high resolution). This decision 
level requires operational hydro-climatic fore-
casts and forecasts of water and power demand 
and pricing. The decision process is similar to 
those of the upper decision layers, although, as 
a practical matter, general stakeholder partici-
pation is usually limited, with decisions taken 
by the responsible operational authorities. This 
is an issue relevant to several cases discussed 
in Chapter 4.

The final decision level pertains to near real 
time operations associated with hydrologic 
and demand conditions. Typical decisions 
include regulation of flow control structures, 
water distribution to cities, industries, and 
farms, operation of power generation units, 
and implementation of flood and drought emer-
gency response measures. Data from real time 
monitoring systems are important inputs for 
daily to weekly operational decisions. Because 
such decisions are made frequently, stakeholder 
participation may be impractical, and decisions 
may be limited to government agencies or 
public sector utilities according to established 
operational principles and guidelines. 

While the above illustration addresses water 
resources complexity (i.e., multiple temporal 
and spatial scales, multiple water uses, multiple 
decision makers), it cannot be functionally ef-
fective (i.e., create the highest possible value) 
unless it exhibits consistency and adaptiveness. 
Consistency across the decision levels can be 
achieved by ensuring that (1) lower level fore-
casts, decision support systems, and stakeholder 
processes operate within the limits established 
by upper levels (as represented by the down-
ward pointing feedback links in Figure 3.1, and 
(2) upper decision levels capture the benefits 
and impacts associated with the high resolu-
tion system response (as represented by the 
upward pointing feedback links in Figure 3.1). 
Adaptiveness, as a number of studies indicate, 
requires that decisions are continually revisited 
as system conditions change and new infor-
mation becomes available, or as institutional 

The decision 
process includes 
policy decisions, 
operational planning 
decisions, operational 
management 
decisions, and near 
real-time operations.
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frameworks for decision making are amended 
(Holling, 1978; Walters, 1986; Lee, 1993). 

3.2.3 How Does Climate
Variability Affect Water Management? 
Water availability is essential for human health, 
economic activity, ecosystem function, and 
geophysical processes. Climate variability can 
have dramatic seasonal and interannual effects 
on precipitation, drought, snow-pack, runoff, 
seasonal vegetation, water quality, groundwa-
ter, and other variables. Much recent research on 
climate variability impacts on water resources 
is linked to studies of long-term climate change, 
necessitating some discussion of the latter. In 
fact, there is a relative paucity of information 
on the potential influence of climate change on 
the underlying patterns of climate variability 
(e.g., CCSP, 2007). At the close of this Section, 
we explore one case—that of drought in the 
Colorado River basin—exemplifying several 
dimensions of this problem, including adaptive 
capacity, risk perception, and communication 
of hazard.

According to the Intergovernmental Panel 
on Climate Change (IPCC), while total an-
nual precipitation is increasing in the northern 
latitudes, and average precipitation over the 
continental United States has increased, the 
southwestern United States (and other semi-
tropical areas worldwide) appear to be tend-
ing towards reduced precipitation, which in 
the context of higher temperatures, results in 
lower soil moisture and a substantial effect on 
runoff in rivers (IPCC, 2007b). The observed 
trends are expected to worsen due to contin-
ued warming over the next century. Observed 
impacts on water resources from changes that 
are thought to have already occurred include 
increased surface temperatures and evapora-
tion rates, increased global precipitation, an 

increased proportion of precipitation received 
as rain rather than snow, reduced snowpack, 
earlier and shorter runoff seasons, increased 
water temperatures and decreased water quality 
(IPCC, 2007a, b). 

Additional effects on water resources result 
from sea-level rise of approximately 10 to 20 
centimeters since the 1890s (IPCC, 2007a)5, 
an unprecedented rate of mountain glacier 
melting, seasonal vegetation emerging earlier 
in the spring and a longer period of photosyn-
thesis, and decreasing snow and ice cover with 
earlier melting. Climate change is also likely 
to produce increases in intensity of extreme 
precipitation events (e.g., floods, droughts, heat 
waves, violent storms) that could “exhaust the 
social buffers that underpin” various economic 
systems such as farming; foster dynamic and in-
terdependent consequences upon other resource 
systems (e.g., fisheries, forests); and generate 
“synergistic” outcomes due to simultaneous 
multiple human impacts on environmental sys-
tems (i.e., an agricultural region may be simul-
taneously stressed by degraded soil and changes 
in precipitation caused by climate change) 
(Rubenstein, 1986; Smith and Reeves, 1988; 
Atwood et al., 1988; Homer-Dixon, 1999).

Studies have concluded that changes to run-
off and stream flow would have considerable 
regional-scale consequences for economies as 
well as ecosystems, while effects on the latter 
are likely to be more severe (Milly et al., 2005). 
If elevated aridity in the western United States 
is a natural response to climate warming, then 
any trend toward warmer temperatures in the 
future could lead to serious long-term increase 
in droughts, highlighting both the extreme vul-
nerability of the semi-arid West to anticipated 
precipitation deficits caused by global warming, 
and the need to better understand long-term 
drought variability and its causes (Cook et al., 
2004). 

The impacts of climate variability are largely 
regional, making the spatial and temporal scale 
of information needs of decision makers like-
wise regional. This is why we focus (Section 
3.2.3.1) on specific regional hazards, risks, and 

5	  According to the IPCC 2007 Fourth Assessment 
Report, sea level has risen an average of 1.8 mm per 
year over the period 1961 to 2003 (IPCC, 2007a) 
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vulnerabilities of climate variability on water 
resources. TOGA and RISA studies focus on 
the regional scale consequences of changes to 
runoff and stream flow on economies as well 
as ecosystems (Milly et al., 2005). 

3.2.3.1 Hazards, risks, and 
vulnerabilities of climate variability

A major purpose of decision-support tools is to 
reduce the risks, hazards, and vulnerabilities 
to water resources from SI climate variation, 
as well as to related resource systems, by gen-
erating climate science products and translat-
ing these products into forms useful to water 
resource managers (NRC, 2008). In general, 
what water managers need help in translating 
is how changes resulting from weather and SI 
climate variation can affect the functioning of 
the systems they manage. Numerous activities 
are subject to risk, hazard, and vulnerability, 
including fires, navigation, flooding, preserva-
tion of threatened or endangered species, and 
urban infrastructure. At the end of this Section, 
we focus on three less visible but nonetheless 
important challenges: water quality, groundwa-
ter depletion, and energy production. 

Despite their importance, hazard, risk, and 
vulnerability can be confusing concepts. A 
hazard is an event that is potentially damaging 
to people or to things they value. Floods and 
droughts are two common examples of hazards 
that affect water resources. Risk indicates the 
probability of a particular hazardous event oc-
curring. Hence, while the hazard of drought is 
a concern to all water managers, drought risk 
varies considerably with physical geography, 
management context, infrastructure type and 
condition, and many other factors so that some 

water resource systems are more at-risk than 
others (Stoltman et al., 2004; NRC, 1996; Wil-
hite, 2004).

A related concept, vulnerability, is more com-
plex and can cause further confusion6. Although 
experts dispute precisely what the term means, 
most agree that vulnerability considers the like-
lihood of harm to people or things they value 
and it entails physical as well as social dimen-
sion (e.g., Blaikie et al., 1994; Cutter 1996; 
Hewitt, 1997; Schröter et al., 2005; Handmer, 
2004). Physical vulnerability relates to exposure 
to harmful events, while social vulnerability en-
tails the factors affecting a system’s sensitivity 
and capacity to respond to exposure. Moreover, 
experts accept some descriptions of vulnerabil-
ity more readily than others. One commonly 
accepted description considers vulnerability 
to be a function of exposure, sensitivity, and 
adaptive capacity (Schneider and Sarukhan, 
2001). Exposure is the degree to which people 
and the places or things they value, such as 
their water supply, are likely to be impacted 
by a hazardous event, such as a f lood. The 
“things they value” include not only economic 
value and wealth but also cultural, spiritual, 
and personal values. This concept also refers 
to physical infrastructure (e.g., water pipelines 
and dams) and social infrastructure (e.g., water 
management associations). Valued components 
include intrinsic values like water quality and 
other outcomes of water supply availability such 
as economic vitality. 

Sensitivity is the degree to which people and the 
things they value can be harmed by exposure. 
Some water resource systems, for example, are 
more sensitive than others when exposed to the 
same hazardous event. All other factors being 
equal, a water system with old infrastructure 
will be more sensitive to a flood or drought than 
one with new state-of-the-art infrastructure; in 
a century, the newer infrastructure will be con-
siderably more sensitive to a hazardous event 
than it is today because of aging.

6	  Much of this discussion on vulnerability is modi-
fied from Yarnal (2007). See also Polsky et al. (2007), 
and Dow et al. (2007) for definitions of vulnerability, 
especially in relation to water resource management.
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Adaptive capacity is the least explored and 
most controversial aspect of vulnerability. The 
understanding of adaptive capacity favored by 
the climate change research community is the 
degree to which people can mitigate the poten-
tial for harm—that is, reduce vulnerability—by 
taking action to reduce exposure or sensitivity, 
both before and after the hazardous event. 
The physical, social, economic, spiritual, and 
other resources they possess, including such 
resources as educational level and access to 
technology, determine the capacity to adapt. For 
instance, all things being equal, a community 
water system that has trained managers and 
operators with up-to-date computer technol-
ogy will be less vulnerable than a neighboring 
system with untrained volunteer operators and 
limited access to computer technology7. 

Some people or things they value can be highly 
vulnerable to low-impact events because of high 
sensitivity or low adaptive capacity. Others 
may be less vulnerable to high-impact events 
because of low sensitivity or high adaptive 
capacity. A hazardous event can result in a 
patchwork pattern of harm due to variation in 
vulnerability over short distances (Rygel et al., 
2006). Such variation means that preparing for 
or recovering from flood or drought may re-
quire different preparation and recovery efforts 
from system to system.

 3.2 .3.2 Perceptions of r isk and 
vulnerability—Issue frames and 
risk communication

Much of the research on vulnerability of water 
resources to climate variability has focused 
on physical vulnerability (i.e., the exposure of 
water resources and water resource systems 
to harmful events). Cutter et al. (2003) and 
many others have noted, however, that social 
vulnerability—the social factors that affect a 
system’s sensitivity to exposure, and that influ-
ence its capacity to respond and adapt in order 
to lessen its exposure or sensitivity—can of-

7	  A slightly different view of adaptive capacity fa-
vored by the hazards and disaster research community 
is that it consists of two subcomponents: coping capac-
ity and resilience. The former is the ability of people 
and systems to endure the harm; the latter is the ability 
to bounce back after exposure to harmful events. In 
both cases, water resource systems can take measures 
to increase their ability to cope and recover, again 
depending on the physical, social, economic, spiritual, 
and other resources they possess or have access to. 

ten be more important 
than physical vulner-
ability. Understanding 
the social dimensions 
of vulnerability and re-
lated risks is therefore 
crucial to determining 
how climate variation 
and change will affect 
water resources.

