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Faced with mounting pressures from a changing climate, an increasing population, a

transitory populace, and varying access to available natural resources, decision makers,

scientists, and resource managers have an immediate need to understand, obtain, and

better integrate climate forecasts and observational data in near- and long-term plan-

ning. Reducing our societal vulnerability to variabilities and changes in climate depends

upon our ability to bridge the gap between climate science and the implementation of

scientific understanding in our management of critical resources, arguably the most

important of which is water. Our ability to adapt and respond to climate variability and

change depends, in large part, on our understanding of the climate and how to incorpo-

rate this understanding into our resource management decisions. This Product focuses

on the connection between the scientific ability to predict climate on seasonal scales

and the opportunity to incorporate such understanding into water resource manage-

ment decisions. It directly addresses decision support experiments and evaluations that

have used seasonal-to-interannual forecasts and observational data, and is expected to

inform () decision makers about the relative success of experiences of others who have

experimented with these forecasts and data in resource management; (2) climatologists,

hydrologists, and social scientists on how to advance the delivery of decision-support

resources that use the most recent forecast products, methodologies, and tools; and

(3) science and resource managers as they plan for future investments in research re-

lated to forecasts and their role in decision support. It is important to note, however,

that while the focus of this Product is on the water resources management sector, the

findings within this Synthesis and Assessment Product may be directly transferred to

other sectors.
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PREFACE

Decision-Support Experiments and Evaluations using Seasonal to

Interannual Forecasts and Observational Data: A Focus on Water Resources

Report Motivation and Guidance for Using
this Synthesis/Assessment Report

Convening Lead Author: Nancy Beller-Simms, NOAA

Lead Authors: Helen Ingram, Univ. of Arizona; David Feldman, Univ. of California, Irvine;
Nathan Mantua, Climate Impacts Group, Univ. of Washington; Katharine L. Jacobs, Arizona

Water Institute

Editor: Anne M. Waple, STG, Inc.

P. MOTIVATION AND GUIDANCE
FOR USING THIS SYNTHESIS AND
ASSESSMENT PRODUCT

The core mission of the U.S. Climate Change Science
Program (CCSP) is to “Facilitate the creation and appli-
cation of knowledge of the Earth’s global environment
through research, observations, decision support, and
communication”. To accomplish this goal, the CCSP has
commissioned 21 Synthesis and Assessment Products to
summarize current knowledge and evaluate the extent
and development of this knowledge for future scientific
explorations and policy planning.

These Products fall within five goals, namely:

1. Improve knowledge of the Earth’s past and present
climate and environment, including its natural vari-
ability, and improve understanding of the causes of
observed variability and change;

2. Improve quantification of the forces bringing about
changes in the Earth’s climate and related systems;

3. Reduce uncertainty in projections of how the Earth’s
climate and environmental systems may change in
the future;

4. Understand the sensitivity and adaptability of dif-
ferent natural and managed ecosystems and human
systems to climate and related global changes; and

5. Explore the uses and identify the limits of evolving
knowledge to manage risks and opportunities related
to climate variability and change.

CCSP Synthesis and Assessment Product 5.3 is one of
three products to be developed for the final goal.

This Product directly addresses decision-support experi-
ments and evaluations that have used seasonal-to-interan-
nual forecasts and observational data, and is expected to
inform (1) decision makers about the experiences of others

who have experimented with these forecasts and data in
resource management; (2) climatologists, hydrologists, and
social scientists on how to advance the delivery of decision-
support resources that use the most recent forecast products,
methodologies, and tools; and (3) science and resource man-
agers as they plan for future investments in research related
to forecasts and their role in decision support.

P.2 BACKGROUND

Gaining a better understanding of how to provide better
decision support to decision and policy makers is of prime
importance to the CCSP, and it has put considerable effort
and resources towards achieving this goal. For example,
within its Strategic Plan, the CCSP identifies decision sup-
port as one of its four core approaches to achieving its mis-
sion!. The plan endorses the transfer of knowledge gained
from science in a format that is usable and understandable,
and indicates levels of uncertainty and confidence. CCSP
expects that the resulting tools will promote the develop-
ment of new models, tools, and methods that will improve
current economic and policy analyses as well as advance
environmental management and decision making.

CCSP has also encouraged the authors of the 21 Synthesis
and Assessment Products to support informed decision mak-
ing on climate variability and change. Most of the Synthesis
and Assessment Products’ Prospectuses have outlined ef-
forts to involve decision makers, including a broad group of
stakeholders, policy makers, resource managers, media, and
the general public, as either writers or as special workshop/
meeting participants. Inclusion of decision makers in the
Synthesis and Assessment Products also helps to fulfill the
requirements of the Global Change Research Act (GCRA) of
1990 (P.L. 101-606, Section 106), which directs the program

I The four core approaches of CCSP include science, observations,
decision support, and communications.
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to “produce information readily usable by policymakers
attempting to formulate effective strategies for preventing,
mitigating, and adapting to the effects of global change” and
to undertake periodic science “assessments”.

In November 2005, the CCSP held a workshop to address the
potential of those working in the climate sciences to inform
decision and policy makers. The workshop included discus-
sions about decision-maker needs for scientific information
on climate variability and change. It also addressed future
steps, including the completion of this and other Synthesis
and Assessment Products, for research and assessment ac-
tivities that are necessary for sound resource management,
adaptive planning, and policy formulation. The audience
included representatives from academia; governments at
the state, local, and national levels; non-governmental or-
ganizations (NGOs); decision makers, including resource
managers and policy developers; members of Congress; and
the private sector.

P.3 FOCUS OF THIS SYNTHESIS AND
ASSESSMENT PRODUCT

In response to the 2003 Strategic Plan for the Climate
Change Science Program Office, which recommended the
creation of a series of Synthesis and Assessment Product
reports, the National Oceanic and Atmospheric Administra-
tion (NOAA) took responsibility for this Product. An inter-
agency group comprised of representatives from NOAA,
National Aeronautics and Space Administration, U.S.
Environmental Protection Agency, U.S. Geological Survey
and National Science Foundation wrote the Prospectus? for
this Product and recommended that this Synthesis and As-
sessment Product should concentrate on the water resource
management sector. This committee felt that focusing on a
single sector would allow for a detailed synthesis of lessons
learned in decision-support experiments within that sector.
These lessons, in turn, would be relevant, transferable, and
essential to other climate-sensitive resource management
sectors. Water resource management was selected, as it
was the most relevant of the sectors proposed and would be
of interest to all agencies participating in this process. The
group wrote a Prospectus and posed a series of questions
that they felt the CCSP 5.3 Product authors should address
in this Report. Table 1.2 lists these questions and provides
the location within the Synthesis and Assessment Product
where the authors addressed them.

2 The Prospectus is posted on the Climate Change Science Program
website at: http://www.climatescience.gov.
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P.4 THE SYNTHESIS AND ASSESSMENT
WRITING TEAM

This study required an interdisciplinary team that was able
to integrate scientific understandings about forecast and
data products with a working knowledge of the needs of
water resource managers in decision making. As a result,
the team included researchers, decision makers, and federal
government employees with varied backgrounds in the so-
cial sciences, physical sciences, and law. The authors were
identified based on a variety of considerations, including
their past interests and involvements with decision-support
experiments and their knowledge of the field as demon-
strated by practice and/or involvement in research and/or
publications in refereed journals. In addition, the authors
held a public meeting, in January 2007, in which they
invited key stakeholders to discuss their decision support
experiments with the committee. Working with authors and
stakeholders with such varied backgrounds presented some
unique challenges including preconceived notions of other
disciplines, as well as the realization that individual words
have different meanings in the diverse disciplines. For ex-
ample, those with a physical science background understood
a more quantifiable definition for the words ‘confidence’
and ‘uncertainty’ than the more qualitative (i.e., behavioral)
view of the social scientists.

The author team for this Product was constituted as a Federal
Advisory Committee in accordance with the Federal Advi-
sory Committee Act of 1972 as amended, 5 U.S.C. App.2.
The full list of the author team, in addition to a list of lead
authors provided at the beginning of each Chapter, is pro-
vided on page 3 of this Report. The editorial staff reviewed
the scientific and technical input and managed the assembly,
formatting, and preparation of the Product.
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EXECUTIVE SUMMARY

ES.1 WHAT IS DECISION SUPPORT AND
WHY IS IT NECESSARY?

Earth’s climate is naturally varying and also changing in
response to human activity. Our ability to adapt and respond
to climate variability and change depends, in large part, on
our understanding of the climate and how to incorporate
this understanding into our resource management decisions.
Water resources, in particular, are directly dependent on the
abundance of rain and snow, and how we store and use the
amount of water available. With an increasing population, a
changing climate, and the expansion of human activity into
semi-arid regions of the United States, water management
has unique and evolving challenges. This Product focuses
on the connection between the scientific ability to predict
climate on seasonal scales and the opportunity to incorpo-
rate such understanding into water resource management
decisions. Reducing our societal vulnerability to changes in
climate depends upon our ability to bridge the gap between
climate science and the implementation of scientific under-
standing in our management of critical resources, arguably
the most important of which is water. It is important to note,
however, that while the focus of this Product is on the water
resources management sector, the findings within this Syn-
thesis and Assessment Product may be directly transferred
to other sectors.

The ability to predict many aspects of climate and hydro-
logic variability on seasonal-to-interannual time scales is a
significant success in Earth systems science. Connecting
the improved understanding of this variability to water re-
sources management is a complex and evolving challenge.
While much progress has been made, conveying climate
and hydrologic forecasts in a form useful to real world de-
cision making introduces complications that call upon the

skills of not only climate scientists, hydrologists, and water
resources experts, but also social scientists with the capacity
to understand and work within the dynamic boundaries of
organizational and social change.

Up until recent years, the provision of climate and hydrologic
forecast products has been a producer-driven rather than a
user-driven process. The momentum in product develop-
ment has been largely skill-based rather than a response to
demand from water managers. It is now widely accepted
that there is considerable potential for increasing the use and
utility of climate information for decision support in water
resources management even without improving the skill
level of climate and hydrologic forecasts. The outcomes of
“experiments” intended to deliver climate-related decision
support through “knowledge-to-action networks” in water
resource related problems are encouraging.

Linkages between climate and hydrologic scientists are
getting stronger as they now more frequently collaborate to
create forecast products. A number of complex factors influ-
ence the rate at which seasonal water supply forecasts and
climate-driven hydrologic forecasts are improving in terms
of skill level. Mismatches between needs and information
resources continue to occur at multiple levels and scales.
Currently, there is substantial tension between providing
tools at the space and time scales useful for water resources
decisions that are also scientifically accurate, reliable, and
timely.

The concept of decision support has evolved over time. Early
in the development of climate information tools, decision
support meant the translation and delivery of climate science
information into forms believed to be useful to decision mak-
ers. With experience, it became clear that climate scientists
often did not know what kind of information would be useful
to decision makers. Further, decision makers who had never
really considered the possibility of using climate information
were not yet in a position to articulate what they needed. It
became obvious that user groups had to be involved at the
point at which climate information began to be developed.
Making climate science useful to decision makers involves
a process in which climate scientists, hydrologists, and the
potential users of their products engage in an interactive




The US. Climate Change Science Program

dialogue during which trust and confidence is
built at the same time that climate information
is exchanged.

The institutional framework in which decision-
support experiments are developed has impor-
tant effects. Currently there is a disconnect
between agency-led operational forecasts and
experimental hydrologic forecasts being carried
out in universities. However, as shown by the
experiments highlighted in this Product, it is
possible to develop decision-support tools, pro-
cesses and institutions that are relevant to dif-
ferent geographical scales and are sufficiently
flexible to serve a diverse body of users. Such
tools and processes can reveal commonalities
of interests and shared vulnerabilities that are
otherwise obscure. Well-designed tools, institu-
tions, and processes can clarify necessary trade-
offs of short- and long-term gains and losses to
potentially competing values associated with
water allocation and management.

Evidence suggests that many of the most suc-
cessful applications of climate information to
water resource problems occur when committed
leaders are poised and ready to take advantage
of unexpected opportunities. In evaluating the
ways in which science-based climate informa-
tion is finding its way to users, it is important
to recognize that straightforward, goal-driven
processes do not characterize the real world.
We usually think of planning and innovation as
a linear process, but experience shows us that,
in practice, it is a nonlinear, chaotic process
with emergent properties. This is particularly
true when working with climate impacts and
resource management. It is clear that we must
address problems in new ways and understand
how to encourage diffusion of innovations.

The building of knowledge networks is a valu-
able way to provide decision support and pursue
strategies to put knowledge to use. Knowledge
networks require widespread, sustained human
efforts that persist through time. Collabora-
tion and adaptive management efforts among
resource managers and forecast producers with
different missions show that mutual learning
informed by climate information can occur
between scientists with different disciplinary
backgrounds and between scientists and manag-
ers. The benefits of such linkages and relation-
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ships are much greater than the costs incurred
to create and maintain them, however, the op-
portunities to build these associations are often
neglected or discouraged. Collaborations across
organizational, professional, disciplinary, and
other boundaries are often not given high pri-
ority; incentives and reward structures need to
change to take advantage of these opportuni-
ties. In addition, the problem of data overload
for people at critical junctions of information
networks, and for people in decision-making
capacity such as those of resource managers
and climate scientists, is a serious impediment
to innovation.

Decision-support experiments employing
climate related information have had varying
levels of success in integrating their findings
with the needs of water and other resource
managers.

ES.2 CLIMATE AND
HYDROLOGIC FORECASTS: THE
BASIS FOR MAKING INFORMED
DECISIONS

There are a wide variety of climate and hy-
drologic data and forecast products currently
available for use by decision makers in the
water resources sector. However, the use of
official seasonal-to-interannual (SI) climate
and hydrologic forecasts generated by fed-
eral agencies remains limited in this sector.
Forecast skill, while recognized as just one of
the barriers to the use of SI climate forecast
information, remains a primary concern among
forecast producers and users. Simply put, there
is no incentive to use SI climate forecasts when
they are believed to provide little additional
skill to existing hydrologic and water resource
forecast approaches (described in Chapter

2). Not surprisingly, there is much interest in

improving the skill of hydrologic and water

resources forecasts. Such improvements can be
realized by pursuing several research pathways,
including:

*  Improved monitoring and assimilation of
real-time hydrologic observations in land
surface hydrologic models that leads to
improved estimates for initial hydrologic
states in forecast models;

» Increased accuracy in SI climate forecasts;
and



* Improved bias corrections in existing
forecasts.

Another aspect of forecasts that serves to limit
their use and utility is the challenge in interpret-
ing forecast information. For example, from
a forecast producer’s perspective, confidence
levels are explicitly and quantitatively con-
veyed by the range of possibilities described in
probabilistic forecasts. From a forecast user’s
perspective, probabilistic forecasts are not al-
ways well understood or correctly interpreted.
Although structured user testing is known to
be an effective product development tool, it is
rarely done. Evaluation should be an integral
part of improving forecasting efforts, but that
evaluation should be extended to factors that
encompass use and utility of forecast infor-
mation for stakeholders. In particular, very
little research is done on effective SI forecast
communication. Instead, users are commonly
engaged only near the end of the product devel-
opment process.

Other barriers to the use of SI climate forecasts
in water resources management have been iden-
tified and those that relate to institutional issues
and aspects of current forecast products are
discussed in Chapters 3 and 4 of this Product.

Pathways for expanding the use and improv-
ing the utility of data and forecast products to
support decision making in the water resources
sector are currently being pursued at a variety
of spatial and jurisdictional scales in the United

States. These efforts include:

* Anincreased focus on developing forecast
evaluation tools that provide users with
opportunities to better understand forecast
products in terms of their expected skill
and applicability;

* Additional efforts to explicitly and quan-
titatively link SI climate forecast informa-
tion with SI hydrologic and water supply
forecasting efforts;

* An increased focus on developing new
internet-based tools for accessing and
customizing data and forecast products
to support hydrologic forecasting and
water resources decision making (e.g., the
Advanced Hydrologic Prediction Service
[AHPS] described in Chapters 2 and 3);
and
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*  Further improvements in the skill of hydro-
logic and water supply forecasts.

Many of these pathways are currently being
pursued by the federal agencies charged with
producing the official climate and hydrologic
forecast and data products for the United States,
but there is substantial room for increasing these
activities.

Recent improvements in the use and utility
of data and forecast products related to water
resources decision making have come with an
increased emphasis on these issues in research
funding agencies through programs like the
National Oceanic and Atmospheric Administra-
tion’s Regional Integrated Sciences and Assess-
ments (RISA), Sectoral Applications Research
Program (SARP), Transition of Research Ap-
plications to Climate Services (TRACS) and
Climate Prediction Program for the Americas
(CPPA) and the World Climate Research Pro-
gramme’s Global Energy and Water Cycle
Experiment (GEWEX) programs. Sustaining
and accelerating future improvements in the
use and utility of official data and forecast
products in the water resources sector rests
in part on investments in programs focused
on improving the skill in forecasts, increasing
the access to data and forecast products, iden-
tifying processes that influence the creation
of knowledge-to-action networks for making
climate information useful for decision making,
and fostering sustained interactions between
forecast producers and consumers.

ES.3 DECISION-SUPPORT
EXPERIMENTS IN THE WATER
RESOURCE SECTOR

Decision-support experiments that test the
utility of 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 factors as to how and/
or whether tools are used depends on:
* The range and complexity of water re-
sources decisions. This is compounded by
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the numerous organizations responsible
for making these decisions and the shared
responsibility for implementing them.

*  Policies and organizational rules that im-
pact the rate at which innovation occurs.
Some larger institutions have historically
been reluctant to change practices, in part
because of value differences, risk aversion,
fragmentation, 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.” However, its not necessarily true that
policies and rule inhibit all innovation, or
that policies and rules are always inflex-
ible. In fact many policies are specifically
developed to advance innovation and the
quality of information can promote use
even under unfavorable circumstances.

» Different spatial and temporal frames for
decisions. Spatial scales for decision mak-
ing range from local, state, and national
levels to international. Temporal scales
range from hours to multiple decades
impacting policy, operational planning, op-
erational management, and near real-time
operational decisions. Resource managers
often make multi-dimensional decisions
spanning various spatial and temporal
frames.

*  Communication of 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 con-
structing 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 readily available,
decision-support products may not equitably
reach all audiences. Moreover, over-specializa-
tion 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:
*  Decision makers need to understand the
types of predictions that can be made, and
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the tradeoffs between longer-term predic-
tions of information at the local or regional
scale on one hand, and potential decreases
in accuracy on the other.

*  Decision makers and scientists need to
work together in formulating research
questions relevant to the spatial and tempo-
ral scale of problems the former manage.

*  Scientists should aim to generate findings
that are accessible and viewed as useful, ac-
curate, and trustworthy by stakeholders.

ES.4 MAKING DECISION-
SUPPORT INFORMATION
USEFUL, USEABLE, AND
RESPONSIVE TO DECISION-
MAKER NEEDS

Decision-support experiments that apply SI
climate variability information to basin and
regional water resource problems serve as test-
beds that address diverse issues faced by deci-
sion makers and scientists. They illustrate how
to articulate user needs, overcome communica-
tion barriers, and operationalize forecast tools.
They also demonstrate how user participation
can be incorporated in tool development.

Five major lessons emerge from these experi-

ments and supporting analytical studies:

*  The effective integration of SI climate in-
formation in decisions requires long-term
collaborative research and application of
decision support through identifying prob-
lems of mutual interest. This collaboration
will require a critical mass of scientists and
decision makers to succeed, and there is
currently an insufficient number of “inte-
grators” of climate information for specific
applications.

* Investments in long-term research-based
relationships between scientists and de-
cision makers must be encouraged. In
general, progress on developing effective
decision-support systems is dependent
on additional public and private interest
and efforts to facilitate better networking
among decision makers and scientists at all
levels as well as public engagement in the
fabric of decision making.

+  Effective decision-support tools must wed
national production of data and technolo-
gies to ensure efficient, cross-sector useful-



ness with customized products for local
users. This requires that tool developers
engage a wide range of participants, includ-
ing those who generate tools and those who
translate them, to ensure that specially-
tailored products are widely accessible and
are immediately adopted by users insuring
relevancy and utility.

*  The process of tool development must be
inclusive, interdisciplinary, and provide
ample dialogue among researchers and
users. To achieve this inclusive process,
professional reward systems that recognize
people who develop, use, and translate
such systems for use by others are needed
within management and related agencies,
universities, and organizations. Critical to
this effort, further progress in boundary
spanning—the effort to translate tools to
avariety of audiences—requires consider-
able organizational skills.

* Information generated by decision-support
tools must be implementable in the short
term for users to foresee progress and sup-
port further tool development. Thus, efforts
must be made to effectively integrate public
concerns and elicit public information
through dedicated outreach programs.

ES.5 LOOKING TOWARD THE
FUTURE; RESEARCH PRIORITIES

A few central themes emerge from this Prod-
uct, and are summarized in this Section. Key
research priorities are also highlighted.

ES.5.1 Key Themes

1) The “Loading Dock Model” of Information
Transfer is Unworkable.

Skill is a necessary ingredient in perceived
forecast value, yet more forecast skill by itself
does not imply more forecast value. Lack of
forecast skill and/or accuracy may be one of the
impediments to forecast use, but there are many
other barriers as well. Such improvements must
be accompanied by better communication and
stronger linkages between forecasters and po-
tential users. In this Product, we have stressed
that forecasts flow through knowledge net-
works and across disciplinary and occupational
boundaries. Thus, forecasts need to be useful
and relevant in the full range from observations
to applications, or “end-to-end useful”.
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2) Decision Support is a Process Rather Than
a Product.

As knowledge systems have come to be bet-
ter understood, providing decision support
has come to be understood not as information
products but as a communications process that
links scientists with users.

3) Equity May Not Be Served.

Information is power in global society and,
unless it is widely shared, the gaps between
the rich and the poor, and the advantaged and
disadvantaged may widen. Efforts to meet,
communicate effectively with, and incorporate
the perspectives of the poor and disadvantaged
require the ability: to transmit and dissemi-
nate information in a clear, non-technical and
vernacular language; to embrace the actual
concerns of farmers, peasants, villagers, etc.
(e.g., drought, floods, their effects on crops,
livelihoods), and to undertake public outreach
that elicits the type of information they need —
not just the kind of information scientists are
likely to generate.

4) Science Citizenship Plays an Important Role
in Developing Appropriate Solutions.

A new paradigm in science is emerging, one
that emphasizes science-society collaboration
and production of knowledge tailored more
closely to society’s decision-making needs.
Concerns about climate impacts on water re-
source management are among the most press-
ing problems that require close collaboration
between scientists and decision makers.

5) Trends and Reforms in Water Resources
Provide New Perspectives.

Some researchers suggest that, since the 1980s,
a “new paradigm” or frame for federal water
planning has occurred, although no clear
change in law has brought this change about.
This new paradigm appears to reflect the as-
cendancy of an environmental protection ethic
among the general public. The new paradigm
emphasizes greater stakeholder participation
in decision making; 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 sound, peer-reviewed science; and,
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embracing of ecological, economic, and equity
considerations.

6) Useful Evaluation of Applications of Climate
Variation Forecasts Requires Innovative Ap-
proaches.

There can be little argument that SI forecast
applications must be evaluated just as most
other programs that involve substantial public
expenditures are assessed. This Product illus-
trates many of the difficulties of using standard
evaluation techniques.

ES.5.2 Research Priorities

As a result of the findings in this Product, we
suggest that a number of research priorities
should constitute the focus of attention for
the foreseeable future. These priorities (not in

order) are:

* Improving climate and hydrologic fore-
casts;

* Improving the communication of uncer-
tainties;

*  Enhancing monitoring to better link cli-
mate and hydrologic forecasts;

*  Expanding our understanding of the deci-
sion context within which decision support
tools are used,

*  Enhancing assessments of decision-maker
perceptions of climate risk and vulner-
ability;

*  Understanding the role of public pressures
and networks in generating demands for
climate information,

*  Bettering integration of SI climate science
into decision making;

* Improving the generalizability/transfer-
ability of case studies on decision-support
experiments, and

*  Sustaining long-term scientist-decision-
maker interactions and collaborations and
development of science citizenship and
production of knowledge tailored more
closely to society’s decision-making needs
within a variety of natural resource man-
agement areas.
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1. INTRODUCTION

Increasingly frequent headlines such as “UN
Calls Water Top Priority” (The Washington
Post, January 25, 2008), “Drought-Stricken
South Facing Tough Choices” (The New York
Times, Oct 15, 2007), and “The Future is Drying
Up” (The New York Times, October 21, 2007),
coupled with the realities of less-available water,
have alerted decision makers, from governors
and mayors to individual farmers, that climate
information is crucial for future planning.
Over the past quarter-century, there have been
significant advances in the ability to monitor
and predict important aspects of seasonal-to-
interannual (SI) variations in climate, especially
those associated with variations of the El-Nifio
Southern Oscillation (ENSO) cycle. Predictions
of climate variability on SI time scales are now
routine and operational, and consideration of
these forecasts in making decisions has become
more commonplace. Some water resources
decision makers have already begun to use sea-
sonal, interseasonal, and even longer time scale
climate forecasts and observational data to as-
sess future options, while others are just begin-
ning to realize the potential of these resources.
This Product is designed to show how climate
and hydrologic forecast and observational data
are being used or neglected by water resources
decision makers and to suggest future pathways
for increased use of this data.

Waple, STG Inc.

The Climate Change Science Program (CCSP)
included a chapter in its 2003 Strategic Plan that
described the critical role of decision support in
climate science; previous assessment analyses
and case studies have highlighted the impor-
tance of assuring that climate information and
data would be used by decision makers and not
be produced without knowledge of its applica-
tion. Since that time, there has been increased
interest and research in decision-support sci-
ence focused on organizations using SI fore-
casts and observational data in future planning.
Since the release of the 2003 Strategic Plan, one
of the main purposes of CCSP continues to be
to “provide information for decision-making
through the development of decision-support
resources” (CCSP, 2008"). As aresult, CCSP has
charged this author group to produce a Synthe-
sis and Assessment Product (SAP) that directly
addresses decision-support experiments and
evaluations in the water resources sector. This
is that Product.

The authors of this Product concentrated their
efforts on discussing SI forecasts and data
products. In some cases, however, longer-
range forecasts are discussed because they
have become a part of the context for decision-
making processes. We provided a range of

! According to this same document, “Decision-
support resources, systems, and activities are climate-
related products or processes that directly inform or
advise stakeholders to help them make decisions”.
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The impact of climate
on water resource
management has
far-reaching
implications for
everyone, from the
farmer who may
need to change

the timing of

crop planting/
harvesting or the
crop type itself,

to citizens who may
have to relocate
because their potable
water supply has

disappeared.

domestic case study examples, referred to as
“experiments and/or evaluations”, and have also
provided some international examples, where
appropriate.

1.2 INCREASING STRESS AND
COMPLEXITY IN WATER
RESOURCES

Under global warming conditions and an ac-
celerating demand for abundant water supplies,
water management may become an increasingly
politically charged issue throughout the world
in the coming century. Emerging challenges
in water quantity, quality, pricing, and water
management in relation to seasonal climate
fluctuations may increase as the demand for
water continues to rise. Though the total vol-
ume of water on the planet may be sufficient
for societal needs, the largest portion of this
water is geographically remote, misallocated,
wasted, or degraded by pollution (Whiteley et
al., 2008). At the same time, there are shifts in
water usage, the societal value of natural water
systems, and the laws that govern management
of this resource. Accordingly, the impact of
climate on water resource management has
far-reaching implications for everyone, from the
farmer who may need to change the timing of
crop planting/harvesting or the crop type itself,
to citizens who may have
to relocate because their
potable water supply has
disappeared.

In the United States, wa-
ter resource decisions are
made at multiple levels of
government and, increas-
ingly, by the private sec-
tor. Water is controlled,
guided, governed, or
measured by a gamut
of federal agencies that
oversee various aspects
from quality (e.g., U.S.
Environmental Protec-
tion Agency [EPA]) to
quantity (e.g., U.S. Geo-
logical Survey [USGS],
Bureau of Reclamation
[Reclamation], and U.S.
Army Corps of Engi-
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neers [USACE]). This is complicated by state,
regional, and jurisdictional boundaries and
responsibilities. Defining a “decision maker”
is equally difficult given the complexity of
water’s use and the types of information that
can be used to make decisions. Our challenge
in writing this Product is to reflect the various
models under which water is managed and the
diverse character of decisions that comprise
water management. To illustrate, the term
“water management” encompasses decisions
made by: a municipal water entity regarding
when to impose outdoor water restrictions;
a federal agency regarding how to operate a
storage facility; the United States Congress
regarding funding of recovery efforts for an
endangered species; and by state governments
regarding water purchases necessary to ensure
compliance with negotiated compacts.

These types of decisions may be based on
multiple factors, such as cost, climate (past
trends and future projections), community
preferences, political advantage, and strategic
concerns for future water decisions. Further,
water is associated with many different values
including economic security, opportunity,
environmental quality, lifestyle, and a sense of
place (Blatter and Ingram, 2001). Information
about climate variability can be expected to af-
fect some of these decisions and modify some
of these values. For other decisions, it may be of
remote interest or viewed as entirely irrelevant.
For instance, the association of access to water
with respect to economic security is relatively
fixed while the association of water to lifestyle
choices such as a preference for water-based
sports may vary with additional information
about variability in climate.

The rapidly-closing gap between usable sup-

plies and rising demand is being narrowed by

a myriad of factors, including, but not limited

to:

* Increasing demand for water with popula-
tion growth in terms of potable drinking
water, agricultural/food requirements, and
energy needs.

*  Greater political power of recreational
and environmental interests that insist on
minimum instream flows in rivers.

*  Groundwater reserves where development
enabled the expansion of agriculture in the



western United States and is the basis for
the development of several urban regions.
As groundwater reserves are depleted, pres-
sure increases on other water sources.

*  Water quality problems that persist in many
places, despite decades of regulations and
planning.

At the same time, there are some compensat-

ing innovations taking place in some areas (see

Section 5.2.5).

The best-documented pressure is population
growth, which is occurring in the United
States as a whole, and especially in the South
and Southwest regions where water resources
are also among the scarcest. Water rights are
afforded to the earliest users in many states,
and new users without senior rights often must
search for additional supplies. Las Vegas, Ne-
vada is a case study of the measures required
to provide water in the desert, but Phoenix,
Albuquerque, Denver, Los Angeles and a host
of other western cities provide comparable
examples. In the southeastern United States,
rapid population growth in cities (e.g., Atlanta),
combined with poor management and growing
environmental concerns that require water to
sustain fish and wildlife habitats, have led to
serious shortages.

Recreational and environmental interests also
have a direct stake in how waters are managed.
For example, fishing and boating have increased
in importance in recent decades as recreational
uses have expanded and the economic basis of
our economy has shifted from manufacturing
to service.

Groundwater mining is a wild card in national
water policy. Water resource allocation is gener-
ally a matter of state, not federal, control, and
states have different policies with respect to
groundwater. Some have no regulation; others
permit mining (also referred to as groundwater
overdrafting). Because groundwater is not vis-
ible and its movement is not well understood,
its use is less likely to be regulated than surface
water use. The effects of groundwater mining
become evident not only in dewatering streams,
but also impact regions that must search for
alternative sources of water when sources di-
minish or disappear.

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

Historically, the solution for a supply-side
response to increasing demand has focused
on building new reservoirs, new pipelines to
import water from distant basins, and new
groundwater extraction systems. In the recent
past, the United States engaged in an extended
period of big dam and aqueduct construction
(Worster, 1985) in which most of the appropriate
construction sites were utilized. Other options
have also been explored such as water reuse.
As rivers have become fully appropriated, or
over appropriated, there is no longer “surplus”
water available for development. Environmental
and recreational issues are impacted by further
development of rivers, making additional water
projects more difficult. Increasing demands for
water are not likely to lead to the development
of major additional water sources, although
additional storage as well as other conserva-
tion tools (possibly including but not limited
to water reuse, best management practices,
and wetland banking) are being considered by
water managers; however, it is too early in their
evolution and adoption to determine what their
impact will be on water supply.

In response to the growing imbalance between
demand and supply, water utilities and juris-
dictions have been investing in new sources
of water and improved system efficiency for
decades Reuse of municipal wastewater has
become a significant
component of the wa-
ter supply picture in
the Southwestern US
(California, Arizona,
New Mexico, and Tex-
as) and Florida, and
is quickly expanding
in other regions. It is
viewed as a particular-
ly important resource
in areas where the
population is growing,
since production of
wastewater generally
expands in propor-
tion to the number of
households involved
as other sources are
diminished. Other ju-
risdictions have tried
options such as con-
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Natural disasters,
including Hurricane
Katrina and recent
sustained droughts
in the United
States, have raised
awareness of
society’s vulnerability
to flood, drought,
and degradation

of water quality.

servation, capturing rainwater for on-site use,
improving capture and retention of floodflows,
conjunctive management of groundwater and
surface water, etc.

Many utilities have found that in the absence
of a public perception of imminent threat to the
adequacy of the water supply, that it is difficult
to provide incentives to cause changes in human
behavior leading to substantial water conserva-
tion because despite its actual value to society,
water is relatively inexpensive. Politicians have
found that the public does not welcome sharp
increases in the price of water, even if the
rationale for price increases is well described
(Martin, 1984).