The perception of risk 
is perhaps the most-studied of the social factors 
relating to climate information and the manage-
ment of water resources. At least three barriers 
stemming from their risk perceptions prevent 
managers from incorporating weather and cli-
mate information in their planning; each barrier 
has important implications for communicating 
climate information to resource managers and 
other stakeholders (Yarnal et al., 2005). A 
fourth barrier relates to the underlying public 
perceptions of the severity of climate variability 
and change and thus, implicit public support 
for policies and other actions that might impel 
managers to incorporate climate variability 
into decisions.

The first conceptual problem is that managers 
who find climate forecasts and projections to be 
reliable appear in some cases no more likely to 
use them than managers who find them to be 
unreliable (O’Connor et al., 1999, 2005)8. Man-
agers most likely to use weather and climate 
information may have experienced weather 
and climate problems in the recent past—their 
heightened feelings of vulnerability are the 
result of negative experiences with weather 
or climate. The implication of this finding is 
that simply delivering weather and climate 
information to potential users may be insuffi-
cient in those cases in which the manager does 
not perceive climate to be a hazard, at least in 

8	  Based on findings from two surveys of community 
water system managers (more than 400 surveyed in 
each study) in Pennsylvania’s Susquehanna River 
Basin. The second survey compared Pennsylvania com-
munity water system managers to their counterparts in 
South Carolina (more than 250 surveyed) and found 
that managers who find climate forecasts and projec-
tions to be reliable are no more likely to use them than 
are those who find them to be unreliable. Thus, unless 
managers feel vulnerable (vulnerability being a func-
tion of whether they have had adverse experience with 
weather or climate), they are statistically less likely to 
use climate forecasts.  
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humid, water rich regions of 
the United States that we have 
studied9. Purveyors of weather 
and climate information may 
need to convince potential 
users that, despite the absence 
of recent adverse events, their 
water resources have suffered 
historically from, and there-
fore are vulnerable to, weather 
and climate. 

The second barrier is that 
managers’ perceptions about 
the usefulness of climate in-
formation varies not only with their exposure 
to adverse events, but also with the financial, 
regulatory, and management contexts of their 
decisions (Yarnal et al., 2006; Dow et al., 2007). 
The implication of this finding is that assess-
ments of weather and climate vulnerability and 
of climate information needs must consider the 
institutional contexts of the resource systems 
and their managers. Achieving a better un-
derstanding of these contexts and of the infor-
mational needs of resource managers requires 
working with them directly. 

The third barrier is that managers expect more 
difficulties to come from associated financial 
and water quality impacts of climate challenges 
associated with floods and droughts than from 
their ability to find water and supply it to their 
customers (Yarnal et al., 2006; Dow et al., 
2007). Combined with the second barrier, the 
implication is that managers view weather and 
climate forecasts as more salient when put into 
the context of system operations and manage-
ment needs. Presenting managers with a climate 
forecast for the United States showing the 
regional probability of below-normal precipi-
tation for the coming season may not generate 
much interest; presenting those managers with 
a Palmer Drought Severity Index tailored to 
their state that suggests a possible drought 
watch, warning, or emergency will grab their 
attention (Carbone and Dow, 2005). The South-
west drought case discussed at the end of this 
Section exemplifies how this salience worked 

9	 Additional research on water system manager 
perceptions is needed, in regions with varying hydro-
meteorological conditions, to discern if this finding 
holds true in other regions.

to prod decision makers to partner closely with 
water managers, and how the latter embraced 
climate knowledge in improving forecasts and 
demand estimates.

The fourth barrier is the way climate vari-
ability and change are framed as public policy 
issues, and how their risks are publically com-
municated. Regardless of the “actual” (if 
indeterminate) risks from climate change and 
variability, communication of the risks differs 
among scientific, political, and mass media 
elites—each systematically selecting aspects of 
these issues that are most relevant to their con-
ception of risk, and thus, socially constructing 
and communicating its aspects most salient to a 
particular perspective. Thus, climate variability 
can be viewed as: a phenomenon characterized 
by probabilistic and consequential uncertainty 
(science); an issue that imposes fiduciary or le-
gal responsibility on government (politics); or, a 
sequence of events that may lead to catastrophe 
unless immediate action is taken (Weingart et 
al., 2000). 

Related to this is considerable research that 
suggests that when risk information, such as 
that characteristic of climate change or vari-
ability modeling and forecasting, is generated 
by select groups of experts who work in isola-
tion from the public (or from decision makers), 
the risks presented may sometimes be viewed 
as untrustworthy or as not credible and worthy 
of confidence. This research also suggests that 
building trust requires the use of public forums 
designed to facilitate open risk communication 
that is clear, succinct, and jargon-free, and that 
provide groups ample opportunity for ques-

Communication of 
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tions, discussion, feedback, and reaction (e.g., 
Freudenburg and Rursch, 1994; Papadakis, 
1996; Jasanoff, 1987; Covello et al., 1990; 
NRC, 1989).

Research on these barriers also shows that per-
sonal experience has a powerful influence on 
perceptions of risk and vulnerability. They sug-
gest that socioeconomic context is important in 
shaping perceptions, and, thus, the perceptions 
they produce are very specific. They also show 
that climate information providers must present 
their information in ways salient to potential 
users, necessitating customizing information 
for specific user groups. Finally, they suggest 
ways that perceptions can be changed. 

Research on the influence of climate science on 
water management in western Australia (Power 
et al., 2005) suggests that water resource deci-
sion makers can be persuaded to act on climate 
variability information if a strategic program of 
research in support of specific decisions (e.g., 
responses to extended drought) can be wed-
ded to a dedicated, timely risk communication 
program. In this instance, affected western 
Australian states formed a partnership between 
state agencies representing economic interests 
affected by drought, national research institu-
tions engaged in meteorology and hydrology 
modeling, and water managers. This partner-
ship succeeded in influencing decision making 
by: being sensitive to the needs of water manag-
ers for advice that was seen as “independent” 
,in order to assure the public that water use 
restrictions were actually warranted; providing 
timely products and services to water users in 
an accessible way; and, directly involving water 
managers in the process of generating forecast 
information. The Georgia drought case (Box 
3.1) also illustrates the need to be sensitive 
and responsive to decision-maker needs. As in 
Australia, ensuring scientific “independence” 
facilitated the efforts of managers to consider 
climate science in their decisions, and helped 
ensure that climate forecast information was 
“localized” through presentation at public 
meetings and other forums so that residents 
could apply it to local decisions (Power et al., 
2005). In sum, to overcome barriers to effective 
climate information communication, informa-
tion must be specific to the sectoral context of 
managers and enhance their ability to realize 

management objectives threatened by weather 
and climate. 

We now examine three particularly vulner-
able areas to climate variability: water quality, 
groundwater depletion, and energy production. 
Following this discussion, we feature a case 
study on drought responses in the Southwest 
United States which is instructive about the 
role that perceived vulnerability has played in 
adaptive responses.

Water Quality: Assessing the vulnerability of 
water quality to climate variability and change 
is a particularly challenging task, not only 
because quality is a function (partly) of water 
quantity, but because of the myriad physical, 
chemical and biological transformations that 
non-persistent pollutants undergo in watersheds 
and water bodies including fire hazards (e.g., 
Georgia Forestry Commission, 2007). One 
of the most comprehensive literature reviews 
of the many ways in which water quality can 
be impacted by climate variability and change 
was undertaken by Murdoch et al. (2000). A 
synopsis of their major findings is depicted in 
Table 3.1.

One conclusion to be drawn from Table 3.1 is 
that climate variability and change can have 
both negative and positive impacts on water 
quality. In general, warmer surface-water 
temperatures and lower flows tend to have a 
negative impact through decreases in dissolved 
oxygen (DO). In contrast, decreased flows to 
receiving water bodies, especially estuaries 
and coastal waters, can improve water quality, 
while increased flows can degrade water qual-
ity of the receiving water bodies, particularly 
if they carry increased total loads of nutrients 
and sediments. In healthy watersheds that are 
relatively unimpacted by disturbances to the 
natural vegetation cover, increased stream flow 
may increase water quality in the given stream 
by increasing dilution and DO. 

Increased runoff and f looding in urbanized 
areas can lead to increased loads of nonpoint 
source pollutants (Kirshen et al., 2006) such 
as pesticides and fertilizer from landscaped 
areas, and point source pollutants, from the 
overflow of combined sewer systems (Furlow, 
2006). In addition to increasing pesticide and 
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nutrient loads (Chang et al., 2001), increase 
in runoff from agricultural lands can lead to 
greater sediment loads from erosion and patho-
gens from animal waste (Dorner et al., 2006). 
Loads of non-point pollution may be especially 
large during flooding if the latter occurs after a 
prolonged dry period in which pollutants have 
accumulated in the watershed.

The natural vegetation cover that is integral to 
a healthy watershed can be disturbed not only 
by land-use but by the stresses of climate ex-
tremes directly (e.g., die off during drought and 
blow down of trees during tropical storms and 
hurricanes) and climate-sensitive disturbances 
indirectly (e.g., pest infestations and wildfire). 
Climate change and variability can also lead to 
both adaptive human changes in land use and 
land cover that can impact water quality (e.g. 
changes in cropping patterns and fertilizer use), 
as well as to mitigative ones (e.g., increased 
planting of low water use native plants). Hence 
there is a tight and complex coupling between 

land use changes and the potential impacts of 
climate variability and change on water qual-
ity.

Water quality can also be indirectly impacted by 
climate variability and change through changes 
in water use. Withdrawals from streams and res-
ervoirs may increase during a drought thereby 
degrading stream water quality through lower 
in-stream flows, polluted return flows, or both. 
Under the water rights system of the western 
United States, junior agricultural users may be 
cut off during drought, thereby actually reduc-
ing return flows from agricultural lands and 
further lowering in-stream flows.

Perhaps the most common water quality re-
lated, climate-sensitive decisions undertaken by 
water resource managers in the United States 
are in relation to the regulation of dams and 
reservoirs. Very often, reservoir releases are 
made to meet low flow requirements or main-
tain stream temperatures in downstream river 
reaches. Releases can also be made to improve 

Impacts associated with increases in temperature alone

• Decreased oxygen-holding capacity due to higher surface-water temperatures.
• In Arctic regions, the melting of ice and permafrost resulting in increased erosion, runoff, and cooler stream 

temperatures.
• Changes in the seasonal timing and degree of stratification of temperate lakes.
• Increased biomass productivity leading to increased rates of nutrient cycling, eutrophication and anoxia.
• Increased rates of chemical transformation and bioaccumulation of toxins.
• Changes in the rates of terrestrial nutrient cycling and the delivery of nutrients to surface waters.

Impacts associated with drought and decreases in streamflow

• Increased concentration of pollutants in streams, but decreased total export of those pollutants to the 
receiving water body.

• Decreases in the concentration of pollutants that are derived from the flushing of shallow soils and by erosion.
• Increases in the concentration of pollutants that are derived from deeper flow paths and from point sources.
• Decreased stratification and increased mixing in estuaries and other coastal waters, leading to decreased anoxia 
of bottom waters and decreased nutrient availability (and eutrophication).

• Movement of the freshwater-saltwater boundary up coastal river and intrusion of salt water into coastal 
aquifers—impacts which would be exacerbated by sea-level rise. 

Impacts associated with flooding and increases in streamflow

• In general, mitigation of the impacts associated with drought and decreases in streamflow.
• Increases in the spatial extent of source areas for storm flow, leading to the increased flushing of pollutants 
from both point and non-point sources of pollution.

• Increased rates of erosion.
• Increased rates of leaching of pollutants to groundwater.
• Greater dilution of pollutants being countervailed by decreased rates of chemical and biological transformations 
owing to shorter residence times in soils, groundwater and surface waters.

* From Murdoch, et al., 2000

Table 3.1  Water Quality, Climate Variability, and Climate Change*
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water quality in downstream reservoirs, lakes 
and estuaries. Any operating decisions based 
on water quality usually occur in the context of 
the purpose(s) for which the dam and reservoir 
were constructed—typically some combination 
of hydropower, flood control, recreation, and 
storage for municipal supply and irrigation. 
Thus, decision-support systems for reservoir 
operation that include water quality usually do 
so in a multi-objective framework (e.g., West-
phal et al., 2003).

Municipal water providers would also be ex-
pected to respond to water quality degradation 
forecasts. Some decisions they might under-
take include stockpiling treatment chemicals, 
enhanced treatment levels, ad hoc sediment 
control, preparing to issue water quality 
alerts, increasing water quality monitoring, 
and securing alternative supplies (see Denver 
and New York City case studies in Miller and 
Yates [2005] for specific examples of climate-
sensitive water quality decision making by 
water utilities). Managers of coastal resources 
such as fisheries and beaches also respond to 
water-quality forecasts.

Decision making with regards to point sources 
will necessarily occur within the context of 
the permitting process under the National Pol-
lution Discharge Elimination System and the 
in-stream water quality standards mandated by 
the Clean Water Act (Jacoby, 1990). Regulation 
of nonpoint sources falls entirely to the states 
and is therefore highly variable across the na-
tion, but is in general done to a lesser degree 
than the regulation of point sources. Examples 
of actions, either voluntary or mandatory, that 
could be taken in response to a seasonal forecast 
of increased likelihood of f looding include:  
decreased fertilizer and pesticide application 
by farmers, measures for greater impoundment 
of runoff from feedlots, and protection of treat-
ment ponds of all kinds from overflow.

Groundwater Depletion: The vulnerability of 
groundwater resources to climate variability 
and change is very much dependent on the hy-
drogeologic characteristics of a given aquifer. 
In general, the larger and deeper the aquifer, the 
less interannual climate variability will impact 
groundwater supplies. On the other hand, shal-
low aquifers that are hydraulically connected 

to surface waters tend to have shorter residence 
times and therefore respond more rapidly to 
climate variability. The vulnerability of such 
aquifers should be evaluated within the context 
of their conjunctive use with surface waters.

Seasonal and interannual variability in water-
table depths are a function of natural climate 
variability as well as variations in human 
exploitation of the resource. During periods of 
drought, water tables in unconfined aquifers 
may drop because of both reduced recharge 
and increased rates of pumping. Reduced hy-
draulic head at well intakes then decreases the 
potential yield of the given well or well field and 
increases the energy required for pumping. In 
extreme cases, the water table may drop below 
the well intake, resulting in complete drying of 
the well. Municipal supply and irrigation wells 
tend to be developed in larger aquifers and at 
depths greater than wells supplying individual 
domestic users. Therefore, they are in general 
less vulnerable to interannual climate variabil-
ity. In addition to the reduction in the yield of 
water-supply wells, drops in water table depths 
during droughts may result in the drying of 
springs and worsening of low flow conditions 
in streams. Greater withdrawals may result 
because of the shifting of usage from depleted 
surface waters, as well as because of an overall 
increase in demand due to lower precipitation 
and greater evapotranspirative demand from the 
land surface and water bodies. Morehouse et al. 
(2002) find this to be the case in southern Ari-
zona. To the extent that climate change reduces 
surface water availability in the U.S. Southwest, 
it can be anticipated that pressure on groundwa-
ter supplies will increase as a result.

When long-term average pumping rates exceed 
recharge rates the aquifer is said to be in over-
draft. Zekster et al. (2005) identify four major 
impacts associated with groundwater extraction 
and overdraft: (1) reduction of stream flow and 
lake levels, (2) reduction or elimination of veg-
etation, (3) land subsidence, and (4) seawater 
intrusion. Additional impacts include changes 
in water quality due to pumping from different 
levels in aquifers and increased pumping costs. 
The Edwards Aquifer in south-central Texas, 
which supplies over two million people in the 
San Antonio metropolitan area, is identified by 
Loáiciga (2003) as particularly vulnerable to 
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climate change and variability because it is sub-
ject to highly variable rates of recharge and has 
undergone a steady increase in pumping rates 
over the last century. While groundwater over-
draft is most common in the arid and semi-arid 
western United States (Roy et al., 2005; Hurd 
et al., 1999), it is not uncommon in the more 
humid East. Lyon et al. (2005) study the causes 
of the three drought emergencies that have been 
declared in Rockland County, New York since 
1995. Seventy-eight percent of the county’s 
public water supply is from small regional 
aquifers. Rather than increased frequency or 
intensity of meteorologic or hydrologic drought, 
the authors attribute drought emergencies to 
development and population growth overtaxing 
local supplies and to failure of aging water-
supply infrastructure. The former is an example 
of demand-driven drought. The Ipswich River 
Basin in northeast Massachusetts is another 
example in the East where population growth is 
taxing groundwater resources. Because of reli-
ance on ground water and in-stream flows for 
municipal and industrial supply, summer low 
flows in the Ipswich frequently reach critical 
levels (Zarriello and Ries, 2000). 

A few researchers have studied the potential ap-
plication of SI climate forecasting to forecasting 
of groundwater recharge and its implications 
for water management. For example, using 
U.S. Geological Survey recharge estimates for 
the Edwards Aquifer from 1970 to 1996, Chen 
et al. (2005) find that recharge rates during La 
Niña years average about twice those during 
El Niño years. Using a stochastic dynamic pro-
gramming model, they show that optimal water 
use and allocation decision making based on El 
Niño-Southern Oscillation (ENSO)10 forecasts 
could result in benefits of $1.1 to $3.5 million 
per year, mainly to agricultural users as a result 
of cropping decisions. 

10  The Southern Oscillation Index (SOI) is a calculation 
of monthly or seasonal fluctuations in the air pressure 
difference between Tahiti and Darwin, Australia.  
When the air pressure in Tahiti is below normal and 
the air pressure in Darwin is above normal, the SOI 
is in a negative phase. Prolonged periods of negative 
SOI values often occur with abnormally warm ocean 
waters across the eastern tropical Pacific resulting in a 
period called an El Niño. Conversely, prolonged periods 
of positive SOI values (air pressure in Tahiti is above 
normal and in Darwin it is below normal) coincides 
with abnormally cold ocean waters across the eastern 
tropical Pacific and is called a La Niña.

Hanson and Dettinger (2005) evaluate the SI 
predictability of groundwater levels in the Santa 
Clara-Calleguas Basin in coastal Southern 
California using a regional groundwater model 
(RGWM) as driven by a general circulation 
model (GCM). In agreement with other stud-
ies, they find a strong association between 
groundwater levels and the Pacific Decadal 
Oscillation (PDO) and ENSO. Their results led 
them to conclude that coupled GCM-RGWM 
modeling is useful for planning and manage-
ment purposes, particularly with regard to 
conjunctive use of surface and ground water and 
the prevention of saltwater intrusion. They also 
suggest that GCM forecast skill may at times 
be strong enough to predict groundwater levels. 
Forecasts of greater surface water availability 
may allow utilities to reduce reliance on over-
utilized and expensive groundwater resources. 
Bales et al. (2004) note that a forecast for heavy 
winter snowpack during the 1997/1998 El Niño 
led the Salt River Project in Arizona to reduc-
ing groundwater pumping in the fall and winter 
in favor of greater releases from reservoirs, 
thereby saving about $1 million. 

Water Supply and Energy Production: 
Adequate water supplies are an essential part 
of energy production, from energy resource 
extraction (mining) to electric-power generation 
(DOE, 2006). Water withdrawals for cooling 
and scrubbing in thermoelectric generation 
now exceed those for agriculture in the United 
States (Hutson et al., 2004), and this difference 
becomes much greater when hydropower uses 
are considered. Emerging energy sources, such 
as biofuels, synfuels, and hydrogen, will add to 
future water demands. Another new energy-
related stress on water resource systems will 
be the integration of hydropower with other 
intermittent renewables, such as wind and solar, 
at the power system level. Hydropower is a very 
flexible, low-cost generating source that can be 
used to balance periods when other renewables 
are not available (e.g., times of calm winds) 
and thus maintain electricity transmission 
reliability. As more non-hydro renewables are 
added to transmission grids, calls for fluctuat-
ing hydropower operation may become more 
frequent and economically valuable, and may 
compete with other water demands. If electric-
ity demand increases by 50 percent in the next 
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25 years, as predicted by the Energy Informa-
tion Administration, then energy-related water 
uses can also be expected to expand greatly—an 
ominous trend, especially where available water 
resources are already over-allocated.

The Climate Change Science Program’s Syn-
thesis and Analysis Product 4.5 examined how 
climate change will affect the energy sector 
(CCSP, 2007). Some of the most direct effects 
of climate change on the energy sector will 
occur via water cycle processes (CCSP, 2007). 
For instance, changes in precipitation could af-
fect prospects for hydropower, either positively 
or negatively, at different times and locations. 
Increases in storm intensity could threaten 
further disruptions of the type experienced in 
2005 with Hurricane Katrina. Also, average 
warming can be expected to increase energy 
needs for cooling and reduce those for warming. 
Concerns about climate change impacts could 
change perceptions and valuations of energy 
technology alternatives. Any or all of these 
types of effects could have very real meaning 
for energy policies, decisions, and institutions 
in the United States, affecting discussions of 
courses of action and appropriate strategies for 
risk management and energy’s water demands 
will change accordingly. 