Water usage may also be examined by the rela-
tive flexibility of each demand. Municipal and
industrial demands can be moderated through
conservation or temporary restrictions, but
these demands are less elastic than agricultural
use. Agricultural uses, which comprise the larg-
est users by volume, can be restricted in times
of drought without major economic dislocations
if properly implemented; however, the increas-
ing connection between water and energy
may limit this flexibility. Greater reliance on
biofuels both increases competition for scarce
water supplies and diverts irrigated agriculture
from the production of food to the production
of oilseeds such as soybeans, corn, rapeseed,
sunflower seed, and sugarcane, among other
crops used for biofuel. This changes the pattern
of agricultural water use in the United States
(Whiteley et al., 2008).

The rationalization of U.S. policies concern-
ing water has been a goal for many decades.
Emergent issues of increased climate variability
and change may be the agents of transforma-
tion for United States water policies as many
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regions of the country are forced to examine
the long term sustainability of water related
management decisions (NRC, 1999b; Jacobs
and Holway, 2004).

1.2.1 The Evolving Context:

The Importance of Issue Frames

In order to fully understand the context in which
a decision is made, those in the decision sup-
port sciences often look at the “issue frame”
or the factors influencing the decision makers,
including society’s general frame of mind at the
time. A common denominator for conceptual-
izing a frame is the notion that a problem can
be understood or conceptualized in different
ways (Dewulf et al., 2005). For the purpose of
this Product, an issue frame can be considered a
tool that allows us to understand the importance
of a problem (Weick, 1995). Thus, salience is
an important part of framing. Historically low
public engagement in water resource decisions
was associated with the widespread percep-
tion that the adequate delivery of good quality
water is within the realm of experts. Further,
the necessary understanding and contribu-
tion to decisions takes time, commitment, and
knowledge that few possess or seek to acquire
as water appears to be plentiful and is available
when needed. It was understood that consider-
able variations in water supply and quality can
occur, but it was accepted that water resource
managers know how to handle variation.

A series of events and disclosures of scientific
findings have profoundly changed the framing
of water issues and the interaction between such
framing and climate variability and change.
As illustrated in Figure 1.1, natural disasters,
including Hurricane Katrina and recent sus-
tained droughts in the United States, have raised
awareness of society’s vulnerability to flood,
drought, and degradation of water quality. Such
extreme events occur as mounting evidence
indicates that water quantity and quality, funda-
mental components of ecological sustainability
in many geographical areas, are threatened
(e.g., deVilliers, 2003). The February 2007
Intergovernmental Panel on Climate Change,
Working Group 1, Fourth Assessment Report
(IPCC, 2007a) reinforced the high probability
of significant future climate change and more
extreme climate variation, which is expected to
affect many sectors, including water resources.
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Figure 1.1 Timeline from 1970 to present of key natural and cultural events contributing to a widespread change in

context for increasing awareness of climate issues.

The Report received considerable press cover-
age and generated increased awareness among
the public and policy makers. Instead of being
a low visibility issue, the issue frame for water
resources has become that of attention-grabbing
risk and uncertainty about such matters as rising
sea levels, altered water storage in snow packs,
and less favorable habitats for endangered fish
species sensitive to warmer water temperatures.
Thus, the effects of global warming have been
an emerging issue-frame for water resources
management.

Along with greater visibility of water and
climate issues has come greater political and
public involvement. At the same time, with an
increase in discovery and awareness of climate
impacts, there has been a deluge of policy ac-
tions in the form of new reports and passage
of climate-related agreements and legislation

(see Figure 1.2). Higher visibility of climate
and water variability has put pressure on water
managers to be proactive in response to ex-
pected negative effects of climate variability
and change (Hartmann, et al., 2002; Carbone
and Dow, 2005). Specifically, in the case of
water managers in the United States, perception
of risk has been found to be a critical variable
for the adoption of innovative management in
the sector (O’Connor et al., 2005).

Frames encompass expectations about what
can happen and what should be done if certain
predicted events do occur (Minsky, 1980). The
emergent issue frame for water resource man-
agement is that new knowledge (about climate
change and variability) is being created that
warrants management changes. Information
and knowledge about climate variability expe-
rienced in the recent historical past is no longer

The emergent
issue frame for
water resource

management

is that new
knowledge (about
climate change

and variability)

is being created

that warrants
management changes.
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Figure 1.2 Timeline from 1970 to present of key policy events contributing to a widespread change in context for
increasing awareness of climate issues.

Only in the last
decade or so have
climate scientists
become able to
predict aspects of
future climate
variations one to

a few seasons

in advance with better
forecast skill than can
be achieved by

simply using

historical averages

for those seasons. This
is a fundamentally new
scientific advance.

as valuable as once it was, and new knowledge
must be pursued (Milly ez al., 2008 ). Organiza-
tions and individuals face a context today where
perceived failure to respond to climate variation
and change is more risky than maintaining the
status quo.

1.2.2 Climate Forecasting Innovations
and Opportunities in Water Resources
Only in the last decade or so have climate
scientists become able to predict aspects of
future climate variations one to a few seasons
in advance with better forecast skill than can
be achieved by simply using historical averages
for those seasons. This is a fundamentally new
scientific advance (NRC, 2008).

It is important to emphasize that SI climate
forecasting skill is still quite limited, and
varies considerably depending on lead time,

geographic scale, target region, time of year,
status of the ENSO cycle, and many other issues
that are addressed in Chapter 2. Despite that,
the potential usefulness of this new scientific
capability is enormous, particularly in the water
resources sector. This potential is being harvest-
ed through a variety of experiments and evalu-
ations, some of which appear in this Product.
For instance, reservoir management changes
in the Columbia River Basin in response to SI
climate forecast information have the potential
to generate an average of $150 million per year
more hydropower with little or no loss to other
management objectives (Hamlet et al., 2002).
Table 1.1 illuminates the potential of SI climate
forecasts to influence a wide range of water-
related decisions, potentially providing great
economic, security, environmental quality, and
other gains.



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

BOX I.I Seasonal-to-Interannual Climate Forecasts

Weather forecasts seek to predict the exact state of the atmosphere for a specific time and place at
lead-times ranging from nowcasts (e.g., severe weather warnings) out to a maximum of two weeks.
Observations that can be used to accurately characterize the initial state of the atmosphere are crucial
to the accuracy of these short-term weather forecasts. In contrast, seasonal-to-interannual climate
forecasts seek to predict the statistics of the atmosphere for a region over a specified window of
time, typically from one month to a few seasons in advance.

Observations of the slowly varying boundary conditions on the atmosphere, including upper ocean
temperatures, snow cover, and soil moisture are critical to the accuracy of climate forecasts. Climate
forecasts can also address the expected probabilities for extreme events (floods, freezes, blizzards,
hurricanes, etc.), and the expected range of climate variability. Much of the skill in seasonal-to-interan-
nual climate forecasts for the United States derives from an ability to monitor and accurately predict
the future evolution of El Nifio-Southern Oscillation (ENSO), however, the actual skill demonstrated
is not yet high. As a general principle, all climate forecasts are probabilistic. They are probabilistic both
in the future state of ENSO and in the consequences of ENSO for remotely influenced regions like
the United States. For example, a typical ENSO-related climate forecast for the Pacific Northwest
region of the United States might be presented as follows:

Based on expectations for continued El Nifio conditions in the tropical Pacific, we expect increased
likelihoods for above average winter and spring temperatures with below average precipitation, with
small but non-zero odds for the opposite conditions (i.e., below average likelihoods for below average
winter and spring temperatures and above average precipitation) in the Pacific Northwest.

At lead times of a few decades to centuries, climate change scenarios are based on scenarios for
changes in the emissions and concentrations of atmospheric greenhouse gases and aerosols that
are important for the Earth’s energy budget. Climate change scenarios do not require real-time
observations needed to accurately initialize the atmosphere or slowly-evolving boundary conditions
(upper ocean temperatures, snow cover, etc.). However, a recent study by Keenleyside et al. (2008)
demonstrates that there is potential for improving the forecast skill in decadal climate predictions
made within longer-term climate change scenarios by initializing global climate models with ocean
observations.

Aside from the potential applications sug-
gested in Table 1.1, there are other overarch-
ing opportunities for use of SI climate and
hydrologic forecasts recently introduced to the
water resources sector. Adaptive Management
and Integrated Water Resources Management
are examples of reforms that are still in relative
infancy (discussed in further detail in Chapters
3 and 4) but could gain considerable momentum
through fostering continuous feedback from
forecasts to changes in practice and improved
performance. Adaptive management embraces
the need for continuous monitoring and feed-
back. Information provided by forecasts can
prompt real time adaptations by public and
private agencies and water users (NRC 2004).
Integrated Water Resources Management pro-
vides a more holistic view of water supply or
demand and is based around the concepts of

flexibility and adaptability, using measures
that can be easily reversed or are robust under
changing circumstances (IPCC, 2007b). Such
potential flexibility and adaptability extends not
only to water agencies, but also to the general
public. Advances in climate forecast skills and
their applications provide an opportunity to give
the public a deeper understanding about the
relationship of climate variability to increased
risk, vulnerability, and uncertainty related to
water that now tends to be perceived in terms
of a replication of the past. In addition, tuning
water management more closely to real time
climate prediction allows for reducing the lead
time for response to climate variation.

Adaptive
management
embraces the need
for continuous
monitoring and
feedback. Information
provided by forecasts
can prompt real time
adaptations by public
and private agencies
and water users.
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Table 1.1 Examples of Water Resource Decisions Related to seasonal-to-interannual Climate Forecasts.

Climate Forecast Information

Decision/topic Agencyl/organization Responsible Activities Affected Relevance
Dam and * U.S. Army Corps of Engineers Distribution of inflows and * Total reservoir inflow
reservoir » U.S. DOI*, Bureau of Reclamation outflows for: * Long-range precipitation
management * Tennessee Valley Authority » Agriculture * Long-range temperature
and reservoir * FERC* and its licensed projects * Public supply * Flow data

allocation * Federal power marketing agencies * Industry * Snow melt data

Power * Flood forecasts

Flood control Shifts in “phase” in decadal
Navigation cycles

Instream flow maintenance
Protecting reserved waters
for resources/other needs

« State, local, and regional water
management entities and utilities,
irrigation districts

Irrigation/water | ¢ Federal, state, and regional facility How much water and when and | ¢ Long/short-range precipitation
allocation for operators where to allocate it. * Long-range temperature
agriculture/ * Irrigation districts
aquaculture * Agricultural cooperatives

* Farmers
Ecosystem * Federal and state resource * Instream flow management * Climate cycles
protection/ agencies®, e.g, * Riverine/riparian management | * Long-term climate predictions
ecosystem » U.S. DOJ, Fish and Wildlife Service [ ¢ Wildlife management
services ¢ U.S. DOA, Forest Service, U.S.

DO, Park Service, U.S. DOI, BLM,
U.S. DOC, NMFS, etc.

* State, regional and watershed-
based protected areas NGOs, e.g,,
Nature Conservancy, local and
regional land trusts

Pubic water * Municipalities * Needs for new reservoirs, Changes in temperature/
supply/ * Special water districts dams, wastewater treatment | precipitation effect water demand;
wastewater * Private water utilities facilities, pumping stations, reduction in base-flows, increased
management * Water supply/wastewater utilities/ groundwater management demands, and greater evaporation
utility districts areas, distribution systems; rates (Gleick et al., 2000; Clarkson
* Needs for long term water and Smerdon, 1989).
supply and demand manage Predictive information at multiple
ment plans; scales and multiple time frames.
* Drought planning.
Coastal zones * Regional coastal zone management | * Impacts to tidal deltas, low Predicted sea level rise & land
agencies lying coastal plains subsidence; fluctuation in surface
» Corps of Engineers * Changes to fish production/ water temperature; tropical storm
* NMFS, other federal agencies coastal food systems, salt predictions; change to precipita-
* Local/regional flood control water intrusion tion patterns; wind & water; storm
agencies * Erosion; deterioration of surges and flood flow circulation
* Public supply utilities marshes patterns
* Flood control, water supply (Davidson, 1997).
and sewage treatment
implications
Navigation * Harbor managers * River and harbor channel * Stream flow, seasonality, and
* River system and reservoir depth; flow flooding potential
managers, barge operators
Power * Federal water and power agencies; | * Water for hydropower * Temperature (and relation
production FERC; private utilities with licensed | * Water for steam generation ships to demand for power)
hydropower projects; private in fossil fuel and nuclear * Precipitation
utilities using power from plants * Stream flow and runoff
generation facilities * Water for cooling
Flooding/ * Floodplain managers; flood zone * Infrastructure needs planning | Short and long-term runoff predic-
floodplain agencies; insurance companies; risk | * Emergency management tions, especially long term trends
management managers, land use planners in intensity of precipitation, storm
surges, etc.

*Abbreviations used in table: BLM: Bureau of Land Management: DOA: Department of Agriculture; DOC: Department of
Commerce; DOI: Department of the Interior; FERC: Federal Energy Regulatory Commission; NGO: Non-Governmental
Organization; NMFS: National Marine Fisheries Service.




1.2.3 Organizational
Dynamics and Innovation

The flow of information among agencies and
actors in the complex organizational fields of
climate forecasting and water resources is not
always effective. Even as skill levels of climate
and hydrologic forecasts have improved, resis-
tance to their use in water resources manage-
ment both exists and persists (O’Connor et al.,
1999; Rayner et al., 2005; Yarnal et al., 2006).
Such resistance to innovation is to be expected,
according to organizational and management
literature that addresses the management of
information across boundaries of various kinds
that include organizations, disciplines, fields,
and practices (Carlile, 2004; Feldman ef al.,
2006). The same specialization that makes
organizations effective in meeting internal or-
ganizational goals can make them resistant to
innovation (Weber, 1947). Creating a product
or service requires experience, terminologies,
tools, and incentives that are embedded in a
specific organization. Because knowledge
requires time, resource, and opportunity cost
investments, it constitutes a kind of “stake”, and
therefore significant costs are associated with
acquiring new knowledge across boundaries
(Carlile, 2002). Further, if the kind of knowl-
edge that needs to be coordinated across bound-
aries is so different that a bridge of a common
language must be created to allow translation,
then the barriers are more difficult to overcome.
Finally, demands made by sharing information
across boundaries may be so novel that an orga-
nization must make a fundamental readjustment
that challenges everything it knows.

Figure 1.3, adapted from Carlile (2004), depicts
the challenges that must be addressed in order
to share knowledge across boundaries, and
conveys the challenge of innovation through
information sharing across different organiza-
tions, levels of government, and public and
private sectors. The lowest level of the inverted
triangle shows information transfer is relatively
simple between climate forecasters from differ-
ent organizations. Forecasters generally share
common knowledge, and know each others’
language and levels of expertise regardless of
organizational ties. Because a common lexicon
exists, knowledge transfer is relatively simple.
The usual barriers to smooth information flow
apply, including information overload, avail-
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Figure 1.3 lllustration of information sharing processes. At the tip of the triangle
forecast producers and forecast users are sharing a common syntax and frame-
work, and therefore knowledge is simply transferred. As the products and uses
become increasingly different and novel, a process of learning has to occur for
information to be translated (middle of inverted triangle). Finally, information will
need to be transformed in order for knowledge to be accessible to very different

parties (top of the inverted triangle). Adapted from Carlile, 2004.

ability of storage and retrieval technologies and
other information processing challenges. Un-
fortunately, because agencies tend to use their
own terminology and information, because
they know and trust the sources, before using
terminology and information from outside, the
adoption of SI climate forecast information in
the water resource sector rarely fits this simple
transfer profile.

At the second, or translation, level of informa-
tion management, language issues become
problematic and development of shared infor-
mation is more difficult. This level of informa-
tion sharing typifies the relationships between
climate forecasters and water resource forecast-
ers who have long predicted water futures using
data such as snowpack, soil moisture, and basin
and watershed models. Efforts to communicate
at this level involve a large expenditure of effort
that must be justified within the organization
and may encounter resistance unless offset by
some considerable worthwhile pay-off. Success-
ful efforts for communication could include the
creation of a lexicon with common definitions,
the development of shared methodologies, the
formulation of cross-organizational teams, the
engagement in strategies such as collocation of
offices, and the employment of individuals who
can act as translators or brokers.
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Decision support

is defined here as
creating conditions
that foster the
appropriate use of
information.The
primary objective

of decision-support
activities is to foster
transformative
information exchange
that will both change
the kind of information
that is produced and
the way it is used.

The third, or transformation, level of managing
information requires considerable change in the
ways in which organizations presently process
and use information. Currently, climate fore-
casters tend to follow what has been termed the
“Loading Dock Model”, or simply issuing fore-
casts with little notion of whether they will be
used by other organizations (Cash and Buizer,
2005). Knowledge at this third level (ultimately
at all levels) must be created collaboratively,
that is, coproduced with outside organizations,
interests and entities, rather than delivered;
and must be clear, credible and legitimate to
all engaged actors. Information is likely to be
more salient if it comes from known and trusted
sources (NRC, 1989, 2008). Credibility is not
just credibility of scientists, but also to users;
information is more credible if it recognizes and
addresses multiple perspectives. Legitimacy
relates to even-handedness and the absence
of narrow organizational or political agendas
(Cash et al., 2003; NRC, 2007, 2008). Almost
all of the important applications of SI climate
forecasts involve information management at
the third level.