The energy-related decisions in water man-
agement are especially complex because they 
usually involve both water quality and quantity 
aspects, and they often occur in the context of 
multiple-use river basins. The Tennessee Valley 
is a good example of these complexities. The 
Tennessee Valley Authority 
(TVA) operates an integrated 
power system of nuclear, coal, 
and hydropower projects along 
the full length of the Tennessee 
River. TVA’s river operations 
include upstream storage res-
ervoirs and mainstem locks 
and dams, most of which in-
clude hydropower facilities. 
Cold water is a valuable re-
source that is actively stored 
in the headwater reservoirs and 
routed through the river system 
to maximize cooling efficien-

cies of the downstream thermoelectric plants. 
Reservoir releases are continuously optimized 
to produce least-cost power throughout the river 
basin, with decision variables of both water 
quantity and quality. 

Case Study: Southwest drought—climate 
var iabi l i t y,  vulnerabi l i t y,  and wa ter 
management

Introduction
Climate variability affects water supply and 
management in the Southwest through drought, 
snowpack runoff, groundwater recharge rates, 
floods, and temperature-driven water demand. 
The region sits at a climatic crossroads, at the 
southern edge of reliable winter storm tracks 
and at the northern edge of summer North 
American monsoon penetration (Sheppard et al., 
2002). This accident of geography, in addition 
to its continental location, drives the region’s 
characteristic aridity. Regional geography also 
sets the region up for extreme vulnerability to 
subtle changes in atmospheric circulation and 
the impacts of temperature trends on snowmelt, 
evaporation, moisture stress on ecosystems, 
and urban water demands. The instrumental 
climate record provides ample evidence of 
persistent regional drought during the 1950s 
(Sheppard et al., 2002; Goodrich and Ellis, 
2006), and its inf luence on Colorado River 
runoff (USGS, 2004); in addition the impact 
of the 1950s drought on regional ecosystems is 
well documented (Allen and Breshears, 1998; 
Swetnam and Betancourt, 1998). Moreover, it 
has been well known for close to a decade that 
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interannual and multi-decadal climate varia-
tions, forced by persistent patterns of ocean-
atmosphere interaction, lead to sustained wet 
periods and severe sustained drought (Andrade 
and Sellers, 1988; D’Arrigo and Jacoby, 1991; 
Cayan and Webb, 1992; Meko et al., 1995; Man-
tua et al., 1997; Dettinger et al., 1998).

Sources of vulnerability
Despite this wealth of information, interest 
in the effects of climate variability on water 
supplies in the Southwest has been limited by 
dependence on seemingly unlimited groundwa-
ter resources, which are largely buffered from 
interannual climate fluctuations. Evidence of 
extensive groundwater depletion in Arizona and 
New Mexico, from a combination of rapid urban 
expansion and sustained pumping for irrigated 
agriculture, has forced changes in water policy, 
resulting in a greater reliance on renewable sur-
face water supplies (Holway, 2007; Anderson 
and Woosley, Jr., 2005; Jacobs and Holway, 
2004). The distance between the Southwest’s 
urban water users and the sparsely-populated 
mountain sources of their surface water in Wyo-
ming, Utah, and Colorado, reinforces a lack of 
interest in the impacts of climate variations on 
water supplies (Rango, 2006; Redmond, 2003). 
Until Southwest surface water supplies were 
substantially affected by sustained drought, 
beginning in the late 1990s, water manage-

ment interest in climate variability seemed to 
be focused on the increased potential for flood 
damage during El Niño episodes (Rhodes et al., 
1984; Pagano et al., 2001). 

Observed vulnerability of Colorado River and 
Rio Grande water supplies to recent sustained 
drought, has generated profound interest in the 
effects of climate variability on water supplies 
and management (e.g., Sonnett et al., 2006). 
In addition, extensive drought-driven stand-
replacing fires in Arizona and New Mexico 
watersheds have brought to light indirect im-
pacts of climate variability on water quality and 
erosion (Neary et al., 2005; Garcia et al., 2005; 
Moody and Martin, 2001). Prompted by these 
recent dry spells and their impacts, New Mexico 
and Arizona developed their first drought plans 
(NMDTF, 2006; GDTF, 2004); in fact, repeated 
drought episodes, combined with lack of effec-
tive response, compelled New Mexico to twice 
revise its drought plan (NMDTF, 2006; these 
workshops are discussed in Chapter 4 in Case 
Study H). Colorado River Basin water managers 
have commissioned tree ring reconstructions 
of streamflow, in order to revise estimates of 
record droughts, and to improve streamflow 
forecast performance (Woodhouse and Lukas, 
2006; Hirschboeck and Meko, 2005). These 
reconstructions and others (Woodhouse et al., 
2006; Meko et al., 2007) reinforce concerns 
over surface water supply vulnerability, and 
the effects of climate variability and trends 
(e.g., Cayan et al., 2001; Stewart et al., 2005) 
on streamflow.

Decision-support tools
Diagnostic studies of the associations be-
tween ENSO teleconnections, multi-decadal 
variations in the Pacific Ocean-atmosphere 
system, and Southwest climate demonstrate 
the potential predictability of seasonal climate 
and hydrology in the Southwest (Cayan et al., 
1999; Gutzler, et al., 2002; Hartmann et al., 
2002; Hawkins et al., 2002; Clark et al., 2003; 
Brown and Comrie, 2004; Pool, 2005). ENSO 
teleconnections currently provide an additional 
source of information for ensemble streamflow 
predictions by the National Weather Service 
(NWS) Colorado Basin River Forecast Center 
(Brandon et al., 2005). The operational use of 
ENSO teleconnections as a primary driver in 
Rio Grande and Colorado River streamflow 
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forecasting, however, is hampered by high 
variability (Dewalle et al., 2003), and poor skill 
in the headwaters of these rivers (Udall and 
Hoerling, 2005; FET, 2008). 

Future prospects
Current prospects for forecasting beyond ENSO 
time-scales, using multi-decadal “regime 
shifts” (Mantua, 2004) and other information 
(McCabe et al., 2004) are limited by lack of 
spatial resolution, the need for better under-
standing of land-atmosphere feedbacks, and 
global atmosphere-ocean interactions (Dole, 
2003; Garfin et al., 2007). Nevertheless, Colo-
rado River and Rio Grande water managers, as 
well as managers of state departments of water 
resources have embraced the use of climate 
knowledge in improving forecasts, preparing 
for infrastructure enhancements, and estimat-
ing demand (Fulp, 2003; Shamir et al., 2007). 
Partnerships among water managers, forecast-
ers, and researchers hold the most promise for 
reducing water supply vulnerabilities and other 
water management risks through the incorpo-
ration of climate knowledge (Wallentine and 
Matthews, 2003).

3.2.4 Institutional Factors That 
Inhibit Information Use in 
Decision-Support Systems 
In Section 3.1, decision support was defined 
as a process that generates climate science 
products and translates them into forms useful 
for decision makers through dissemination and 
communication. This process, when successful, 
leads to institutional transformation (NRC, 
2008). Five factors are cited as impediments 
to optimal use of decision-support systems’ 
information: (1) lack of integration of systems 
with expert networks; (2) lack of institutional 
coordination; (3) insufficient stakeholder en-
gagement in product development; (4) insuf-
ficient cross-disciplinary interaction; and, (5) 
expectations that the expected “payoff” from 
forecast use may be low. The Red River flood-
ing and flood management case following this 
discussion exemplifies some of these problems, 
and describes some promising efforts being 
expended in overcoming them.

Some researchers (Georgakakos et al., 2005) 
note that because water management decisions 
are subject to gradual as well as rapid changes 

in data, information, technology, natural sys-
tems, uses, societal preferences, and stakeholder 
needs, effective decision-support processes 
regarding climate variability information must 
be adaptive and include self-assessment and 
improvement mechanisms in order to be kept 
current (Figure 3.2). 

These assessment and improvement mecha-
nisms, which produce transformation, are 
denoted by the upward-pointing feedback links 
shown in Figure 3.2, and begin with monitoring 
and evaluating the impacts of previous deci-
sions. These evaluations ideally identify the 
need for improvements in the effectiveness of 
policy outcomes and/or legal and institutional 
frameworks. They also embrace assessments 
of the quality and completeness of the data and 
information generated by decision-support sys-
tems and the validity and sufficiency of current 
knowledge. Using this framework as a point of 
departure makes discussing our five barriers to 
information use easier to comprehend. 

First, the lack of integrated decision-support 
systems and expert networks to support plan-
ning and management decisions means that 
decision-support experts and relevant climate 
information are often not available to decision 
makers who would otherwise use this informa-
tion. This lack of integration is due to several 
factors, including resources (e.g., large agencies 
can better afford to support modeling efforts, 
consultants, and large-scale data management 
efforts than can smaller, less-well funded ones), 
organizational design (expert networks and 
support systems may not be well-integrated 
administratively from the vantage point of 
connecting information with users’ “decision 
routines”), and opportunities for interaction 
between expert system designers and manag-
ers (the strength of communication networks to 
permit decisions and the information used for 
them to be challenged, adapted, or modified—
and even to frame scientific questions). This 
challenge embraces users and producers of 
climate information, as well as the boundary 
organizations that can serve to translate infor-
mation (Hartmann, 2001; NRC, 1996; Sarewitz 
and Pielke, 2007; NRC, 2008).

Second, the lack of coordination of institutions 
responsible for water resources management 
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means that information generated by decision-
support networks must be communicated to 
various audiences in ways relevant to their roles 
and responsibilities (Section 3.2.1). Figure 3.2 
and discussion of the factors that led to develop-
ment of better decision support for flood hazard 
alleviation on the Red River of the North reveal 
how extreme environmental conditions com-
pound the challenge in conveying information 
to different audiences given the dislocation and 
conflict that may arise.

Third, limited stakeholder participation and po-
litical influence in decision-making processes 
means that decision-support products may not 
equitably penetrate to all relevant audiences. 
It also means that because water issues typi-
cally have low visibility for most of the public, 
the economic and environmental dislocations 
caused by climate variability events (e.g., 
drought, floods), or even climate change, may 
exacerbate these inequities and draw sudden, 
sharp attention to the problems resulting from 
failure to properly integrate decision-support 
models and forecast tools, since disasters often 
strike disadvantaged populations dispropor-

tionately (e.g., Hurricane Katrina in 2005) 
(Hartmann et al., 2002; Carbone and Dow, 
2005; Subcommittee on Disaster Reduction, 
2005; Leatherman and White, 2005). 