1.2.4 Decision Support, Knowledge
Networks, Boundary Organizations,
and Boundary Objects

A recent National Academy of Sciences Re-
port (2008) observed that decision support is
widely used but definitions of what constitutes
that support vary. Following the lead of this
Product, decision support is defined here as
creating conditions that foster the appropriate
use of information. This definition presumes
that the climate scientists who generate SI cli-
mate forecasts often do not know what type of
useful information they could provide to water
resources managers, and that water managers
do not necessarily know how they could apply
SI climate forecasts and related information
(NRC, 2008). The primary objective of deci-
sion-support activities is to foster transforma-
tive information exchange that will both change
the kind of information that is produced and the
way it is used (NRC 1989, 1996, 1999a, 2005,
2006, 2008).

Decision support involves engaging effective
two-way communication between the produc-
ers and users of climate information (Jacobs et
al., 2005; Lemos and Morehouse, 2005; NRC,
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1999a, 2006) rather than just the development
of tools and products that may also be useful
though less functional. This conception of deci-
sion support brings into focus human relation-
ships and networks in information utilization.
The test of transformed information is that it is
trusted and considered reliable, and is fostered
by familiarity and repeated interaction between
information collaborators and the working and
reworking of relationships. A knowledge net-
work is built through such human interactions
across organizational boundaries, creating and
conveying information that is useful for all
participants, ranging from scientists to multiple
decision makers.

A variety of mechanisms can be employed to
foster the creation of knowledge networks and
the coproduction of knowledge that transcends
what is already available. Among such mecha-
nisms are boundary organizations that play an
intermediary role between different organiza-
tions, specializations, disciplines, practices, and
functions; including science and policy (Cash,
2001; Guston, 2001). These organizations can
play a variety of roles in decision support, such
as convening together, collaboration among
users and producers, mediation for the various
parties and the production of boundary ob-
jects. A boundary object is a prototype, model
or other artifact through which collaboration
can occur across different kinds of boundar-
ies. Collaborative participants may come to
appreciate the contribution of other kinds of
knowledge, perspectives, expertise or practices
and how they may augment or modify their
own knowledge through engagement (Star and
Griesemer, 1989). For example, a fish ladder is
a kind of boundary object since it is an add-on
to a dam structure. It must be integrated into the
structural design, so hydrologists and engineers
must collaborate on design decisions. At the
same time, it serves fish species, so the insight
of biologists about fish behavior is necessary for
the ladder to work as it is intended.

1.3 OUTLINE OF THE REPORT
AND WHERE PROSPECTUS
QUESTIONS ARE ADDRESSED

This Chapter addresses the types of SI forecast-
related decisions that are made in the water
resources community and the role that such



forecasts could play. It describes the general
contextual opportunities and limitations to in-
novations that could limit the use of SI forecast
information.

Chapter 2 answers the question: What are SI
forecast products and how do they evolve from
a scientific prototype to an operational product?
It also addresses the issue of forecast skill, the
impediments to progress in improving skill,
and the steps necessary to ensure a product is
needed and will be used in decision support.
It describes the level of confidence about SI
forecast products in the science and decision-
making communities.

Chapter 3 focuses on the obstacles, impedi-
ments, and challenges in fostering close collab-
oration between scientists and decision makers
in terms of theory and observation. Research-
ers have documented why and how resource
decision makers use information, Chapter 3
addresses the following kinds of questions:
How are hazards and risks related to climate
variability perceived and managed? What are
the challenges related to determining and serv-
ing the needs of decision makers, emphasizing

Decision-Support Experiments and Evaluations using Seasonal to
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the importance of reliability and trust, and
suggesting how decision support could leverage
scientific and technological advances?

Chapter 4 provides examples of a range of
decision support experiments in the context of
SI forecast information. It describes the limita-
tions on the kinds of information available and
the need to employ logical inference. It also
discusses how decision support tools can be
improved.

Chapter 5 provides a summary of this Product,
especially identifying overarching themes. It
suggests the kinds of research and action needed
to improve progress in this area. Finally, it ad-
dresses how the knowledge gained in water
resources might be useful to other sectors.

The prospectus for this study contained a series
of questions that were to direct this study, vetted
by the Climate Change Science Program office
and by public review. Table 1.2 summarizes the
questions and specifies which chapter section
they are addressed. Table 1.3 is a summary of
the case studies provided in this Product.
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Table 1.2 Questions To Be Addressed in Synthesis and Assessment Product 5.3.

Report Location where Question is
Addressed

Prospectus Question

What seasonal-to-interannual (e.g., probabilistic) forecast information do

. 2.1
decision makers need to manage water resources?

What are the seasonal-to-interannual forecast/data products currently
available and how does a product evolve from a scientific prototype to an 22
operational product?

What is the level of confidence of the product within the science
community and within the decision-making community, who establishes 2.2
these confidence levels and how are they determined?

How do forecasters convey information on climate variability and how is
the relative skill and level of confidence of the results communicated to 2.3
resource managers?

What is the role of probabilistic forecast information in the context of

. . 23
decision support in the water resources sector?
How is data quality controlled? 2.3
What steps are taken to ensure that this product is needed and will be 25
used in decision support? ’
What types of decisions are made related to water resources? 3.2
What is the role that seasonal-to-interannual forecasts play and could play? 32
How does climate variability influence water resource 32

management?

What are the obstacles and challenges decision makers face in
translating climate forecasts and hydrology information into integrated 3.2
resource management?

What are the barriers that exist in convincing decision makers to consider

L . . . . 3.2
using risk-based hydrology information (including climate forecasts)?
What challenges do tool developers have in finding out the needs of 33
decision makers? ’
How much involvement do practitioners have in product 4
development? ’
What are the measurable indicators of progress in terms of access to 43
information and its effective uses? ’
Identify critical components, mechanisms, and pathways that have led to 44

successful utilization of climate information by water managers.

Discuss options for (a) improving the use of existing forecasts/data
products and (b) identify other user needs and challenges in order to 44 and 5
prioritize research for improving forecasts and products.

Discuss how these findings can be transferred to other sectors. 5




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

Table 1.3 Summary of Case Studies (i.e., Experiments and Evaluations) presented in this Product.

Study or Experiment

CPC Seasonal Drought
Outlook (DO)

Chapter

2, Box 2.3

Type of Decision Support

Information Needed, Used
or Delivered

DO is a monthly subjective
consensus forecast between
several agencies and academic
experts, of drought evolution
for three months following the
forecast date.

Most Successful Feature(s)
or Lesson(s) Learned from
Case Study

Primary drought-related agency
forecast produced in US; widely
used by drought management
and response community from
local to regional scales. Research
is ongoing for product improve-
ments.

Testbeds

2, Box 2.4

Testbeds are a mix of research
and operations, and serve as a
conduit between operational,
academic and research com-
munities. NOAA currently
operates several testbeds (e.g,
Hazardous Weather, Climate
and Hurricanes).

Testbeds focus on introduc-

ing new ideas and data to the
existing system and analyzing the
results through experimentation
and demonstration. Satisfaction
with testbeds has been high for
operational and research partici-
pants alike.

Advanced Hydrologic
Prediction Service (AHPS)

2, Box 2.5;3,
Section 3.3.1.2

AHPS provides data more
quickly and at smaller scale
(i.e., local watershed) than
previous hydrographic models;
directly links to local decision
makers.

More accurate, detailed, and
visually oriented outputs provide
longer-range forecasts than
current methods. Also includes
a survey process and outreach,
training, and educational activi-
ties.

NWS Local 3-Month
Outlook for Temp & Precip
(L3MO)

2,Box 2.6

Designed to clarify and down-
scale the national-scale CPC
Climate Outlook temperature
forecast product.

Outlook is new; it became
operational in January 2007. The
corresponding local product for
precipitation is still in develop-
ment as of this writing.

Southwest drought-climate
variability & water manage-
ment

3, Section 3.2.3.2

Regional studies of: as-
sociations between ENSO
teleconnections, multi-decadal
variations in Pacific Ocean-at-
mosphere system, and regional
climate show potential pre-
dictability of seasonal climate
and hydrology.

New Mexico and Arizona have
been working to integrate new
decision support tools and
data into their drought plans;
Colorado River Basin water
managers have commissioned
tree ring reconstructions of
streamflow to revise estimates
of record droughts, and to
improve streamflow forecast
performance.

Red River of the North
—Flooding and Water
Management

3, Section 3.2.4

Model outputs to better use
seasonal precipitation, snow-
melt, etc., are being used in
operations decisions; however,
the 1997 floods resulted in

$4 billion in losses. The River
crested 5 feet over the flood
height predicted by the North
Central River Forecast Cen-
ter; public blamed National
Weather Service for a faulty
forecast.

There is a need for () improved
forecasts (e.g., using recent data
in flood rating curves, real-time
forecasting); (2) better forecast
communication (e.g., warn-

ings when rating curve may be
exceeded and including user
feedback in improved forecast
communication); and (3) more
studies (e.g., reviewing data for
future events).
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Study or Experiment

Credibility and the Use of
Climate Forecasts: Yakima
River Basin/El Nifo

3, Section 3.2.4

Type of Decision
Support Information
Needed, Used or
Delivered

In 1997, USBR issued a
faulty forecast for summer
runoff to be below an estab-
lished threshold. Result was
increased animosity be-
tween water rights holders,
loss of confidence in USBR,
lawsuits against USBR.

Chapter |

Most Successful
Feature(s) or Lesson(s)
Learned from Case Study

There is a need for greater
transparency in forecast
methods (including issuing
forecast confidence lim-

its), better communication
between agencies and the
public, and consideration of
consequences of actions taken
by users in the event of a bad
forecast.

Credibility and the Use of
Climate Forecasts: Colo-
rado Basin Case Studies

3, Section 3.2.4

In 1997, the USBR issued a
forecast, based on snow-
pack, for summer runoff to
be below the legally estab-
lished threshold, resulting in
jeopardized water possibili-
ties for junior water rights
holders.

Need to improve transpar-
ency in forecast methods (e.g,
issuing forecast confidence
limits, better communication
between agencies and the
public, and consideration of
users’ actions in the event of
a bad forecast), would have
improved the forecast value
and the actions taken by the
USBR.

Southeast Drought:
Another Perspective on

A lack of tropical storms/
hurricanes and societal
influences such as oper-
ating procedures, laws
and institutions led to

Impacts exacerbated by (1)
little action to resolve river
basin conflicts between GA,
AL, and FL; (2) incompatibility
of river usage (e.g., protecting
in-stream flow while permit-
ting varied off-stream use),

3, Section 3.3.1 3) conflicts between up- and
Water Problems in the the 2007-2008 Southeast (3) i
. . down-stream demands (i.e.,
Southeastern United States Drought, resulting in
. . ) water supply/wastewater
impacts to agriculture, fish- . .
k .. discharge, recreational use),
eries, and municipal water .
supplies and (4) negotiating process
PP (e.g., compact takes effect only
when parties agree to alloca-
tion formula).
Inclusion of social and physical
. scientists and stakeholders re-
In 1992, in response to a . .
sulted in new knowledge (i.e.,
long drought, the State . .
. . ideas and technologies) that
Policy learning and sea- of Ceara created several -
. . critically affected water re-
sonal climate forecasting levels of water management . . .
. . . . . ) o form, including helping poorer
application in NE Brazil— 3, Section 3.3.1.1 including an interdisciplin-

integrating information into
decisions

ary group within the state
water management agency
to develop and implement
reforms.

communities better adapt to,
and build capacity for manag-
ing climate variability impacts
on water resources; also
helped democratize decision
making.




Study or Experiment

Interpreting Climate
Forecasts—uncertainties
and temporal variability: Use
of ENSO based information
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Chapter

3, Section 3.3.2

Type of Decision
Support Information
Needed, Used or
Delivered

The Arizona Salt River
Project (SRP) made a series
of decisions based on the
1997/1998 El Nifio (EN)
forecast plus analysis of how
ENs tended to affect their
rivers and reservoirs.

Most Successful
Feature(s) or Lesson(s)
Learned from Case Study

SRP managers reduced
groundwater pumping in 1997
in anticipation of a wet winter;
storms provided ample water
for reservoirs. Success was
partly due to availability of

climate and hydrology research

and federal offices in close
proximity to managers. Lack
of temporal and geographical
variability information in cli-
mate processes remains a bar-
rier to adoption/use of specific
products; decisions based only
on forecasts are risky.

How the South Florida
Woater Management District
(SFWMD) Uses Climate
Information

4, Experiment |

SFWMD established a
regulation schedule for Lake
Okeechobee that uses cli-
mate outlooks as guidance
for regulatory release deci-
sions. A decision tree with
a climate outlook is a major
advance over traditional
hydrologic rule curves used
to operate large reservoirs.
This experiment is the only
one identified that uses
decadal climate data in a
decision-support context.

To improve basin management,

modeling capabilities must:
improve ability to differentiate
trends in basin flows associ-
ated with climate variation;
gauge skill gained in using
climate information to predict
basin hydro-climatology;
account for management un-
certainties caused by climate;
and evaluate how climate
projections may affect facil-
ity planning and operations.
Also, adaptive management is
effective in incorporating SI
variation into modeling and
operations decision-making
processes.

21
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Study or Experiment

Long-Term Municipal Water
Management Planning—
New York City (NYC)

4, Experiment 2

Type of Decision
Support Information
Needed, Used or
Delivered

NYC is adapting strategic
and capital planning to
include the potential effects
of climate change (i.e., sea-
level rise, higher tempera-
tures, increases in extreme
events, and changing pre-
cipitation patterns) on the
City’s water systems. NYC
Department of Environmen-
tal Protection, in partner-
ship with local universities
and private sector consul-
tants, is evaluating climate
change projections, impacts,
indicators, and adaptation
and mitigation strategies

to support agency decision
making.

Chapter |

Most Successful
Feature(s) or Lesson(s)
Learned from Case Study

This case illustrates (I) plans
for regional capital improve-
ments can include measures
that reduce vulnerability to
sea level rise; (2) the me-
teorological and hydrology
communities need to define
and communicate current and
increasing risks, with explicit
discussion of the inherent un-
certainties; (3) more research
is needed (e.g, to further re-
duce uncertainties associated
with sea-level rise, provide
more reliable predictions of
changes in frequency/intensity
of tropical and extra-tropical
storms, etc.); (4) regional
climate model simulations
and statistical techniques
used to predict long-term
climate change impacts could
be down-scaled to help
manage projected S| climate
variability; and (5) decision
makers need to build support
for adaptive action despite
uncertainties. The extent and
effectiveness of this action will
depend on building awareness
of these issues among decision
makers, fostering processes
of interagency interaction and
collaboration, and developing
common standards.




Study or Experiment

Integrated Forecast and
Reservoir Management
(INFORM)—Northern
California
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Chapter

4, Experiment 3

Type of Decision
Support Information
Needed, Used or
Delivered

INFORM aims to demon-
strate the value of climate,
weather, and hydrology
forecasts in reservoir op-
erations. Specific objectives
are to: (I) implement a pro-
totype integrated forecast-
management system for
the Northern California
river and reservoir system
in close collaboration with
operational forecasting and
management agencies, and
(2) demonstrate the utility
of meteorological/climate
and hydrologic forecasts
through near-real-time tests
of the integrated system
with actual data and man-
agement input.

Most Successful
Feature(s) or Lesson(s)
Learned from Case Study

INFORM demonstrated key
aspects of integrated forecast-
decision systems, i.e., (I)
seasonal climate and hydrologic
forecasts benefit reservoir
management, provided that
they are used in connection
with adaptive dynamic decision
methods that can explicitly ac-
count for and manage forecast
uncertainty; (2) ignoring fore-
cast uncertainty in reservoir
regulation and water manage-
ment decisions leads to costly
failures; and (3) static decision
rules cannot take full advantage
of and handle forecast uncer-
tainty information. The extent
that forecasts help depends

on their reliability, range, and
lead time, in relation to the
management systems’ ability to
regulate flow, water allocation,
etc.

How Seattle Public Utility
(SPU) District Uses Climate
Information to Manage
Reservoirs

4, Experiment 4

Over the past several years
SPU has taken steps to
improve incorporation of
climate, weather, and hydro-
logic information into the
real-time and S| manage-
ment of its mountain water
supply system. They are
receptive to new manage-
ment approaches due to
public pressure and the risk
of legal challenges related
to the protection of fish
populations

The SPU case shows: (I) access
to skillful Sl forecasts enhances
credibility of using climate
information in the region;

(2) monitoring of snowpack
moisture storage and mountain
precipitation is essential for ef-
fective decision making and for
detecting long-term trends that
can affect water supply reliabil-
ity; and (3) SPU has significant
capacity to conduct in-house
investigations/assessments. This
provides confidence in the use
of information.

23
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Study or Experiment

Using Paleo-climate
Information to Examine
Climate Change Impacts

Chapter

4, Experiment 5

Type of Decision
Support Information
Needed, Used or
Delivered

Because of repeated
drought, western water
managers, through partner-
ships with researchers in
the inter-mountain West
have chosen to use paleocli-
mate records of streamflow
and hydroclimatic variability
to provide an extended
record for assessing the
potential impact of a more
complete range of natural
variability as well as provid-
ing a baseline for detecting
regional impacts of global
climate change.

Chapter |

Most Successful
Feature(s) or Lesson(s)
Learned from Case Study

Partnerships have led to a
range of applications evolving
from a better understanding
of historical drough condi-
tions to assessing drought im-
pacts on water systems using
tree ring reconstructed flows.
Workshops have expanded
applications of the tree ring
based streamflow reconstruc-
tions for drought planning
and water management. Also,
an online resource provides
water managers access to
gage and reconstruction data
and a tutorial on reconstruc-
tion methods for gages in
Colorado and California.

Climate, Hydrology, and
Water Resource Issues in
Fire-Prone United States
Forests

4, Experiment 6

The 2000 experiment, con-
sisting of annual workshops
to evaluate the utility of
climate information for fire
management, was initiated
to inform fire managers
about climate forecasting
tools and to enlighten cli-
mate forecasters about the
needs of the fire manage-
ment community.

Fire-climate workshops are
now accepted practice by
agencies with an annual as-
sessment of conditions and
production of pre-season fire-
climate forecasts. Scientists
and decision makers continue
to explore new questions, as
well as involve new partici-
pants, disciplines and special-
ties, to make progress in key
areas (e.g., lightning climatolo-

gies).

The CALFED — Bay Delta
Program: Implications of
Climate Variability

4 Experiment 7

Delta requirements to
export water supplies to
southern California are
complicated by: managing
habitat and water supplies
in the region, maintaining
endangered fish species,
making major long-term
decisions about rebuilding
flood control levees and
rerouting water supply net-
works through the region.

A new approach has led to
consideration of climate
change and sea level rise in
infrastructure planning; the
time horizon for planning has
been extended to 200 years.
Because of incremental chang-
es in understanding changing
climate, this case shows the
importance of using adaptive
management strategies.




Study or Experiment

Regional Integrated Science
and Assessment Teams
(RISAs)—An Opportunity
for Boundary Spanning, and
a Challenge
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Chapter

Section 4.3.2

Type of Decision
Support Information
Needed, Used or
Delivered

The eight RISA teams

that are sponsored by
NOAA represent a new
collaborative paradigm in
which decision makers are
actively involved in develop-
ing research agendas. RISAs
explicitly seek to work at
the boundary of science and
decision making.

Most Successful
Feature(s) or Lesson(s)
Learned from Case Study

RISA teams facilitate engage-
ment with stakeholders

and design climate-related
decision-support tools for
water managers through us-
ing: (1) a robust “stakeholder-
driven research” approach
focusing on both the supply
(i.e., information develop-
ment) and demand side (i.e.,
the user and her/his needs);
(2) an “information broker”
approach, both producing
new scientific information
themselves and providing a
conduit for new and old in-
formation and facilitating the
development of information
networks; (3) a “participant/
advocacy” or “problem-
based” approach, involving a
focus on a particular problem
or issue and engaging directly
in solving it; and (4) a “basic
research” approach where
researchers recognize gaps
in the key knowledge needed
in the production of context
sensitive, policy-relevant
information.

Leadership in the
California Department of
Water Resources (CDWR)

4, Case Study A

Drought in the Colorado
River Basin and negotiations
over shortage and surplus
guidelines prompted water
resources managers to use
climate data in plans and
reservoir forecast models.
Following a 2005 workshop
on paleohydrologic data use
in resource management,
RISA and CDWR scientists
developed ties to improve
the usefulness of hydro-
climatic science in water
management.

CDWR asked the NAS to
convene a panel to clarify
scientific understanding of
Colorado River Basin clima-
tology and hydrology, past
variations, projections for the
future, and impacts on water
resources. NAS issued the
report in 2007; a new Memo-
randum of Agreement now
exists to improve coopera-
tion with RISAs and research
laboratories.
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Study or Experiment

Chapter

Type of Decision
Support Information
Needed, Used or
Delivered

Chapter |

Most Successful
Feature(s) or Lesson(s)
Learned from Case Study

Cooperative extension
services, watershed
stewardship: the Southeast
Consortium

4, Case Studies B and F

The Southeast Climate
Consortium RISA (SECC), a
confederation of research-
ers at six universities in
Alabama, Georgia, and
Florida, has used a top-
down approach to develop
stakeholder capacity to use
climate information in re-
gion’s $33 billion agricultural
sector. Early on, SECC
researchers recognized the
potential of using ENSO
impact on local climate

data to provide guidance

to farmers, ranchers, and
forestry sector stakehold-
ers on yields and changes to
risk (e.g., frost occurrence).

SECC determined that ()
benefits from producers use
of seasonal forecasts depends
on factors that include the
flexibility and willingness to
adapt farming operations in
response to forecasts, and
the effectiveness of forecast
communication; (2) success
in championing integration

of new information requires
sustained interactions (e.g.,
with agricultural producers in
collaboration with extension
agents; and (3) direct engage-
ment with stakeholders
provides feedback to improve
the design of the tool and

to enhance climate forecast
communication.

Approaches to building user
knowledge and enhancing
capacity building—Arizona
Water Institute

4, Case Study C

The Arizona Water Insti-
tute, initiated in 2006, fo-
cuses resources of the State
of Arizona’s university sys-
tem on the issue of water
sustainability. The Institute
was designed as a “bound-
ary organization” to build
pathways for innovation
between the universities
and state agencies, com-
munities, Native American
tribal representatives, and
the private sector.

The Institute focuses on:
capacity building, training
students through engage-
ment in real-world water
policy issues, providing better
access to hydrologic data for
decision makers and assisting
in visualizing implications of
decisions they make, provid-
ing workshops and training
programs for tribal entities,
jointly defining research agen-
das between stakeholders
and researchers, and building
employment pathways to
train students for jobs requir-
ing special training (e.g., water
and wastewater treatment
plant operators).
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Murray—Darling Basin—
sustainable development
and adaptive management
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Chapter

4, Case Study D

Type of Decision
Support Information
Needed, Used or
Delivered

1985 Murray—Darling
Basin Agreement (MDBA),
formed by New South
Wales, Victoria, South Aus-
tralia and Commonwealth,
provides for integrated
management of water and
related land resources of
world’s largest catchment
system. MDBA encourages
use of climate information
for planning and manage-
ment; seeks to integrate
quality and quantity
concerns within a single
management framework;
has a broad mandate to
embrace social, economic,
environmental and cultural
issues in decisions, and au-
thority to implement water
& development policies.

Most Successful
Feature(s) or Lesson(s)
Learned from Case Study

According to Newson (1997),
while the policy of integrated
management has “received
wide endorsement”, progress
towards effective implemen-
tation has fallen short—espe-
cially in the area of floodplain
management. This has been
attributed to a “reactive

and supportive” attitude as
opposed to a proactive one.
Despite such criticism, it is
hard to find another initiative
of this scale and sophistica-
tion that has attempted adap-
tive management based on
community involvement.

Adaptive management in
Glen Canyon, Arizona and
Utah

4, Case Study E

Glen Canyon Dam was
constructed in 1963 to
provide hydropower, ir-
rigation, flood control, and
public water supply—and
to ensure adequate storage
for upper basin states of
Colorado River Compact.
When dam’s gates closed,
the river above and below
Glen Canyon was altered.
In 1996, USBR created an
experimental flood to re-
store the river ecosystem.

Continued drought in the
Southwest is placing increased
stress on land and water
resources of region, including
agriculture. Efforts to restore
the river to conditions more
nearly approximating the era
before the dam was built will
require changes in the dam’s
operating regime to force

a greater balance between
instream flow, sediment man-
agement, power generation
and offstream water supply.
This will require forecast use
to ensure that these various
needs can be optimized.

Potomac River Basin

4, Case Study G

The Interstate Commission
on the Potomac River Basin
(ICPRB) periodically studies
the impact of climate change
on the supply reliability to
the Washington metropoli-
tan area (WMA).

A 2005 study stated that the
2030 demand in the WMA
could be 74% to 138% greater
than that of 1990. According
to the report, with aggressive
conservation and operation
policies, existing resources
should be sufficient through
2030; recommended incor-
porating potential climate
impacts in future planning.
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Study or Experiment

Fire prediction workshops
as a model for climate
science—water management
process to improve water
resources decisions

Chapter

4, Case Study H

Type of Decision
Support Information
Needed, Used or
Delivered

Given strong mutual inter-
ests in improving the range
of tools available to fire
management, with goal of
reducing fire related damage
and loss of life, fire manag-
ers and climate scientists
have developed long-term
process to: improve fire
potential prediction; better
estimate costs; most ef-
ficiently deploy fire fighting

resources.

Chapter |

Most Successful
Feature(s) or Lesson(s)
Learned from Case Study

Emphasis on process, as well
as product, may be a model
for climate science in support
of water resources manage-
ment decision making. An-
other key facet in maintaining
this collaboration and direct
application of climate sci-
ence to operational decision
making has been the develop-
ment of strong professional
relationships between the
academic and operational
partners.

Incentives to Innovate—
Climate Variability and Wa-
ter Management along San
Pedro River

4, Case Study |

The highly politicized issue
of water management in
upper San Pedro River Basin
has led to establishment of
Upper San Pedro Partner-
ship, whose primary goal is
balancing water demands
with supply without com-
promising region’s economic
viability, much of which is
tied to Fort Huachuca Army
base.

Studies show growing vulner-
ability to climate impacts.
Climatologists, hydrologists,
social scientists, and engi-
neers work with partnership
to strengthen capacity/inter-
est in using climate forecast
products. A decision-support
model being developed by
University of Arizona with
partnership members will
hopefully integrate climate
into local decisions.
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KEY FINDINGS

There are a wide variety of climate and hydrologic data and forecast products currently available for use by decision
makers in the water resources sector, ranging from seasonal outlooks for precipitation and surface air temperature
to drought intensity, lake levels, river runoff and water supplies in small to very large river basins. However, the use of
official seasonal-to-interannual (SI) climate and hydrologic forecasts generated by National Oceanic and Atmospheric
Administration (NOAA) and other agencies remains limited in the water resources sector. Forecast skill, while rec-
ognized as just one of the barriers to the use of Sl climate forecast information, remains a primary concern among
forecast producers and users. Simply put, there is no incentive to use Sl climate forecasts when they are believed to
provide little additional skill to existing hydrologic and water resource forecast approaches. Not surprisingly, there is
much interest in improving the skill of hydrologic and water resources forecasts. Such improvements can be realized by
pursuing several research pathways, including:

*  Improved monitoring and assimilation of real-time hydrologic observations in land surface hydrologic models that
leads to improved estimates for initial hydrologic states in forecast models;

* Increased accuracy in Sl climate forecasts; and,

* Improved bias corrections in existing forecast.

Because runoff and forecast conditions are projected to gradually and continually trend towards increasingly warmer
temperatures as a consequence of human-caused climate change, the expected skill in regression-based hydrologic
forecasts will always be limited by having only a brief reservoir of experience with each new degree of warming. Con-
sequently, we must expect that regression-based forecast equations will tend to be increasingly and perennially out of
date in a world with strong warming trends. This problem with the statistics of forecast skill in a changing world sug-
gests that development and deployment of more physically-based, less statistically-based, forecast models should be a
priority in the foreseeable future.

Another aspect of forecasts that serves to limit their use and utility is the challenge in interpreting forecast information.
For example, from a forecast producer’s perspective, confidence levels are explicitly and quantitatively conveyed by
the range of possibilities described in probabilistic forecasts. From a forecast user’s perspective, probabilistic forecasts
are not always well understood or correctly interpreted. Although structured user testing is known to be an effective
product development tool, it is rarely done. Evaluation should be an integral part of improving forecasting efforts, but
that evaluation should be extended to factors that encompass use and utility of forecast information for stakeholders.
In particular, very little research is done on effective seasonal forecast communication. Instead, users are commonly
engaged only near the end of the product development process.

Other barriers to the use of Sl climate forecasts in water resources management have been identified and those that re-
late to institutional issues and aspects of current forecast products are discussed in Chapters 3 and 4 of this Product.
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Pathways for expanding the use and improving the utility of data and forecast products to sup-
port decision making in the water resources sector are currently being pursued at a variety of
spatial and jurisdictional scales in the United States. These efforts include:

*  An increased focus on developing forecast evaluation tools that provide users with op-
portunities to better understand forecast products in terms of their expected skill and
applicability;

» Additional efforts to explicitly and quantitatively link Sl climate forecast information with
SI hydrologic and water supply forecasting efforts;

*  Anincreased focus on developing new internet-based tools for accessing and customizing
data and forecast products to support hydrologic forecasting and water resources decision
making; and,

*  Further improvements in the skill of hydrologic and water supply forecasts.

Many of these pathways are currently being pursued by the federal agencies charged with pro-
ducing the official climate and hydrologic forecast and data products for the United States, but
there is substantial room for increasing these activities.

An additional important finding is that recent improvements in the use and utility of data and
forecast products related to water resources decision-making have come with an increased
emphasis on these issues in research funding agencies through programs like the Global Energy
and Water Cycle Experiment (GEWEX, a program initiated by the World Climate Research
Programme) and NOAA’s Regional Integrated Sciences and Assessment (RISA), Sectoral Ap-
plications Research Program (SARP), Transition of Research Applications to Climate Services
(TRACS) and Climate Prediction Program for the Americas (CPPA) programs. Sustaining and
accelerating future improvements in the use and utility of official data and forecast products
in the water resources sector rests, in part, on sustaining and expanding federal support for
programs focused on improving the skill in forecasts, increasing the access to data and forecast
products, and supporting sustained interactions between forecast producers and consumers.
One strategy is to support demonstration projects that result in the development of new tools
and applications that can then be transferred to broader communities of forecast producers,
including those in the private sector, and broader communities of forecast consumers.
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2.1 INTRODUCTION

In the past, water resource managers relied
heavily on observed hydrologic conditions
such as snowpack and soil moisture to make
seasonal-to-interannual (SI) water supply
forecasts to support management decisions.
Within the last decade, researchers have begun
to link SI climate forecasts with hydrologic
models (e.g., Kim et al., 2000; Kyriakidis et al.,
2001) or statistical distributions of hydrologic
parameters (e.g., Dettinger et al., 1999; San-
karasubramanian and Lall, 2003) to improve
hydrologic and water resources forecasts. Ef-
forts to incorporate SI climate forecasts into
water resources forecasts have been prompted,
in part, by our growing understanding of the
effects of global-scale climate phenomena, like
El Nifio-Southern Oscillation (ENSO), on U.S.
climate, and the expectation that SI forecasts
of hydrologically-significant climate variables
like precipitation and temperature provide a
basis for predictability that is not currently
being exploited. To the extent that climate vari-
ables like temperature and precipitation can be
forecasted seasons in advance, hydrologic and
water-supply forecasts can also be made skill-
fully well before the end, or even beginning, of
the water year'.

More generally speaking, the use of climate
data and SI forecast information in support
of water resources decision making has been
aided by efforts to develop programs focused
on fostering sustained interactions between data
and forecast producers and consumers in ways
that support co-discovery of applications (e.g.
see Miles et al., 2006).

This Chapter focuses on a description and
evaluation of hydrologic and climate forecast
and data products that support decision making
for water resource managers. Because the focus
of this CCSP Product is on using SI forecasts
and data for decision support in the water re-
sources sector, we frame this Chapter around
key forecast and data products that contribute
towards improved hydrologic and water sup-

' The water year, or hydrologic year, is October 1st

through September 30th. This reflects the natural cycle
in many hydrologic parameters such as the seasonal
cycle of evaporative demand, and of the snow accu-
mulation, melt, and runoff periods in many parts of
the United States.

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

ply forecasts. As a result, this Product does not
contain a comprehensive review and assessment
of the entire national SI climate and hydrologic
forecasting effort. In addition, the reader should
note that, even today, hydrologic and water
supply forecasting efforts in many places are
still not inherently linked with the SI climate
forecasting enterprise.