Fourth, the lack of adequate cross-disciplinary 
interaction between science, engineering, pub-
lic policy-making, and other knowledge and 
expertise sectors, as well as across agencies, 
academic institutions, and private sector organi-
zations, exacerbates these problems by making 
it difficult for decision-support information 
providers to communicate with one another. 
It also exacerbates the problem of informa-
tion overload by inhibiting use of incremental 
additional tools, the sources and benefits of 
which are unclear to the user. In short, certain 
current decision-support services are often nar-
rowly focused, developed by over-specialized 
professionals working in a “stovepipe” system 
of communication within their organizations. 
While lack of integration can undermine the 
effectiveness of decision-support tools and 
impede optimal decisions, it may create op-
portunities for design, development and use of 
effective decision-support services. 

Figure 3.2  Water resources decision processes.
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3.2.5 Reliability and Trustworthiness
as Problems in Collaboration
The collaborative process for decision support 
must be believable and trustworthy, with ben-
efits to all engaged in it. One of the challenges 
in ensuring that information is perceived by 
decision makers as trustworthy is that trust is 
the result of an interactive process of long-term, 
sustained effort by scientists to respond to, work 
with, and be sensitive to the needs of decision 
makers and users, and of decision makers be-
coming sensitive to, and informed about, the 
process of research. In part, trust is also a mat-
ter of the perceived credibility of the outcomes 
generated by decision-support systems. 

The Red River Flood warning case (Section 
3.2.4) provides an excellent example of this 
problem—users had become comfortable with 
single-valued forecasts and thus had applied 
their own experience in determining how much 
confidence to place in the forecasts they re-
ceived. Coupled with the dependence on media 
as the tool for conveying weather information, 
the inclusion of uncertainty information in a 
forecast was viewed by some as a weakness, or 
disadvantage, in providing adequate warning 
of impending flood conditions, instead of an 
advantage in ensuring a more sound and useful 
forecast product. 

Two other case vignettes featured below, the 
Yakima and Upper Colorado River basins, 
reveal the inverse dimensions of this problem. 
In effect, what happens if forecast information 
proves to be incorrect in its predictions, because 
predictions turned out to be technically flawed, 
overly (or not sufficiently) conservative in their 
estimate of hazards, contradictory in the face 
of other information, or simply insufficiently 
sensitive to the audiences to whom forecasts 
were addressed?

As these cases suggest, given the different ex-
pectations and roles of scientists and decision 
makers, what constitutes credible information 
to a scientist involved in climate prediction or 
evaluation may differ from what is considered 
credible information by a decision maker. To a 
decision maker, forecast credibility is often per-
ceived as hinging upon its certainty. The more 
certain and exact a forecast, the more trusted it 
will be by decision makers, and the more trust-

worthy the developers of that information will 
be perceived. As shown below, improvements 
in forecast interpretation and translation, com-
munication and institutional capacity to adjust 
to changing information and its consequences, 
are essential to addressing this problem. A ba-
sic characteristic of much forecast information 
is that even the best forecasts rarely approach 
close to absolute certainty of prediction—this 
issue is discussed in Section 3.3.2. 

3 . 2 . 5 .1  O t h e r  r e l i a b i l i t y  a n d 
trustworthiness issues: the need 
for high resolution data

Research on the information needs of water 
decision makers has increasingly brought at-
tention to the fact that use of climate-related 
decision-support tools is partly a function of 
the extent to which they can be made relevant to 
site-specific conditions and specific managerial 
resource needs, such as flow needs of aquatic 
species; the ability to forecast the impact of 
climate variability on orographic precipitation; 
and, the ability to fill in gaps in hydrologic 
monitoring (CDWR, 2007). In effect, proper 
integration of climate information into a water 
resource management context means develop-
ing high-resolution outputs able to be conveyed 
at the watershed level. It also means predicting 
changes in climate forecasts through the season 
and year, and regularly updating predictions. 
Specificity of forecast information can be as im-
portant as reliability for decision making at the 
basin and watershed level (CDWR, 2007). The 
Southwest drought case discussed in Section 
3.2.3 illustrates the importance of information 
specificity in the context of water managers’ 
responses, particularly within the Colorado 
River basin.

3.2.5.2 Uncertainty in the regulatory 
process

While uncertainty is an inevitable part of the 
water resource decision makers’ working en-
vironment, one source of lack of trust revolves 
around multi-level, multi-actor governance 
(Section 3.2.1). Shared governance for water 
management, coupled with the risk-averse 
character of traditional public works-type water 
agencies in particular, leads to situations where, 
while parties may act together for purposes of 
shared governance, “they may not have com-
mon goals or respond to common incentives” 
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(NRC, 2008). Moreover, governance processes 
that cross various agencies, jurisdictions, and 
stakeholder interests are rarely straightforward, 
linear, or predictable because different actors 
are asked to provide information or resources 
peripheral to their central functions. In the 
absence of clear lines of authority, trust among 
actors and open lines of communication are 
essential (NRC, 2008). 

As shown in Chapter 4 in the discussion of the 
South Florida water management case, a regu-
latory change introduced to guide water release 
decisions helped increase certainty and trust in 
the water allocation and management process. 
The South Florida Water Management District 
uses a Water Supply and Environment (WSE) 
schedule for Lake Okeechobee that employs 
seasonal and multi-seasonal climate outlooks 
as guidance for regulatory releases (Obeysekera 
et al., 2007). The WSE schedule, in turn, uses 
ENSO and Atlantic Multi-decadal Oscillation 
(AMO; Enfield et al., 2001) to estimate net 
inflow. The discussion of this case shows how 
regulatory changes initially intended to simply 
guide water release decisions can also help 
build greater certainty and trust in the water 
allocation and management process by making 
decisions predictable and transparent.

3.2.5.3 Data problems

Lack of information about geographical and 
temporal variability in climate processes is one 
of the primary barriers to adoption and use of 
specific products. An important dimension of 
this lack of information problem, relevant to dis-
cussions of reliability and trust, revolves around 
how decision makers make decisions when they 
have poor, no, or little data. Decision research 
from the social and behavioral sciences suggests 

that when faced with such problems, individual 
decision makers typically omit or ignore key 
elements of good decision processes. This leads 
to decisions that are often ineffective in bring-
ing about the results they intended (Slovic et al., 
1977). Furthermore, decision makers, such as 
water managers responsible for making flow or 
allocation decisions based on incomplete fore-
cast data, may respond to complex tasks by em-
ploying professional judgment to simplify them 
in ways that seem adequate to the problem at 
hand, sometimes adopting “heuristic rules” that 
presume different levels of risk are acceptable 
based on their prior familiarity with a similar 
set of problems (Tversky and Kahneman, 1974; 
Payne et al., 1993). 

Decision makers and the public also may re-
spond to probabilistic information or questions 
involving uncertainty with predictable biases 
that ignore or distort important information 
(Kahneman et al., 1982) or exclude alternative 
scenarios and possible decisions (e.g., Keeney, 
1992; NRC, 2005). ENSO forecasts illustrate 
some of these problems11. Operational ENSO-
based forecasts have only been made since the 
late 1980s while ENSO-related products that 
provide information about which forecasts are 
likely to be most reliable for what time periods 
and in which areas, have an even shorter his-
tory. Thus, decision-maker experience in their 
use has been limited. Essential knowledge for 
informed use of ENSO forecasts includes un-
derstanding of the temporal and geographical 
domain of ENSO impacts. Yet, making a deci-
sion based only on this information may expose 
a manager unnecessarily to consequences from 
that decision such as having to having to make 
costly decisions regarding supplying water to 
residents when expected rains from an ENSO 
event do not materialize.

3.2.5.4 Changing environmental, 
social and economic conditions

Over the past three decades, a combination of 
economic changes (e.g., reductions in federal 
spending for large water projects), environ-

11	  El Niños tend to bring higher-than-average winter 
precipitation to the U.S. Southwest and Southeast 
while producing below-average precipitation in the 
Pacific Northwest. By contrast, La Niñas produce 
drier-than-average winter conditions in the Southeast 
and Southwest while increasing precipitation received 
in the Pacific Northwest.
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mental conditions (e.g., demands for more non-
structural measures to address water problems, 
population growth, and heightened emphasis on 
environmental restoration practices), and public 
demands for greater participation in water re-
source management have led to new approaches 
to water management. In Chapter 4 we address 
two of these approaches: adaptive management 
and integrated resource management. These 
approaches emphasize explicit commitment to 
environmentally-sound, socially-just outcomes; 
greater reliance upon drainage basins as plan-
ning units; program management via spatial and 
managerial flexibility, collaboration, participa-
tion, and peer-reviewed science (Hartig et al., 
1992; Landre and Knuth, 1993; Cortner and 
Moote, 1994; Water in the West, 1998; May et 
al., 1996; McGinnis, 1995; Miller et al., 1996; 
Cody, 1999; Bormann et al., 1993; Lee, 1993). 
As shall be seen, these approaches place added 
demands on water managers regarding use of 
climate variability information, including add-
ing new criteria to decision processes such as 
managing in-stream flows/low flows, climate 
variability impacts on runoff, water quality, 
fisheries, and water uses. 

3 . 2 . 5 . 5  P u b l i c  p e rc e p t i o n  a n d 
politics may outweigh facts and 
professional judgment

Climate variability and its risks are viewed 
through perceptual frames that affect not only 
decision makers and other policy elites, but 
members of the general public. Socialization 
and varying levels of education contribute to 
a social construction of risk information that 
may lead the public to view extreme climate 
variability as a sequence of events that may 
lead to catastrophe unless immediate action is 
taken (Weingart et al., 2000). Extreme events 
may heighten the inf luence of sensational 
reporting, impede reliance upon professional 
judgment, lead to sensationalized reporting, 
and affect a sudden rise in public attention that 
may even shut off political discussion of the 
issue (Weingert et al., 2000). 

3 . 2 . 5 . 6  Dec i s i o n m a k e r s  m ay b e 
v u l n e r a b l e  w h e n  t h e y  u s e 
information

Decision makers can lose their jobs, livelihoods, 
stature, or reputation by relying on forecasts 
that are wrong. Likewise, similar consequences 

can come about from untoward outcomes of 
decisions based on correct forecasts. This fact 
tends to make decision makers risk averse, and 
sometimes politically over-sensitive when using 
information, as noted in Chapter 4. As Jacobs 
(2002) notes in her review, much has been 
written on the reasons why decision makers 
and scientists rarely develop the types of rela-
tionships and information flows necessary for 
full integration of scientific knowledge into the 
decision-making process (Kirby, 2000; Pagano 
et al., 2001; Pulwarty and Melis, 2001 Rayner 
et al., 2005). The primary reasons are problems 
with relevance (are the scientists asking and 
answering the right questions?), accessibility of 
findings (are the data and the associated value-
added analysis available to and understandable 
by the decision makers?), acceptability (are the 
findings seen as accurate and trustworthy?) 
conclusions being drawn from the data (is the 
analysis adequate?) and context (are the find-
ings useful given the constraints in the decision 
process?).