Surveys identify a variety of barriers to the use
of climate forecasts (Pulwarty and Redmond,
1997; Callahan et al., 1999; Hartmann et al.,
2002), but insufficient accuracy is always men-
tioned as a barrier. It is also well established that
an accurate forecast is a necessary, but in and of
itself, insufficient condition to make it useful or
usable for decision making in management ap-
plications (Table 2.1). Chapters 3 and 4 provide
extensive reviews, case studies, and analyses
that provide insights into pathways for lowering
or overcoming barriers to the use of SI climate

Table 2.1 Barriers to the use of climate forecasts and

information for resource managers in the Columbia River Basin

(Reproduced from Pulwarty and Redmond, 1997).

a. Forecasts not “accurate” enough.

b. Fluctuation of successive forecasts (“waffling”).

of El Nifo and La Nifa impacts, non-ENSO events, what are
"normal" conditions?).

c. The nature of what a forecast is, and what is being forecast (e.g., types

uncertainty in other arenas, such as freshwater and ocean ecology
[for salmon productivity]).

d. Non-weather/climate factors are deemed to be more important (e.g.,

e. Low importance is given to climate forecast information because its
role is unclear or impacts are not perceived as important enough to
commit resources.

f. Other constraints deny a flexible response to the information (e.g.,
meeting flood control or Endangered Species Act requirements).

g. Procedures for acquiring knowledge and making and implementing
decisions which incorporate climate information, have not been
clearly defined.

h. Events forecast may be too far in the future for a discrete action to
be engaged.

i. Availability and use of locally-specific information may be more
relevant to a particular decision.

j- “Value” may not have been demonstrated by a credible reliable
organization or competitor.

k. Desired information not provided (e.g., number of warm days,
regional detail).

|. There may be competing forecasts or other conflicting information.

m. Lack of “tracking” information; does the forecast appear to
be verifying?

n. History of previous forecasts not available. Validation statistics of
previous forecasts not available.
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forecasts in water resources decision making.

It is almost impossible to discuss the perceived
value of forecasts without also discussing is-
sues related to forecast skill. Many different
criteria have been used to evaluate forecast skill
(see Wilks, 1995 for a comprehensive review).
Some measures focus on aspects of determin-
istic skill (e.g., correlations between predicted
and observed seasonally averaged precipitation
anomalies), while many others are based on
categorical forecasts (e.g., Heidke skill scores
for categorical forecasts of “wet”, “dry”, or
“normal” conditions). The most important mea-
sures of skill vary with different perspectives.
For example, Hartmann ef al. (2002) argue that
forecast performance criteria based on “hitting”
or “missing” associated observations offer us-
ers conceptually easy entry into discussions
of forecast quality. In contrast, some research
scientists and water supply forecasters may be
more interested in correlations between the
ensemble average of predictions and observed

Chapter 2

measures of water supply like seasonal runoff
volume.

Forecast skill remains a primary concern among
many forecast producers and users. Skill in hy-
drologic forecast systems derives from various
sources, including the quality of the simulation
models used in forecasting, the ability to esti-
mate the initial hydrologic state of the system,
and the ability to skillfully predict the statistics
of future weather over the course of the fore-
cast period. Despite the significant resources
expended to improve SI climate forecasts over
the past 15 years, few water-resource related
agencies have been making quantitative use of
climate forecast information in their water sup-
ply forecasting efforts (Pulwarty and Redmond
1997; Callahan ef al., 1999).

In Section 2.2 of this Chapter, we review hy-
drologic data and forecasts products. Section
2.3 provides a parallel discussion of the climate

BOX 2.1: Agency Support

Federal support for research supporting improved hydrologic forecasts and applications through the use of climate
forecasts and data has received increasing emphasis since the mid-1990s. The World Climate Research Program’s
Global Energy and Water Cycle Experiment (GEWEX) was among the first attempts to integrate hydrology/land
surface and atmosphere models in the context of trying to improve hydrologic and climate predictability.

There have been two motivations behind this research: understanding scientific issues of land surface interactions
with the climate system, and the development or enhancement of forecast applications, e.g., for water, energy
and hazard management. Early on, these efforts were dominated by the atmospheric (and related geophysical)
sciences.

In the past, only a few U.S. programs have been very relevant to hydrologic prediction: the NOAA Climate
Prediction Program for the Americas (CPPA), NOAA predecessors GEWEX Continental-scale International
Project (GCIP), GEWEX Americas Prediction Project (GAPP) and the NASA Terrestrial Hydrology Program.
The hydrologic prediction and water management focus of NOAA and NASA has slowly expanded over time.
Presently, the NOAA Climate Dynamics and Experimental Prediction (CDEP), Transition of Research Applica-
tions to Climate Services (TRACS) and Sectoral Applications Research Program (SARP) programs, and the
Water Management program within NASA, have put a strong emphasis on the development of both techniques
and community linkages for migrating scientific advances in climate and hydrologic prediction into applications by
agencies and end use sectors. The longer-standing NOAA Regional Integrated Sciences and Assessments (RISA)
program has also contributed to improved use and understanding of climate data and forecast products in water
resources forecasting and decision making. Likewise, the recently initiated postdoctoral fellowship program under
the Predictability, Predictions, and Applications Interface (PPAl) panel of U.S. CLIVAR aims to grow the pool of
scientists qualified to transfer advances in climate science and climate prediction into climate-related decision
frameworks and decision tools.

Still, these programs are small in comparison with current federally funded science focused initiatives and are
only just beginning to make inroads into the vast arena of effectively increasing the use and utility of climate and
hydrologic data and forecast products.
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data and forecast products that support
hydrologic and water supply forecast-
ing efforts in the United States. In Sec-
tion 2.4, we provide a more detailed
discussion of pathways for improving
the skill and utility in hydrologic and

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

1 Wak

Lo

§

-
;

climate forecasts and data products. E
w-r-mammt
Section 2.5 contains a brief review 1 _Benefts | - >
of operational considerations and ef- "‘E i_ §E £ i é % Eg g E g E EE g
forts to improve the utility of forecast ji i‘é & %\ ] 2 3 2 a8 En. i
and data products through efforts to - " E
improve the forecast evaluation and
development process. These efforts
. . . TR, /Dot of Chvl and Ervvironemental Enginessing, Unkx of Waakingion
include cases in which forecast pro- Figure 2.1 The correspondence of climate and hydrologic forecast lead time to user

viders and users have been engaged
in sustained interactions to improve
the use and utility of forecast and
data products, and have led to many
improvements and innovations in the
data and forecast products generated by national
centers. In recent years, a small number of
water resource agencies have also developed
end-to-end forecasting systems (i.e. forecasting
systems that integrate observations and forecast
models with decision-support tools) that utilize
climate forecasts to directly inform hydrologic
and water resources forecasts.

2.2 HYDROLOGIC AND WATER
RESOURCES: MONITORING AND
PREDICTION

The uses of hydrologic monitoring and predic-
tion products, and specifically those that are
relevant for water, hazard and energy man-
agement, vary depending on the forecast lead
time (Figure 2.1). The shortest climate and
hydrologic lead-time forecasts, from minutes
to hours, are applied to such uses as warnings
for floods and extreme weather, wind power
scheduling, aviation, recreation, and wild fire
response management. In contrast, at lead
times of years to decades, predictions are used
for strategic planning purposes rather than
operational management of resources. At SI
lead times, climate and hydrologic forecast ap-
plications span a wide range that includes the
management of water, fisheries, hydropower
and agricultural production, navigation and
recreation. Table 2.2 lists aspects of forecast
products at these time scales that are relevant
to decision makers.

2.2.1 Prediction Approaches

The primary climate and hydrologic prediction
approaches used by operational and research
centers fall into four categories: statistical,
dynamical, statistical-dynamical hybrid, and
consensus. The first three approaches are ob-
jective in the sense that the inputs and methods
are formalized, outputs are not modified on an
ad hoc basis, and the resulting forecasts are
potentially reproducible by an independent
forecaster using the same inputs and methods.
The fourth major category of approach, which
might also be termed blended knowledge, re-
quires subjective weighting of results from the
other approaches. These types of approaches
are discussed in Box 2.2.

Other aspects of dynamical prediction schemes
related to model physical and computational
structure are important in distinguishing one
model or model version from another. These
aspects are primary indicators of the sophis-
tication of an evolving model, relative to other
models, but are not of much interest to the
forecast user community. Examples include
the degree of coupling of model components,
model vertical resolution, cloud microphysics
package, nature of data assimilation approaches
and of the data assimilated, and the ensemble
generation scheme, among many other forecast
system features.

sectors in which forecast benefits are realized (from National Weather Service Hydrology
Research Laboratory). The focus of this Product is on climate and hydrologic forecasts with
lead times greater than two weeks and up to approximately one year.

Climate and
hydrologic lead-
time forecasts
range from
minutes to years.
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2.2.2 Forecast Producers and Products
Federal, regional, state, and local agencies,
as well as private sector companies, such as
utilities, produce hydrologic forecasts. In con-
trast to climate forecasts, hydrologic forecast
products more directly target end use sectors—
e.g., water, energy, natural resource or hazard
management—and are often region-specific.
Prediction methods and forecast products vary
from region to region and are governed by
many factors, but depend in no small measure
on the hydroclimatology, institutional tradi-
tions and sectoral concerns in each region.
A representative sampling of typical forecast
producers and products is given in Appendix
A.1. Forecasting activities at the federal, state,
regional, and local scales are discussed in the
following subsections.

2.2.2.1 FEDERAL
The primary federal streamflow forecasting
agencies at SI lead times are the NOAA, Na-
tional Weather Service (NWS) and the U.S.
Department of Agriculture (USDA) National
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Resource Conservation Service (NRCS) Na-
tional Water and Climate Center (NWCC).
The NWCC'’s four forecasters produce statisti-
cal forecasts of summer runoff volume in the
western United States using multiple linear
regression to estimate future streamflow from
current observed snow water equivalent, accu-
mulated water year precipitation, streamflow,
and in some locations, using ENSO indicators
such as the Nifio3.4 index (Garen, 1992; Pagano
and Garen, 2005). Snowmelt runoff is critical
for a wide variety of uses (water supply, ir-
rigation, navigation, recreation, hydropower,
environmental flows) in the relatively dry
summer season. The regression approach has
been central to the NRCS since the mid-1930s,
before which similar snow-survey based fore-
casting was conducted by a number of smaller
groups. Forecasts are available to users both in
the form of tabular summaries (Figure 2.2) that
convey the central tendency of the forecasts and
estimates of uncertainty, and maps showing the
median forecast anomaly for each river basin
area for which the forecasts are operational

Table 2.2 Aspects of forecast products that are relevant to users.

Forecast Product Aspect Description / Example

Forecast product variables

Precipitation, temperature, humidity, wind speed, and
atmospheric pressure

Forecast product spatial resolution

Grid cell longitude by latitude, climate division

Domain Watershed, river basin, regional, national, and global

Product time step (temporal resolution) Hourly, sub-daily, daily, monthly, and seasonal

Range of product lead times

| to 15 days, | to 13 months

Frequency of forecast product update Every 12 hours, every month

Lag of forecast product update

The length of time from the forecast initialization time
before forecast products are available: e.g., two hours

for a medium range forecast, one day for a monthly to
seasonal forecast.

Many users require a historical climatology showing
forecast model performance to use in bias-correction,
downscaling, and/or verification.

Existence of historical climatology

Deterministic forecasts have a single prediction for each
future lead time. Probabilistic forecasts frame predicted
values within a range of uncertainty, and consist either
of an ensemble of forecast sequences spanning all lead
times, or of a distinct forecast distribution for each
future lead time.

Deterministic or probabilistic

Published or otherwise available information about
the performance of forecasts is not always available,
particularly for forecasts that are steadily evolving. In
Availability of skill/accuracy information principle, the spread of probabilistic forecasts contains
such information about the median of the forecast; but
the skill characteristics pertaining to the spread of the
forecast are not usually available.
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BOX 2.2: Forecast Approaches

Dynamical: Computer models designed to represent the physical features of the oceans, atmosphere and land sur-
face, at least to the extent possible given computational constraints, form the basis for dynamical predictions. These
models have, at their core, a set of physical relationships describing the interactions of the Earth’s energy and moisture
states. Inputs to the models include estimates of the current moisture and energy conditions needed to initialize the
state variables of the model (such as the moisture content of an atmospheric or soil layer), and of any physical char-
acteristics (called parameters—one example is the elevation of the land surface) that must be known to implement
the relationships in the model’s physical core. In theory, the main advantage of dynamical models is that influence of
any one model variable on another is guided by the laws of nature as we understand them. As a result, the model will
correctly simulate the behavior of the earth system even under conditions that may not have occurred in the period
during which the model is verified, calibrated and validated. The primary disadvantages of dynamical models, however,
are that their high computational and data input demands require them to approximate characteristics of the Earth
system in ways that may compromise their realism and therefore performance. For example, the finest computational
grid resolution that can be practically achieved in most atmospheric models (on the order of 100 to 200 kilometers
per cell) is still too coarse to support a realistic representation of orographic effects on surface temperature and
precipitation. Dynamical hydrologic models can be implemented at much finer resolutions (down to ten meters per
cell, for catchment-scale models) because they are typically applied to much smaller geographic domains than are
atmospheric models. While there are many aspects that distinguish one model from another, only a subset of those
(listed in Table 1.1) is appreciated by the forecast user, as opposed to the climate modeler, and is relevant in describ-
ing the dynamical forecast products.

Statistical: Statistical forecast models use mathematical models to relate observations of an earth system variable
that is to be predicted to observations of one or more other variables (and/or of the same variable at a prior time)
that serve as predictors. The variables may describe conditions at a point location (e.g., flow along one reach of a
river) or over a large domain, such as sea surface temperatures along the equator. The mathematical models are com-
monly linear relationships between the predictors and the predictand, but also may be formulated as more complex
non-linear systems.

Statistical models are often preferred for their computational ease relative to dynamical models. In many cases, statistical
models can give equal or better performance to dynamical models due in part to the inability of dynamical models to
represent fully the physics of the system (often as a result of scale or data limitations), and in part to the dependence
of predictability in many systems on predominantly linear dynamics (Penland and Magorian, 1993; van den Dool, 2007).
The oft-cited shortcomings of statistical models, on the other hand, include their lack of representation of physical
causes and effects, which, in theory, compromise their ability to respond to unprecedented events in a fashion that is
consistent with the physical constraints of the system. In addition, statistical models may require a longer observational
record for “training” than dynamical models, which are helped by their physical structure.

Objective hybrids: Statistical and dynamical tools can be combined using objective approaches. A primary example
is a weighted merging of the tools’ separate predictions into a single prediction (termed an objective consolidation;
van den Dool, 2007). A second example is a tool that has dynamical and statistical subcomponents, such as a climate
prediction model that links a dynamical ocean submodel to a statistical atmospheric model. A distinguishing feature
of these hybrid approaches is that an objective method exists for linking the statistical and dynamical schemes so
as to produce a set of outputs that are regarded as “optimal” relative to the prediction goals. This objectivity is not
preserved in the next consensus approach.

Blended Knowledge or Subjective consensus: Some forecast centers release operational predictions, in which
expert judgment is subjectively applied to modify or combine outputs from prediction approaches of one or more of
the first three types, thereby correcting for perceived errors in the objective approaches to form a prediction that
has skill superior to what can be achieved by objective methods alone. The process by which the NOAA Climate
Predication Center (CPC) and International Research Institute for Climate and Society (IRl) constructs their monthly
and seasonal outlooks for example, includes subjective weighting of the guidance provided by different climate forecast
tools. The weighting is often highly sensitive to recent evolution and current state of the tropical ENSO, but other
factors, like decadal trends in precipitation and surface temperature, also have the potential to influence the final
official climate forecasts.
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Streamflow Forecasts as of June 1,2008
Forecasts This Year 30 Year
'71-'00
Stream and Station Most Probable Reasonable Average
Runoff
Forecast Max Min
Period kaf bavg %avg &avg kaf
Arkansas River Basin
Arkansas River
Granite at,CO Apr-Sep 260 124 177 118 210
Salida at, CO Apr-Sep 450 145 177 118 310
Canon City at, CO Apr-Sep 540 136 172 111 397
Pueblo abv, CO Apr-Sep 650 134 167 105 485
Grape Creek West-
cliffe nr, CO Apr-Sep 33.0 168 245 107 19.6
Cucharas River
La Veta nr, CO Apr-Sep 11.1 85 108 68 13.0
Purgatoire River-
Trinidad at, CO Apr-Sep 32.0 73 107 48 44
Huerfano River
Redwing nr, CO Apr-Sep 12.8 83 103 65 15.5
Chalk Creek
Nathrop nr, CO Apr-Sep 43.0 159 211 115 27
Vermejo River
Dawson nr, NM Mar-Jun 6.20 89 113 73 7.0
Eagle Nest
Reservoir Reser-
voir Inflow, NM Mar-Jun 14.70 126 143 118 11.7
Cimarron River
Cimarron nr, NM Mar-Jun 18.60 117 138 106 15.9
Ponil Creek
Cimarron nr, NM Mar-Jun 6.10 91 109 81 6.7
Rayado Creek
Sauble Ranch, NM Mar-Jun 5.90 83 101 73 7.1

Figure 2.2 Example of NRCS tabular summer runoff (streamflow) volume
forecast summary, showing median (“most probable”) forecasts and probabilis-
tic confidence intervals, as well as climatological flow averages. Flow units are
thousand-acre-feet (KAF), a runoff volume for the forecast period. This table
was downloaded from <http://www.wcc.nrcs.usda.gov/wsf/wsf.html>.
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Figure 2.3 Example of NRCS spatial summer runoff (April-Septem-
ber streamflow) volume forecast summary, showing median runoff
forecasts as an anomaly (percent of average).
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(Figure 2.3). Until 2006, the NWCC'’s forecasts
were released near the first of each month, for
summer flow periods such as April through
July or April through September. In 2006, the
NWCC began to develop automated daily up-
dates to these forecasts, and the daily product is
likely to become more prevalent as development
and testing matures. The NWCC has also just
begun to explore the use of physically-based
hydrologic models as a basis for forecasting.