Scientists have some authority to overcome 
some of these sources of uncertainty that result 
in distrust (e.g., diagnosing problems properly, 
providing adequate data, updating forecasts 
regularly, and drawing correct forecast con-
clusions). Other constraints on uncertainty, 
however, may be largely out of their control. 
Sensitivity to these sources of uncertainty, 
and their influence upon decision makers, is 
important. 

The Yakima case, discussed earlier in the con-
text of forecast credibility, further illustrates 
how decision makers can become vulnerable 
by relying on information that turns out to be 
inaccurate or a poor predictor of future climate 
variability events. It underscores the need for 
trust-building mechanisms to be built into fore-
cast translation projects, such as issuing forecast 
confidence limits, communicating better with 
the public and agencies, and considering the 
consequences of potential actions taken by us-
ers in the event of an erroneous forecast. The 
next section discusses particular challenges 
related to translation.
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3.3 WHAT ARE THE 
CHALLENGES IN FOSTERING 
COLLABORATION BETWEEN 
SCIENTISTS AND DECISION- 
MAKERS? 

This Section examines problems in translating 
climate forecasts and hydrology information 
into integrated water management decisions, 
forecast communication, and operationalizing 
decision-support systems. This discussion 
focuses on translation of scientific informa-
tion into forms useful and useable by decision 
makers.

3.3.1 General Problems in Fostering
Collaboration
The social and decision sciences have learned 
a great deal about the obstacles, impediments, 
and challenges in translating scientific informa-
tion, especially forecasts, for decision makers 
generally, and resource managers in particular. 
Simply “doing research” on a problem does not 
assure in any way that the research results can 
or will contribute to solving a societal problem; 
likewise “more research does not necessarily 
lead to better decisions” (e.g., Cash et al., 2003; 
Jacobs et al., 2005; Sarewitz and Pielke, 2007; 
Rayner et al., 2005). Among the principal rea-
sons information may not be used by decision 
makers are that they do fit the setting or timing 
in which the decision occurs and that there are 
external constraints that preclude its use. A 
further explanation follows. 

The information may be viewed as irrelevant 
to the user or inappropriate to the decision con-
text: While scientists’ worldviews are strongly 
influenced and affected by the boundaries of 
their own research and disciplines, decision 
makers’ worldviews are conditioned by the 
“decision space” (Jacobs et al., 2005). Decision 
space refers to the range of realistic options 
available to a given decision maker to resolve a 
particular problem. While a new scientifically-
derived tool or source of information may 
have obvious applications when viewed from a 
theoretical perspective, a decision maker may 
be constrained from using a tool or information 
by external factors. 

External constraints such as laws and regula-
tions may limit the range of options available 

to the decision maker: Policies, procedures, and 
precedents relevant to a given decision—includ-
ing decisional rules and protocols, expectations 
imposed by decision makers through training 
and by peer and supervisory expectations, suf-
ficiency of resources (e.g., time and money) 
within organizations to properly integrate in-
formation and tools into decision making, and 
the practicality of implementing various options 
prescribed by tools and/or information given the 
key questions the decision maker must manage 
on a daily basis—are all factors that limit deci-
sion makers’ use of information. These factors 
can also limit the range of options available to 
decision makers. 

Political scientists who study administrative 
organizations cite three principal ways the 
rule-making culture of administrative organiza-
tions hinders information use, ranging from the 
nature of policy “attentiveness” in administra-
tive organizations in which awareness of alter-
natives is often driven by demands of elected 
officials instead of newly available information 
(e.g., Kingdon, 1995), to organizational goals 
and objectives which often frame or restrict the 
flow of information and “feedback”. Another 
set of reasons revolves around the nature of 
indirect commands within organizations that 
evolve through trial and error. Over time, these 
commands take the form of rules and protocols 
which guide and prescribe appropriate and inap-
propriate ways of using information in bureau-
cracies (Stone, 1997; Torgerson, 2005). 

The following case, relating to the translation of 
drought information in the southeastern United 
States, describes the influence of institutional 
constraints on information use. In this instance, 
the problem of drought is nested within a larger 
regional water dispute among three states. By 
describing the challenges in incorporating 
drought and water shortage information into 
basin-wide water planning, this case also helps 
clarify a number of salient problems faced by 
water managers working with complex informa-
tion in a contentious political or legal context. 
In short, information usefulness is determined 
in part by social and political context or “ro-
bustness”. To be “socially robust”, information 
must first be valid outside, as well as inside, the 
laboratory where it is developed; and secondly, 
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it must involve an extended group of experts, 
including lay “experts” (Gibbons, 1999).

Case Study: The Southeast Drought: Another 
Perspective on Water Problems in the South-
eastern United States

Introduction and context
As mentioned earlier, drought risk consists of 
a hazard component (e.g., lack of precipitation, 
along with direct and indirect effects on runoff, 
lake levels and other relevant parameters) and 
a vulnerability component. Some aspects of 
vulnerability include the condition of physi-
cal infrastructure; economics, awareness and 
preparedness; institutional capability and 
f lexibility; policy, demography, and access 
to technology (Wilhite et al., 2000). Thus, 
there are clearly non-climatic factors that can 
enhance or decrease the likelihood of drought 
impacts. Laws, institutions, policies, proce-
dures, precedents and regulations, for instance, 
may limit the range of options available to the 
decision maker, even if he or she is armed with 
a perfect forecast. 

In the case of the ongoing drought in the south-
eastern United States, the most recent episode, 
beginning in 2006 and intensifying in 2007 
(see Box Figure 3.1), impacts to agriculture, 
fisheries, and municipal water supplies were 
likely exacerbated by a lack of action on water 
resources compacts between Georgia, Ala-
bama, and Florida (Feldman, 2007). The hazard 
component was continuously monitored at the 
state, regional, and national level by a variety 
of institutions, including state climatologists, 
the Southeast Regional Climate Center, the 
Southeast Climate Consortium, the USGS, the 
NWS, the U.S. Drought Monitor and others. In 
some cases, clear decision points were speci-
fied by state drought plans (Steinemann and 
Cavalcanti, 2006; Georgia DNR, 2003). (Florida 
lacks a state drought plan.) During the spring of 
2007 the situation worsened as record precipita-
tion deficits mounted, water supplies declined, 
and drought impacts, including record-setting 
wildland fires, accumulated (Georgia Forestry 
Commission, 2007). Georgia decision makers 
faced the option of relying on a forecast for 
above-average Atlantic hurricane frequency, 
or taking more cautious, but decisive, action 
to stanch potentially critical water shortages. 

Public officials allowed water compacts to 
expire, because they could not agree on water 
allocation formulae. As a result, unresolved 
conflicts regarding the relative priorities of 
upstream and downstream water users (e.g.,  
streamflows intended to preserve endangered 
species and enrich coastal estuaries vied for the 
same water as reservoir holdings intended to 
drought-proof urban water uses) impeded the 
effective application of climate information to 
mitigate potential impacts. 

The Apalachicola–Chattahoochee–Flint River 
basin compact negotiations
The Apalachicola–Chattahoochee–Flint River 
Basin Compact was formed to address the 
growing demands for water in the region’s 
largest city, Atlanta, while at the same time 
balancing off-stream demands of other users 
against in-stream needs to support fisheries 
and minimum flows for water quality (Hull, 
2000). While the basin is rapidly urbanizing, 
farming, and the rural communities that depend 
upon it, remain important parts of the region’s 
economy. Conflicts between Georgia, Florida, 
and Alabama over water rights in the basin 
began in the late 1800s. Today, metro-Atlanta 
daily draws more than 400 million gallons of 
water from the river and discharges into it more 
than 300 million gallons of wastewater. 

Following protracted drought in the region 
in the 1990s, decision makers in Alabama, 
Florida, and Georgia dedicated themselves to 
avoiding lengthy and expensive litigation that 
likely would have led to a decision that would 
have pleased no one. In 1990, the three states 
began an 18-month negotiation process that 
resulted, first, in a Letter of Agreement (April, 
1991) to address short term issues in the basin 
and then, in January 1992, a Memorandum of 
Agreement that, among other things, stated that 
the three states were in accord on the need for a 
study of the water needs of the three states. The 
three states’ governors also agreed to initiate 
a comprehensive study by the Army Corps of 
Engineers (Kundell and Tetens, 1998). 

At the conclusion of the 1998 compact summit, 
chaired by former Representative Gingrich, the 
three states agreed to: protect federal regula-
tory discretion and water rights; assure public 
participation in allocation decisions; consider 
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environmental impacts in allocation; and de-
velop specific allocation numbers—in effect, 
guaranteeing volumes “at the state lines”. Water 
allocation formulas were to be developed and 
agreed upon by December 31, 1998. However, 
negotiators for the three states requested at 
least a one-year extension of this deadline in 
November of 1998, and several extensions and 
requests for extensions have subsequently been 
granted over the past dozen years, often at the 
11th hour of stalemated negotiations. 

Opportunities for a breakthrough came in 
2003. Georgia’s chief negotiator claimed that 
the formulas posted by Georgia and Florida, 
while different, were similar enough to allow 
the former to accept Florida’s numbers and to 
work to resolve language differences in the 
terms and conditions of the formula. Alabama 
representatives concurred that the numbers 
were workable and that differences could be 
resolved. Nonetheless, within days of this ten-
tative settlement, negotiations broke off once 
again (Georgia Environmental Protection Divi-
sion, 2002). In August 2003, Governors Riley, 
Bush, and Perdue from Alabama, Florida, and 
Georgia, respectively, signed a memorandum of 
understanding detailing the principles for allo-
cating water for the ACF over the next 40 years; 
however, as of this writing, Georgia has lost an 
appeal in the Appellate Court of the District of 
Columbia to withdraw as much water as it had 
planned to do, lending further uncertainty to 
this dispute (Goodman, 2008).

Policy impasse
Three issues appear to be paramount in the 
failure to reach accord. First, various demands 
imposed on the river system may be incompat-
ible, such as protecting in-stream flow while 
permitting varied off-stream uses. Second, 
many of the prominent user conflicts facing 
the three states are up- versus down-stream 
disputes. For example, Atlanta is a major user 
of the Chattahoochee. However, it is also a 
“headwaters” metropolis. The same water used 
by Atlanta for water supply and wastewater dis-
charge is used by “up-streamers” for recreation 
and to provide shoreline amenities such as high 
lake levels for homes (true especially along 
the shoreline of Lake Lanier), and provides 
downstream water supply to other communi-
ties. Without adequate drawdown from Lanier, 

for example, water supplies may be inadequate 
to provide for all of Atlanta’s needs. Likewise, 
water quality may be severely degraded because 
of the inability to adequately dilute pollution 
discharges from point and non-point sources 
around Atlanta. This is especially true if in-
stream water volumes decline due to growing 
off-stream demands. 

Finally, the compact negotiating process itself 
lacks robustness; technically, the compact 
does not actually take effect until an allocation 
formula can be agreed upon. Thus, instead of 
agreeing on an institutional framework that can 
collect, analyze, translate, and use information 
to reach accord over allocation limits and water 
uses, the negotiations have been targeted on first 
determining a formula for allocation based on 
need (Feldman, 2007). As we have seen in the 
previous case on drought management in Geor-
gia, climate forecast information is being used 
to enhance drought preparedness and impact 
mitigation. Nevertheless, as noted in that case, 
conservation measures in one state alone cannot 
mitigate region-wide problems affecting large, 
multi-state watersheds. The same holds true 
for regional water supply dispute-resolution. 
Until a cooperative decision-making platform 
emerges whereby regional climate forecast data 
can be used for conjoint drought planning, water 
allocation prescriptions, and incorporation of 
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regional population and economic growth (not 
currently done on an individual state-level), ef-
fective use of decision-support information (i.e., 
transformation) will remain an elusive goal. 

3.3.1.1 Researchers often develop 
products and tools that they 

	 believe will be useful, and make them 
available for use without verifying 
whether they are needed 

This is sometimes referred to as the “loading 
dock” phenomenon (Cash et al., 2006). It gen-
erally results from one-way communication, 
without sufficient evaluation of the needs of 
stakeholders. The challenge of integrating in-
formation and tools into decision making is a 
problem endemic to all societies, particularly, 
as this Product presents, in the case of climate 
variability and water management. Developing 
nations are faced with the additional impedi-
ment of facing these problems without adequate 
resources. The following case study of North-
east Brazil is one example of this struggle.

Case Study: Policy learning and seasonal 
climate forecasting application in Northeast 
Brazi l— integrat ing informat ion into 
decisions

Introduction
The story of climate variability forecast appli-
cation in the state of Ceará (Northeast Brazil) 
chronicles a policy process in which managers 
have deployed seasonal climate forecasting 
experimentally for over ten years for water and 
agriculture, and have slowly learned different 
ways in which seasonal forecasting works, does 
not work, and could be improved for decision 
making (Lemos et al., 2002; Lemos, 2003; 
Lemos and Oliveira, 2004; Taddei 2005; Pfaff 
et al., 1999). 

The Hora de Plantar (“Time to Plant”) Pro-
gram, begun in 1988, aimed at distributing 
high-quality, selected seed to poor subsistence 
farmers in Ceará and at maintaining a strict 
planting calendar to decrease rain-fed farmers 
sensitivity to climate variability (Lemos, 2003). 
In exchange for selected seeds, farmers “paid” 
back the government with grain harvested 
during the previous season or received credit 
to be paid the following year. The rationale for 
the program was to provide farmers with high 

quality seeds (corn, beans, rice, and cotton), but 
to distribute them only when planting condi-
tions were appropriate. Because farmers tend 
to plant with the first rains (sometimes called 
the “pre-season”) and often have to replant, the 
goal of this program was to use a simplified soil/
climate model, developed by the state meteorol-
ogy agency (FUNCEME) to orient farmers with 
regard to the actual onset of the rainy season 
(Andrade, 1995). 

While the program was deemed a success (Gol-
naraghi and Kaul, 1995), a closer look revealed 
many drawbacks. First, it was plagued by a 
series of logistical and enforcement problems 
(transportation and storage of seed, lack of 
enough distribution centers, poor access to 
information and seeds by those most in need, 
fraud, outdated client lists) (Lemos et al., 1999). 
Second, local and lay knowledge accumulated 
for years to inform its design was initially ig-
nored. Instead, the program relied on a model 
of knowledge use that privileged the use of 
technical information imposed on the farmers 
in an exclusionary and insulated form that alien-
ated stakeholders and hampered buy-in from 
clients (Lemos, 2003). Third, farmers strongly 
resented Hora de Plantar’s planting calendar 
and its imposition over their own best judgment. 
Finally, there was the widespread perception 
among farmers (and confirmed by a few bank 
managers) that a “bad” forecast negatively af-
fected the availability of rural credit (Lemos 
et al., 1999). While many of the reasons farm-
ers disliked the program had little to do with 
climate forecasting, the overall perception was 
that FUNCEME was to blame for its nega-
tive impact on their livelihoods (Lemos et al., 
2002; Lemos, 2003; Meinke et al., 2006). As 
a result, there was both a backlash against the 
program and a relative discredit of FUNCEME 
as a technical agency and of the forecast by as-
sociation. The program is still active, although 
by 2002, the strict coupling of seed distribution 
and the planting calendar had been phased out 
(Lemos, 2003).

In 1992, as part of Ceará’s modernizing gov-
ernment administration, and in response to a 
long period of drought, the State enacted Law 
11.996 that defined its policy for water resources 
management. This new law created several lev-
els of water management, including watershed 
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Users’ Commissions, Watershed Committees 
and a state level Water Resources Council. The 
law also defined the watershed as the planning 
unit of action; spelled out the instruments of 
allocation of water permits and fees for the 
use of water resources; and regulated further 
construction in the context of the watershed 
(Lemos and Oliveira, 2004; Formiga-Johnsson 
and Kemper, 2005; Pfaff et al., 1999). 

Innovation—Using Information More 
Effectively
One of the most innovative aspects of water 
reform in Ceará was creation of an interdis-
ciplinary group within the state water man-
agement agency (COGERH) to develop and 
implement reforms. The inclusion of social and 
physical scientists within the agency allowed 
for the combination of ideas and technologies 
that critically affected the way the network 
of técnicos and their supporters went about 
implementing water reform in the State. From 
the start, COGERH sought to engage stakehold-
ers, taking advantage of previous political and 
social organization within the different basins 
to create new water organizations (Lemos 
and Oliveira, 2005). In the Lower Jaguaribe-
Banabuiú River basin, for example, the imple-
mentation of participatory councils went further 
than the suggested framework of River Basin 
Committees to include the Users Commission 
to negotiate water allocation among different 
users directly (Garjulli, 2001; Lemos and Ol-
iveira, 2004; Taddei, 2005; Pfaff et al., 1999). 
COGERH técnicos specifically created the 
Commission independently of the “official” 
state structure to emphasize their autonomy 
vis-à-vis the State (Lemos and Oliveira, 2005). 
This agenda openly challenged a pattern of 
exclusionary water policymaking prevalent in 
Ceará and was a substantial departure from the 
top-down, insulated manner of water allocation 
in the past (Lemos and Oliveira, 2004). The 
ability of these técnicos to implement the most 
innovative aspects of the Ceará reform can be 
explained partly by their insertion into policy 
networks that were instrumental in overcoming 
the opposition of more conservative sectors of 
the state apparatus and their supporters in the 
water user community (Lemos and Oliveira, 
2004).

The role of knowledge in building adaptive 
capacity in the system was also important 
because it helped democratize decision mak-
ing. In Ceará, the organization of stakeholder 
councils and the effort to use technical knowl-
edge, especially reservoir scenarios to inform 
water release, may have enhanced the system’s 
adaptive capacity to climate variability as well 
as improved water resources sustainability 
(Formiga-Johnson and Kemper, 2005; Engle, 
2007). In a recent evaluation of the role of 
governance institutions in influencing adaptive 
capacity building in two basins in northeastern 
Brazil (Lower Jaguaribe in Ceará and Pirapama 
in Pernambuco), Engle (2007) found that water 
reform played a critical role in increasing adap-
tive capacity across the two basins. And while 
the use of seasonal climate knowledge has 
been limited so far (the scenarios assume zero 
inflows from future rainfall), there is great po-
tential that use of seasonal forecasts could affect 
several aspects of water management and use in 
the region and increase forecast value. 

In the context of Ceará’s Users Commissions, 
the advantages are twofold. First, by making 
simplified reservoir models available to users, 
COGERH is not only enhancing public knowl-
edge about the river basin but also is crystalliz-
ing the idea of collective risk. While individual 
users may be willing to go along with the status 
quo, collective decision-making processes may 
be much more effective in curbing overuse. 
Second, information can play a critical role in 
democratization of decision making at the river 
basin level by training users to make decisions, 
and dispelling the widespread distrust that has 
developed as a result of previous applications of 
climate information. Finally, the case suggests 
that incorporating social science into processes 
that are being designed to optimize the use of 
climate forecast tools in specific water man-
agement contexts can enhance outcomes by 
helping poorer communities better adapt to, and 
build capacity for, managing climate variability 
impacts on water resources. Building social 
capital can be advantageous for other environ-
mental issues as well, including an increasing 
likelihood of public attentiveness, participation, 
awareness, and engagement in monitoring of 
impacts.

Incorporating social 
science into processes
that are being 
designed to optimize 
the use of climate 
forecast tools in 
specific water 
management
contexts can enhance 
outcomes by
helping poorer 
communities better 
adapt to, and build 
capacity for, managing 
climate variability
impacts on water 
resources.



95

Decision-Support Experiments and Evaluations using Seasonal to
 Interannual Forecasts and Observational Data:  A Focus on Water Resources

3.3.1.2 Information may not be available 
at the time it could be useful 

It is well established in the climate science com-
munity that information must be timely in order 
to be useful to decision makers. This requires 
that researchers understand and be responsive to 
the time frames during the year for which spe-
cific types of decisions are made. Pulwarty and 
Melis (2001), Ray and Webb (2000), and Wiener 
et al. (2000) have developed and introduced the 
concept of “decision calendars” in the context 
of the Western Water Assessment in Boulder, 
Colorado (Figure 3.3). Failure to provide infor-
mation at a time when it can be inserted into the 
annual series of decisions made in managing 
water levels in reservoirs, for example, may re-
sult in the information losing virtually all of its 
value to the decision maker. Likewise, decision 
makers need to understand the types of predic-
tions that can be made and trade-offs between 
longer-term predictions of information at the 
local or regional scale and potential decreases 
in accuracy. They also need to help scientists 
in formulating research questions. 

The importance of leadership in initiating 
change cannot be overstated (Chapter 4), and 
its importance in facilitating information ex-

change is also essential; making connections 
with on-the-ground operational personnel and 
data managers in order to facilitate information 
exchange is of particular importance. The pres-
ence of a “champion” within stakeholder groups 
or agencies may make the difference in success-
ful integration of new information. Identifying 
people with leadership qualities and working 
through them will facilitate adoption of new 
applications and techniques. Recently-hired 
water managers have been found to be more 
likely to take risks and deviate from precedent 
and “craft skills” that are unique to a particular 
water organization (Rayner et al., 2005). 