NWCC water supply forecasts are coordinated
subjectively with a parallel set of forecasts
produced by the western U.S. NWS River
Forecast Centers (RFCs), and with forecasts
from Environment Canada’s BC Hydro. The
NRCS-NWS joint, official forecasts are of the
subjective consensus type described earlier,
so the final forecast products are subjective
combinations of information from different
sources, in this case, objective statistical tools
(i.e., regression models informed by observed
snow water equivalent, accumulated water year
precipitation, and streamflow) and model based
forecast results from the RFCs.

The NWS surface water supply forecast
program began in the 1940s in the Colorado
Basin. It has since expanded to include sea-
sonal forecasts (of volume runoff during the
spring to summer snow melt period) for most
of the snowmelt-dominated basins important
to water management in the western United
States. These forecasts rely on two primary
tools: Statistical Water Supply (SWS), based
on multiple-linear regression, and Ensemble
Streamflow Prediction (ESP), a technique
based on hydrologic modeling (Schaake, 1978;
Day, 1985). Results from both approaches are
augmented by forecaster experience and the
coordination process with other forecasting
entities. In contrast to the western RFCs, RFCs
in the eastern United States are more centrally
concerned with short to medium-range flood
risk and drought-related water availability out to
about a three month lead time. At some eastern
RFC websites, the seasonal forecast is linked
only to the CPC Drought Outlook rather than
an RFC-generated product (Box 2.3).

The streamflow prediction services of the RFCs
have a national presence, and, as such, are able
to leverage a number of common technologi-
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cal elements, including models, databases and
software for handling meteorological and hy-
drological data, and for making, assessing and
disseminating forecasts (i.e., website structure).
Nonetheless, the RFCs themselves are regional
entities with regional concerns.

The NWS’s ESP approach warrants further
discussion. In the mid 1970s, the NWS de-
veloped the hydrologic modeling, forecasting
and analysis system—NWS River Forecast
System (NWSRFS)—the core of which is the
Sacramento soil moisture accounting scheme
coupled to the Snow-17 temperature index snow
model, for ESP-based prediction (Anderson,
1972, 1973; Burnash et al., 1973). The ESP

approach uses a deterministic simulation of
the hydrologic state during a model spin-up Figure 2.4 Areas covered by the NWS Advanced Hydrologic Prediction Service
(AHPS) initiative (McEnery et al., 2005).

AHPS Ease Expansion Areas

s Areas Completed Through FY 2003 (T1T Forecast Points)
I Areas Covered by FY 2004 National AHPS (511 New Forecast Points)

(initialization) period, leading up to the forecast
start date to estimate current hydrologic condi-
tions, and then uses an ensemble of historical
meteorological sequences as model inputs (e.g.,
temperature and precipitation) to simulate hy-
drology in the future (or forecast period). Until
several years ago, the RFC dissemination of
ESP-based forecasts for streamflows at SI lead
times was rare, and the statistical forecasts
were the accepted standard. Now, as part of the
NWS Advanced Hydrologic Prediction Service
(AHPS) initiative, ESP forecasts are being ag-
gressively implemented for basins across the
United States (Figure 2.4) at lead times from
hours to SI (McEnery et al., 2005).
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At the seasonal lead times, several western
RFCs use graphical forecast products for the
summer period streamflow forecasts that
convey the probabilistic uncertainty of the
forecasts. A unified web based suite of applica-
tions that became operational in 2008 provides

forecast users with a number of avenues for j’: == E‘_’:'—'_
exploring the RFC water supply forecasts. i=_ [E=E== =
For example, Figure 2.5 shows (in clockwise LESE =

order from top left) (a) a western United States
depiction of the median water supply outlook

) ] Figure 2.5 A graphical forecast product from the NWS River Forecast Cen-
for the RFC forecast basins, (b) a progression  ¢ers, showing a forecast of summer (April through July) period streamflow on
of forecasts (median and bounds) during the  the Colorado River, Colorado to Arizona. These figures were obtained from
water year together with flow normals and ob-  <http://www.nwrfc.noaa.gov/westernwater>.

served flows; (c) monthly forecast distributions,

with the option to display individual forecast
ensemble members (i.e., single past years) and
also select ENSO-based categorical forecasts
(ESP subsets); and (d) various skill measures,

such as mean absolute error, for the forecasts
based on hindcast performance. Access to raw
ensemble member data is also provided from
the same website.
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The existence in
digitized form of
the retrospective
archive of seasonal
forecasts is critical
for the verification
of forecast skill.

The provision of a service that assists hydro-
logic forecast users in either customizing a
selection of ESP possibilities to reflect, perhaps,
the users’ interest in data from past years that
they perceive as analogues to the current year,
or the current ENSO state, is a notable advance
from the use of “climatological” ESP (i.e., using
all traces from a historical period) in the prior
ESP-related seasonal forecast products. Some
western RFCs have also experimented with us-
ing the CPC seasonal climate outlooks as a basis
for adjusting the precipitation and temperature
inputs used in climatological ESP, but it was
found that the CPC outlook anomalies were
generally too small to produce a distinct fore-
cast from the climatological ESP (Hartmann
et al., 2002). In some RFCs, NWS statistical
water supply forecasts have also provided per-
spective (albeit more limited) on the effect of
future climate assumptions on future runoff by
including results from projecting 50, 75, 100,
125 and 150 percent of normal precipitation in
the remaining water year. At times, the official
NWS statistical forecasts have adopted such
assumptions, e.g., that the first month follow-
ing the forecast date would contain other than
100 percent of expected precipitation, based
on forecaster judgment and consideration of a
range of factors, including ENSO state and CPC
climate predictions.

Figure 2.6 shows the performance of summer
streamflow volume forecasts from both the
NWS and NRCS over a recent ten-year period;
this example is also part of the suite of fore-
cast products that the western RFC designed
to improve the communication of forecast
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performance and provide verification informa-
tion. Despite recent literature (Welles et al.,
2007) that has underscored a general scarcity
of such information from hydrologic forecast
providers, the NWS has recently codified
verification approaches and developed verifi-
cation tools, and is in the process of disbursing
them throughout the RFC organization (NWS,
2006). The existence in digitized form of the
retrospective archive of seasonal forecasts is
critical for the verification of forecast skill. The
ten-year record shown in Figure 2.6, which is
longer than the record available (internally or
to the public) for many public agency forecast
variables, is of inadequate length for some types
of statistical assessment, but is an undeniable
advance in forecast communication relative
to the services that were previously available.
Future development priorities include a climate
change scenario application, which would
leverage climate change scenarios from IPCC
or similar to produce inputs for future water
supply planning exercises. In addition, forecast
calibration procedures (e.g., Seo et al., 2006;
Wood and Schaake, 2008) are being developed
for the ensemble forecasts to remove forecast
biases. The current NOAA/NWS web service
Internet web address is: <http:/www.nwrfc.
noaa.gov/westernwater>

A contrast to these probabilistic forecasts is
the deterministic five-week forecast of lake
water level in Lake Lanier, GA, produced by
the U.S. Army Corps of Engineers (USACE)
based on probabilistic inflow forecasts from
the NWS southeastern RFC. Given that the
lake is a managed system and the forecast has
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Figure 2.6 Comparing ESP and statistical forecasts from the NRCS and NWS for a recent 10-year period. The forecasts are for
summer (April through July) period streamflow on the Gunnison River, Colorado.
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Elevalion in FT MSL Lanier Action Zones and Actual 2008 Elevations

a sub-seasonal lead time, the single-
valued outlook may be justified by the
planned management strategy. In such
a case, the lake level is a constraint that
requires transferring uncertainty in
lake inflows to a different variable in
the reservoir system, such as lake out-
flow. Alternatively, the deterministic
depiction may result from an effort to
simplify probabilistic information in s
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Regionally-focused agencies such Figure 2.7 A deterministic five-week forecast of reservoir levels in Lake Lanier, Georgia,
as the U.S. Bureau of Reclamation Produced by USACE <http://water.sam.usace.army.mil/lanfc.htm>.

(USBR), the Bonneville Power Admin-

istration (BPA), the Tennessee Valley Authority
(TVA), and the Great Lakes Environmental
Research Laboratory (GLERL) also produce
forecasts targeting specific sectors within their
priority areas. Figure 2.8 shows an example of
an SI lead forecast of lake levels produced by
GLERL. GLERL was among the first major
public agencies to incorporate climate forecast
information into operational forecasts using
hydrologic and water management variables.
Forecasters use coarse-scale climate forecast
information to adjust climatological probability
distribution functions (PDFs) of precipitation
and temperature that are the basis for generat-
ing synthetic ensemble inputs to hydrologic and
water management models, the outputs of which
include lake level as shown in the figure. In this
case, the climate forecast information is from
the CPC seasonal outlooks (method described
in Croley, 1996).

The Bonneville Power Administration (BPA),
which helps manage and market power from
the Columbia River reservoir system, is both
a consumer and producer of hydrologic fore-
cast products. The BPA generates their own
ENSO-state conditioned ESP forecasts of res-
ervoir system inflows as input to management
decisions, a practice supported by research
into the benefits of ENSO information for
water management (Hamlet and Lettenmaier,
1999).

A number of state agencies responsible for
releasing hydrologic and water resources
forecasts also make use of climate forecasts in

the process of producing their own hydrologic
forecasts. The South Florida Water Manage-
ment District (SFWMD) predicts lake (e.g.,
Lake Okeechobee) and canal stages, and makes
drought assessments, using a decision tree in
which the CPC seasonal outlooks play a role.
SFWMD follows GLERL’s lead in using the
Croley (1996) method for translating the CPC
seasonal outlooks to variables of interest for
their system.

2.2.2.3 LOoCAL
At an even smaller scale, some local agencies
and private utilities may also produce forecasts
or at least derive applications-targeted forecasts
from the more general climate or hydrology
forecasts generated at larger agencies or centers.

Lake Superior Mean Lake Level (meters, IFLD8S)
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Simulalod Cutiook

Upper Regulation Limd

183.8+

T
& 2

1834

— Simulaled

ChartiDatum

Lower Foegulation Limil ’—l

182 8 L L1 /I I [ N N N [ [ | L I I T
Jan Apr Jus Dl Jiry Apr Jul Jan
2005 2007 2008

18324

Kaan Lake Level (maters, IGLDAS)

182.64

Figure 2.8 Probabilistic forecasts of future lake levels disseminated by GLERL.
From: <http://www.glerl.noaa.gov/wr/ahps/curfcst/>.
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Seattle Public Utilities (SPU; see Experiment 4,
Section 4.2.1), for example, operates a number
of reservoirs for use primarily in municipal
water supply. SPU makes SI reservoir inflow
forecasts using statistical methods based on
observed conditions in their watersheds (i.e.,
snow and accumulated precipitation), and on the
current ENSO state, in addition to consulting
the Northwest River Forecast Center (NWRFC)
volume runoff forecasts. The SPU forecasts are
made and used internally rather than dissemi-
nated to the public.

2.2.2.4 RESEARCH
Research institutions such as universities
also produce hydrologic forecasts of a more
experimental nature. A prime example is the

CFS Forecast-based CPC Outlook-based
Aug 2008 (lead 1.5 month) Aug 2008 (lead 1.5 month)

I 1 I | I
=100 =50 =10 =5 =2 2 L] i 50 100
Morithlty Runall Anomaly (ensemble mean, mm)
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Manthly Runolf Percsntile (snsembile mean)

Figure 2.9 Ensemble mean forecasts of monthly runoff at lead 1.5 months
created using an LDAS hydrologic model driven by CFS and CPS climate
outlooks. The hydrologic prediction techniques were developed at the
University of Washington and Princeton University as part of a real-time
streamflow forecasting project sponsored by NOAA. Other variables, not
shown, include soil moisture, snow water equivalent, and streamflow. This
map is based on those available from <http://hydrology.princeton.edu/~luo/
research/FORECAST/forecast.php>.
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Integrated Forecast and Reservoir Management
(INFORM) project housed at the Hydrologic
Research Center (HRC), which produces not
only streamflow forecasts in the State of Cali-
fornia, but also reservoir system forecasts. This
project is discussed at greater length in Chapter
4 (Georgakakos et al., 2005). Approximately
five years ago, researchers at the University of
Washington and Princeton University launched
an effort to produce operational hydrologic and
streamflow predictions using distributed land
surface models that were developed by an inter-
agency effort called the Land Data Assimilation
System (LDAS) project (Mitchell et al., 2004).
In addition to generating SI streamflow fore-
casts in the western and eastern United States,
the project also generates real-time forecasts
for land surface variables such as runoff, soil
moisture, and snow water equivalent (Wood and
Lettenmaier, 2006; Luo and Wood, 2008), some
of which are used in federal drought monitoring
and prediction activities (Wood, 2008; Luo and
Wood, 2007). Figure 2.9 shows an example (a
runoff forecast) from this body of work that is
based on the use of the Climate Forecast System
(CFS) and CPC climate outlooks. Similar to the
NWS ESP predictions, these hydrologic and
streamflow forecasts are physically-based, dy-
namical and objective. The effort is supported
primarily by NOAA, and like the INFORM
project collaborates with public forecast agen-
cies in developing research-level prediction
products. The federal funding is provided with
the intent of migrating operational forecasting
advances that arise in the course of these ef-
forts into the public agencies, a topic discussed
briefly in Section 2.1.

2.2.3 Skill in Seasonal-to-

Interannual Hydrologic and Water
Resource Forecasts

This Section focuses on the skill of hydrologic
forecasts; Section 2.5 includes a discussion of
forecast utility. Forecasts are statements about
events expected to occur at specific times
and places in the future. They can be either
deterministic, single-valued predictions about
specific outcomes, or probabilistic descrip-
tions of likely outcomes that typically take the
form of ensembles, distributions, or weighted
scenarios.



The hydrologic and water resources forecasts
made for water resources management reflect
three components of predictability: the season-
ality of the hydrologic cycle, the predictability
associated with large-scale climate teleconnec-
tions, and the persistence of anomalies in hydro-
logic initial conditions. Evapotranspiration, run-
off (e.g., Pagano et al., 2004) and ground-water
recharge (e.g., Earman et al., 2006) all depend
on soil moisture and (where relevant) snowpack
conditions one or two seasons prior to the fore-
cast windows, so that these moisture conditions,
directly or indirectly, are key predictors to many
hydrologic forecasts with lead times up to six
months. Although hydrologic initial conditions
impart only a few months of predictability to
hydrologic systems, during their peak months
of predictability, the skill that they contribute
is often paramount. This is particularly true in
the western United States, where much of the
year’s precipitation falls during the cool season,
as snow, and then accumulates in relatively
easily observed form, as snowpack, until it
predictably melts and runs off in the warm
season months later. Information about large-
scale climatic influences, like the current and
projected state of ENSO, are valued because
some of the predictability that they confer on
water resources has influence even before snow
begins to accumulate or soil-recharging fall
storms arrive. ENSO, in particular, is strongly
synchronized with the annual cycle so that, in
many instances, the first signs of an impending
warm (EI Nifo) or cold (La Nifia) ENSO event
may be discerned toward the end of the summer
before the fluctuation reaches its maturity and
peak of influence on the United States climate
in winter. This advance warning for important
aspects of water year climate allows forecasters
in some locations to incorporate the expected
ENSO influences into hydrologic forecasts
before or near the beginning of the water year
(e.g., Hamlet and Lettenmaier, 1999).

These large-scale climatic influences, however,
rarely provide the high level of skill that can
commonly be derived later in the water year
from estimates of land surface moisture state,
i.e., from precipitation accumulated during the
water year, snow water equivalent or soil mois-
ture, as estimated indirectly from streamflow.
Finally, the unpredictable, random component
of variability remains to limit the skill of all
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real-world forecasts. The unpredictable compo-
nent reflects a mix of uncertainties and errors
in the observations used to initialize forecast
models, errors in the models, and the chaotic
complexities in forecast model dynamics and
in the real world.