The following vignette on the Advanced Hy-
drologic Prediction System (AHPS), established 
in 1997, exemplifies a conscious effort by the 
National Weather Service to respond to many 
of these chronic relational problems in a deci-
sional context. AHPS is an effort to go beyond 
traditional river stage forecasts which are short-
term (one to three days), and are the product of 
applied historical weather data, stream gage 
data, channel cross-section data, water supply 
operations information, and hydrologic model 
characteristics representing large regions. It is 
an effort that has worked, in part, because it has 

Figure 3.3  An example of a decision calendar for reservoir management planning. Shaded bars 
indicate the timing of information needs for planning and operational issues over the year (Source: 
Ray and Webb, 2000).
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many “champions”; however, questions remain 
about whether resources for the initiative have 
been adequate.

AHPS responds directly to the problem of time-
ly information availability by trying to provide 
forecasting information sooner, particularly on 
potential flooding; linking it directly to local 
decision makers, providing the information in 
a visual format; and, perhaps most of all, pro-
viding a dedicated program within NOAA (and 
the NWS) that has the capacity to work directly 
with the user community and monitor ongoing, 
evolving decision-support needs.

Vignette: AHPS—Advantages over 
conventional forecasting

Applying the same hydrologic data used in 
current methods, AHPS also employs advanced 
hydrologic models with characteristics specific 
to local watersheds and tributaries. These ad-
vanced, localized hydrologic models increase 
forecast accuracy by 20 percent over existing 
models. Its outputs are more accurate, detailed, 
and visually oriented, and are able to provide 
decision makers and the public with informa-
tion on, among other variables: how high a river 
will rise, when it will reach its peak, where 
properties will be subject to flooding, and how 
long a flood event will continue. It is estimated 
that national implementation of AHPS will 
save at least $200 million per year in reduced 
flood losses and contribute an additional $400 
million a year in economic benefits to water 
resource users (Advanced Hydrologic Predic-
tion Service/ <http://www.state.nj.us/drbc/
Flood_Website/AHPS.htm>).

Benefits and application
AHPS provides detailed products in an im-
proved format. Because it is visually oriented, 
it provides information in a format that is easier 
to understand and use by the general public as 
well as planners and scientists. AHPS depicts 
the magnitude and probability of hydrologic 
events, and gives users an idea of worst case 
scenario situations. Finally, AHPS provides 
forecasts farther in advance of current meth-
ods, allowing people additional time to protect 
themselves, their families, and their property 
from floods.

Following the Great Flood of 1993 in the 
Midwest, the Des Moines River Basin in Iowa 
was selected to be a location to test for the 
first phase toward national implementation of 
AHPS. Residents, via the Internet, can now 
access interactive maps displaying flood fore-
cast points. Selecting any of the flood forecast 
points on the map allows Internet users to obtain 
river stage forecast information for the point of 
interest. Available information includes: river 
flood stages, flow and volume probabilities, site 
maps, and damage tables projecting areas are 
likely to be subject to flooding.

Status and assessment
A 2006 NRC report found AHPS to be an 
ambitious climate forecast program that prom-
ises to provide services and products that are 
timely and necessary. However, it expressed 
concerns about “human and fiscal resources”, 
recommending that there is a need for trained 
hydrologic scientists to conduct hydrologic 
work in the NWS. Regarding fiscal resources, 
“the budgetary history and current allocation 
seem misaligned with the ambitious goals of 
the program”. Thus, the program’s goals and 
budget should be brought into closer alignment 
(NRC, 2006).

3.3.2 Scientists Need to Communicate 
Better and Decision-Makers Need a 
Better Understanding of Uncertainty—
it is Embedded in Science 
Discussions of uncertainty are at the center of 
many debates about forecast information and 
its usefulness. Uncertainties result from: the 
relevance and reliability of data, the appropri-
ateness of theories used to structure analyses, 
the completeness of the specification of the 
problem, and in the “fit” between a forecast 
and the social and political matters of fact on 
the ground (NRC, 2005). While few would 
disagree that uncertainties are inevitable, there 
is less agreement as to how to improve ways of 
describing uncertainties in forecasts to provide 
widespread benefits (NRC, 2005). It is impor-
tant to recognize that expectations of certainty 
are unrealistic in regards to climate variability. 
Weather forecasts are only estimates; the risk 
tolerance (Section 3.2.3) of the public is often 
unrealistically low. As we have seen in multiple 
cases, one mistaken forecast (e.g., the Yakima 
basin case) can have an impact out of proportion 

While few would 
disagree that 
uncertainties are 
inevitable, there is 
less agreement as 
to how to improve 
ways of describing 
uncertainties 
in forecasts 
to provide 
widespread 
benefits.



97

Decision-Support Experiments and Evaluations using Seasonal to
 Interannual Forecasts and Observational Data:  A Focus on Water Resources

to the gravity of its consequences. Some starting 
points from the literature include helping deci-
sion makers understand that uncertainty does 
not make a forecast scientifically flawed, only 
imperfect. Along these lines, decision makers 
must understand the types of predictions that 
can be made and trade-offs between predictions 
of information at the local or regional scale that 
are less accurate than larger scale predictions 
(Jacobs et al., 2005). They also need to help sci-
entists formulate research questions that result 
in relevant decision-support tools.

Second, uncertainty is not only inevitable, but 
necessary and desirable. It helps to advance 
and motivate scientific efforts to refine data, 
analysis, and forecaster skills; replicate research 
results; and revise previous studies, especially 
through peer review (discussed below) and 
improved observation. As one observer has 
noted, “(un)certainty is not the hallmark of 
bad science, it is the hallmark of honest science 
(when) we know enough to act is inherently a 
policy question, not a scientific one” (Brown, 
1997). 

Finally, the characterization of uncertainty 
should consider the decision relevance of dif-
ferent aspects of the uncertainties. Failure to 
appreciate such uncertainties results in poor 
decisions, misinterpretation of forecasts, and 
diminished trust of analysts. Considerable work 
on uncertainty in environmental assessments 
and models make this topic ripe for progress 
(e.g., NRC, 1999). 

Vignette: Interpreting Climate Forecasts—
uncertainties and temporal variability

Introduction
Lack of information about geographical and 
temporal variability in climate processes is one 
of the primary barriers to adoption and use of 
specific products. ENSO forecasts are an excel-
lent example of this issue. While today El Niño 
(EN) and La Niña (LN) are part of the public 
vocabulary, operational ENSO-based forecasts 
have only been made since the late 1980s. Yet, 
making a decision based only on the forecasts 
themselves may expose a manager to unan-
ticipated consequences. Additional information 
can mitigate such risk. ENSO-related ancillary 
products, such as those illustrated in Figures 3.4 

and 3.5, can provide information about which 
forecasts are likely to be most reliable for what 
time periods and in which areas. As Figure 3.4 
shows, informed use of ENSO forecasts requires 
understanding of the temporal and geographi-
cal domain of ENSO impacts. EN events tend 
to bring higher than average winter precipita-
tion to the U.S. Southwest and Southeast while 
producing below-average precipitation in the 
Pacific Northwest. LN events are the converse, 
producing above-average precipitation in the 
Pacific Northwest and drier patterns across 
the southern parts of the country. Further, not 
all ENs or LNs are the same with regard to the 
amount of precipitation they produce. As illus-
trated in Figure 3.6, which provides this kind 
of information for Arizona, the EN phase of 
ENSO tends to produce above-average winter 
precipitation less dependably than the LN phase 
produces below-average winter precipitation. 

An example of the value of combining ENSO 
forecasts with information about how ENSO 
tended to affect local systems arose during the 
1997/1998 ENSO event. In this case, the Arizo-
na-based Salt River Project (SRP) made a series 
of decisions based on the 1997/1998 EN forecast 
plus analysis of how ENs tended to affect their 
system of rivers and reservoirs. Knowing that 
ENs tended to produce larger streamflows late 
in the winter season, SRP managers reduced 
groundwater pumping in August 1997 in an-
ticipation of a wet winter. Their contingency 
plan called for resuming groundwater pumping 
if increased streamflows did not materialize 
by March 1, 1998. As the winter progressed, it 
became apparent that the EN had produced a 
wet winter and plentiful water supplies in SRP’s 
reservoirs. The long-lead decision to defer 
groundwater pumping in this instance saved 
SRP $1 million (Pagano et al., 2001). SRP was 
uniquely well positioned to take this kind of 
risk because the managers making the decisions 
had the support of upper-level administrators 
and because the organization had unusually 
straightforward access to information. First, a 
NWS office is co-located in the SRP adminis-
trative headquarters, and second, key decision 
makers had been interacting regularly with 
climate and hydrology experts associated with 
the NOAA-funded Climate Assessment for the 
Southwest (CLIMAS) project, located at the 
University of Arizona. Relatively few decision 
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makers have this level of support for using cli-
mate forecasts and associated information. The 
absence of such support systems may increase 
managers’ exposure to risk, in turn generating a 
strong disincentive to use climate forecasts.

3.4 SUMMARY

Decision-support systems are not often well 
integrated into policy networks to support plan-
ning and management, making it difficult to 
convey information. Among the reasons for 
this are a tendency toward institutional conser-
vatism by water agencies, a decision-making 
climate that discourages innovation, lack of 
national-scale coordination of decisions, dif-
ficulties in providing support for decisions at 
varying spatial and temporal scales due to vast 
variability in “target audiences” for products, 
and growing recognition that rational choice 
models of information transfer are overly 
simplistic. The case of information use in re-
sponse to Georgia’s recent drought brings to 
light problems that students of water decision 
making have long described about resistance 
to innovation.

Ensuring information relevance requires over-
coming the barriers of over-specialization by 
encouraging inter-disciplinary collaboration in 
product and tool development. Decision mak-
ers need to learn to appreciate the inevitability 
and desirability of forecast uncertainties at a 
regional scale on the one hand, and potential de-
creases in accuracy on the other. Scientists must 
understand both internal institutional impedi-
ments (agency rules and regulations) as well as 
external ones (e.g., political-level conflicts over 
water allocation as exemplified in the Southeast 
United States, asymmetries in information ac-
cess in the case of Northeast Brazil) as factors 
constraining decision-support translation and 
decision transformation. While the nine cases 
discussed here have been useful and instructive, 
more generalizable findings are needed in order 
to develop a strong, theoretically-grounded 
understanding of processes that facilitate infor-
mation dissemination, communication, use, and 
evaluation—and to predict effective methods of 
boundary spanning between decision makers 
and information generators. We discuss this set 
of problems in Chapter 4.

Figure 3.4  El Niño precipitation anomalies in inches (Source: NOAA Earth System Research Laboratory)
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Figure 3.5  La Niña precipitation anomalies in inches (Source: NOAA Earth System Research Laboratory)

Figure 3.6  Southern Oscillation Index (SOI) June through November, versus Winter precipita-
tion November through April for 1896 to 2001 for three phases of ENSO; El Niño, La Niña, and 
Neutral, for Arizona climate division 6. Note the greater variation in El Niño precipitation (blue) 
than in La Niña precipitation (red).
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