Many studies have shown that the single great-
est source of forecast error is unknown precipi-
tation after the forecast issue date. Schaake and
Peck (1985) estimate that for the 1947 to 1984
forecasts for inflow to Lake Powell, almost 80
percent of the January 1st forecast error is due
to unknown future precipitation; by April 1st,
Schaake and Peck find that future precipitation
still accounts for 50 percent of the forecast error.
Forecasts for a specific area can perform poorly
during years with abnormally high spring
precipitation or they can perform poorly if the
spring precipitation in that region is normally a
significant component of the annual cycle. For
example, in California, the bulk of the moisture
falls from January to March and it rarely rains in
spring (April to June), meaning that snowpack-
based April 1st forecasts of spring-summer
streamflow are generally very accurate. In
comparison (see Figure 2.10), in eastern Wyo-
ming and the Front Range of Colorado, April
through June is the wettest time of year and, by
April 1st, the forecaster can only guess at future
precipitation events because of an inability to
skillfully forecast springtime precipitation in
this region one season in advance.

Pagano et al. (2004) determined that the second
greatest factor influencing forecasting skill is
how much influence snowmelt has on the hy-
drology of the basin and how warm the basin is
during the winter. For example, in basins high
in the mountains of Colorado, the temperature
remains below freezing for most of the winter.
Streamflow is generally low through April until
temperatures rise and the snow starts to melt.
The stream then receives a major pulse of snow-
melt over the course of several weeks. Spring
precipitation may supplement the streamflow,
but any snow that falls in January is likely to
remain in the basin until April when the forecast
target season starts. In comparison, in western
Oregon, warm rain-producing storms can be in-
terspersed with snow-producing winter storms.
Most of the runoff occurs during the winter and
it is possible for a large snowpack in Febru-

Forecasts made for
water resources
management reflect
three components
of predictability: the
seasonality of the
hydrologic cycle,
the predictability
associated with
large-scale climate
teleconnections,
and the persistence
of anomalies in
hydrologic initial
conditions.
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ary to be melted and washed away by March
rains. For the forecaster, predicting April-to-
July streamflow is difficult, particularly in
anticipating the quantity of water that is going
to “escape” before the target season begins.
Additional forecast errors in snowmelt river
basins can arise from the inability to accurately
predict the sublimation of snow (sublimation

Mean April-June Fraction of Annual Pracipitation
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occurs when ice or snow converts directly into
atmospheric water vapor without first passing
through the liquid state), a complex process that
is influenced by cloudiness, sequences of me-
teorological conditions (wind, relative humidity
as well as temperature) affecting crust, internal
snow dynamics, and vegetation.

Some element of fore-
cast accuracy depends

45°N

on the variability of the
river itself. It would be
easy to incur a 100 per-
cent forecast error on,
for example, the San
Francisco River in Ari-
zona, whose observa-
tions vary between 17
percent to more than
750 percent of average.
It would be much more
difficult to incur such
a high error on a river
such as the Stehekin
River in Washington,

Figure 2.10 Mean percentages of annual precipitation that fell from April through June, 1971 to 2000
(based on 4-km PRISM climatologies). This figure was obtained from <http://www.prism.oregonstate.
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Figure 2.11 Recent operational National Water and Climate Center (NWCC) forecasts
of April-July 2007 streamflow volume in Birch Creek at Swift Dam near Valier, Montana,
showing daily median-forecast values of percentages of long-term average streamflow total
for summer 2007 (blue) and the long-term estimates of correlation-based forecast skill
corresponding to each day of the year. Figure obtained from the NWCC <http://www.wcc.
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As previously indicated, hydrologic
and streamflow forecasts that extend
to a nine-month lead time are made
for western United States rivers,
primarily during the winter and
spring, whereas in other parts of the
United States, where seasonality of
precipitation is less pronounced, the



forecasts link to CPC drought products, or are
qualitative (the NWS Southeastern RFC, for in-
stance, provides water supply related briefings
from their website), or are in other regards less
amenable to skill evaluation. For this reason, the
following discussion of water supply forecast
skill focuses mostly on western United States
streamflow forecasting, and in particular water
supply (i.e., runoff volume) forecasts, for which
most published material relating to SI forecasts
exists.

In the western United States, the skill of opera-
tional forecasts generally improves progressive-
ly during the winter and spring months leading
up to the period being forecasted, as increasing
information about the year’s land surface water
budget are observable (i.e., reflected in snow-
pack, soil moisture, streamflow and the like).
An example of the long-term average seasonal
evolution of NWCC operational forecast skill at
a particular stream gage in Montana is shown
in Figure 2.11. The flow rates that are judged to
have a 50 percent chance of not being exceeded
(i.e., the 50th percentile or median) are shown
by the blue curve for the early part of 2007. The
red curve shows that, early in the water year, the
April to July forecast has little skill, measured
by the regression coefficient of determination
(r?, or correlation squared), with only about
ten percent of historical variance captured by
the forecast equations. By about April Ist, the
forecast equations predict about 45 percent of
the historical variance, and at the end of the
season, the variance explained is about 80
percent. This measure of skill does not reach
100 percent because the observations available
for use as predictors do not fully explain the
observed hydrologic variation.

Comparisons of “hindcasts”—seasonal flow
estimates generated by applying the operational
forecast equations to a few decades (lengths
of records differ from site to site) of historical
input variables at each location with observed
flows provide estimates of the expected skill of
current operational forecasts. The actual skill
of the forecast equations that are operationally
used at as many as 226 western stream gages
are illustrated in Figure 2.12, in which skill is
measured by correlation of hindcast median
with observed values.
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The symbols in the various panels of Figure
2.12 become larger and bluer in hue as the
hindcast dates approach the start of the April to
July seasons being forecasted. They begin with
largely unskillful beginnings each year in the
January lst forecast; by April 1st the forecasts
are highly skillful by the correlation measures
(predicting as much as 80 percent of the year-
to-year fluctuations) for most of the California,
Nevada, and Idaho rivers, and many stations in
Utah and Colorado.

The general increases in skill and thus in
numbers of stations with high (correlation)
skill scores as the April Ist start of the forecast
period approaches is shown in Figure 2.13.

Historical Correlation Skills
for April-July Flow-Volume Forecasls
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Figure 2.12 Skills of forecast equations used operationally by NRCS, Califor-
nia Department of Water Resources, and Los Angeles Department of Water
and Power, for predicting April to July water supplies (streamflow volumes) on
selected western rivers, as measured by correlations between observed and
hindcasted flow totals over each station’s period of forecast records. Figure
provided by Tom Pagano, USDA NRCS.
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A question not addressed in this Product re-
lates to the probabilistic skill of the forecasts:
How reliable are the confidence limits around
the median forecasts that are provided by the
published forecast quantiles (10th and 90th

40 T ] T I T | T I T | T I
= Forecasts 1
H Apr 1
30 — Mar. 1 N
= = Feb. 1 <
= Jan. 1
20

Percentage of Stations

a 0.2 0.4 0.6

Correlation Skill Score

Figure 2.13 Percentages of stations with various correlation skill scores in
the various panels (forecast dates) of Figure 2.12.
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Figure 2.14 Potential contributions of antecedent snowpack conditions,
runoff, and Nifio 3.4 sea-surface temperatures to seasonal forecast skills
in hydrologic simulations under historical, 1950 to 1999, meteorological
conditions (left panels) and under those same conditions but with a 2°C
uniform warming imposed (Dettinger, 2007).
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percentiles, for example)? In a reliable fore-
cast, the frequencies with which the observa-
tions fall between various sets of confidence
bounds matches the probability interval set by
those bounds. That is, 80 percent of the time,
the observed values fall between the 10th and
90th percentiles of the forecast. Among the few
analyses that have been published focusing on
the probabilistic performance of United States
operational streamflow forecasts, Franz et al.
(2003) evaluated Colorado River basin ESP
forecasts using a number of probabilistic mea-
sures and found reliability deficiencies for many
of the streamflow locations considered.

2.2.3.2 THE IMPLICATIONS OF DECADAL
VARIABILITY AND LONG TERM CHANGE
IN CLIMATE FOR SEASONAL HYDROLOGIC
PREDICTION SKILL
In the earlier discussion of sources of water-
supply forecast skill, we highlighted the
amounts and sources of skill provided by snow,
soil moisture, and antecedent runoff influences.
IPCC projections of global and regional warm-
ing, with its expected strong effects on western
United States snowpack (Stewart et al., 2004;
Barnett et al., 2008), raises the concern that
prediction methods, such as regression, that
depend on a consistent relationship between
these predictors, and future runoff may not per-
form as expected if the current climate system
is being altered in ways that then alters these
hydro-climatic relationships. Decadal climate
variability, particularly in precipitation (e.g.,
Mantua et al., 1997; McCabe and Dettinger,
1999), may also represent a challenge to such
methods, although some researchers suggest
that knowledge of decadal variability can be
beneficial for streamflow forecasting (e.g.,
Hamlet and Lettenmaier, 1999). One view (e.g.,
Wood and Lettenmaier, 2006) is that hydrologic
model-based forecasting may be more robust to
the effects of climate change and variability due
to the physical constraints of the land surface
models, but this thesis has not been comprehen-
sively explored.

The maps shown in Figure 2.14 are based on
hydrologic simulations of a physically-based
hydrologic model, called the Variable Infiltra-
tion Capacity (VIC) model (Liang et al., 1994),
in which historical temperatures are uniformly
increased by 2°C. These figures show that the



losses of snowpack and the tendencies for more
precipitation to fall as rain rather than snow in
a warmer world reduce overall forecast skill,
shrinking the areas where snowpack contributes
strong predictability and also making anteced-
ent runoff a less reliable predictor. Thus, many
areas where warm-season runoff volumes are
accurately predicted historically are likely to
lose some forecast skill along with their snow-
pack. Overall, the average skill declines by
about 2 percent (out of a historical average of
35 percent) for the January to March volumes
and by about 4 percent (out of a historical
average of 53 percent) for April to July. More
importantly, though, are the declines in skill
at grid cells where historical skills are great-
est, nearly halving the occurrence of high-end
(>0.8) January-to-March skills and reducing
high-end April-to-July skills by about 15 per-
cent (Figure 2.15).

This enhanced loss among the most skillful grid
cells reflects the strong reliance of those grid
cells on historical snowpacks for the greater
part of their skill, snowpacks which decline
under the imposed 2°C warmer conditions.
Overall, skills associated with antecedent run-
off are more strongly reduced for the April-to-
July runoff volumes, with reductions from an
average contribution of 24 percent of variance
predicted (by antecedent runoff) historically
to 21 under the 2°C warm conditions; for the
January to March volumes, skill contributed by
antecedent runoff only declines from 18.6 per-
cent to 18.2 percent under the imposed warmer
conditions. The relative declines in
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history. In reality, the runoff and forecast condi-
tions are projected to gradually and continually
trend towards increasingly warm conditions,
and fitting new, appropriate forecast equations
(and models) will always be limited by having
only a brief reservoir of experience with each
new degree of warming. Consequently, we must
expect that regression-based forecast equations
will tend to be increasingly and perennially out
of date in a world with strong warming trends.
This problem with the statistics of forecast
skill in a changing world suggests development
and deployment of more physically based, less
statistically based forecast models should be a
priority in the foreseeable future (Herrmann,
1999; Gleick, 2000; Milly et al., 2008).

2.2.3.3 SKILL OF CLIMATE FORECAST-DRIVEN
HYDROLOGIC FORECASTS

The extent to which the ability to forecast
U.S. precipitation and temperature seasons
in advance can be translated into long-lead
hydrologic forecasting has been evaluated by
Wood et al. (2005). That evaluation compared
hydrologic variables in the major river basins
of the western conterminous United States as
simulated by the VIC hydrologic model (Liang
et al., 1994), forced by two different sources of
temperature and precipitation data: (1) observed
historical meteorology (1979 to 1999); and (2)
by hindcast climate-model-derived six-month-
lead climate forecasts.

The Wood et al. (2005) assessment quantified
and reinforced an important aspect of the hydro-

. . 20
the contributions from snowpack
and antecedent runoff make ante- B
cedent runoff (or, more directly, 15

soil moisture, for which antecedent
runoff is serving as a proxy here) a
more important predictor to moni-
tor in the future (for a more detailed
discussion, see Section 2.4.2).

Percentage of Grid Cells

It is worth noting that the changes
in skill contributions illustrated in
Figure 2.14 are best-case scenarios.
The skills shown are skills that o
would be provided by a complete
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Figure 2.15 Distributions of overall fractions of variance predicted, in Figure 2.13, of Janu-
ary to March (curves) and April to July (histograms) runoff volumes under historical (black)
and +2°C warmer conditions (Dettinger, 2007).
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logic forecasting community’s intuition about
the current levels of hydrologic forecast skill us-
ing long-lead climate forecasts generated from
various sources. The analysis first underscored
the conclusions that, depending on the season,
knowledge of initial hydrologic conditions con-
veys substantial forecast skill. A second finding
was that the additional skill available from in-
corporating current (at the time) long-lead cli-
mate model forecasts into hydrologic prediction
is limited when all years are considered, but can
improve streamflow forecasts relative to clima-
tological ESP forecasts in extreme ENSO years.
If performance in all years is considered, the
skill of current climate forecasts (particularly
of precipitation) is inadequate to provide readily
extracted hydrologic-forecast skill at monthly
to seasonal lead times. This result is consistent
with findings for North American climate
predictability (Saha ef al., 2006). During El
Nifio years, however, the climate forecasts have
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adequate skill for temperatures, and mixed skill
for precipitation, so that hydrologic forecasts
for some seasons and some basins (especially
California, the Pacific Northwest and the Great
Basin) provide measurable improvements over
the ESP alternative.

The authors of the Wood et al. (2005) assess-
ment concluded that “climate model forecasts
presently suffer from a general lack of skill,
[but] there may be locations, times of year and
conditions (e.g., during El Nifio or La Nifia)
for which they improve hydrologic forecasts
relative to ESP”. However, their conclusion
was that improvements to hydrologic forecasts
based on other forms of climate forecasts, e.g.,
statistical or hybrid methods that are not com-
pletely reliant on a single climate model, may
prove more useful in the near term in situa-
tions where alternative approaches yield better
forecast skill than that which currently exists
in climate models.

2.3 CLIMATE DATA AND
FORECAST PRODUCTS

2.3.1 A Sampling of Seasonal-to-
Interannual Climate Forecast

Products of Interest to Water
Resource Managers

At Sl lead times, a wide array of dynamical pre-
diction products exist. A representative sample
of SI climate forecast products is listed in Ap-
pendix A.l. The current dynamical prediction
scheme used by NCEP, for example, is a system
of models comprising individual models of the
oceans, global atmosphere and continental land
surfaces. These models were developed and
originally run for operational forecast purposes
in an uncoupled, sequential mode, an example
of which is the so-called “Tier 2” framework
in which the ocean model runs first, producing
ocean surface boundary conditions that are
prescribed as inputs for subsequent atmospheric
model runs. Since 2004, a “Tier 1” scheme was
introduced in which the models, together called
the Coupled Forecast System (CFS) (Saha et
al., 2006), were fully coupled to allow dynamic
exchanges of moisture and energy across the

I
-0.8 -05 -0d4 -0.968 0388 04 05 08

interfaces of the model components.
Figure 2.16 CPC objective consolidation forecast made in June

2007 (lead | month) for precipitation and temperature for the

three month period Aug-Sep-Oct 2007. Figure obtained from

<http://www.cpc.ncep.noaa.gov>.

46



At NCEP, the dynamical tool, CFES, is comple-
mented by a number of statistical forecast
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Interannual Forecasts and Observational Data: A Focus on Water Resources

-

TR

tools, three of which, Screening Multiple b
Linear Regression (SMLR), Optimal Climate
Normals (OCN), and Canonical Correlation
Analysis (CCA), are merged with the CFS to
form an objective consolidation forecast product
(Figure 2.16). While the consolidated forecast
exceeds the skill of the individual tools, the
official seasonal forecast from CPC involves
a subjective merging of it with forecast and
nowcast information sources from a number of
different sources, all accessible to the public at
CPC’s monthly briefing. The briefing materi-
als comprise 40 different inputs regarding the
past, present and expected future state of the
land, oceans and atmosphere from sources both
internal and external to CPC. These materials
are posted online at: <http://www.cpc.ncep.
noaa.gov/products/predictions/90day/tools/
briefing/>.
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Figure 2.17 The National Center for Enivironmental Predictions CPC season-
al outlook for precipitation also shown as a tercile probability map. Tan/brown
(green) shading indicates regions where the forecast indicates an increased
probability for precipitation to be in the dry (wet) tercile, and the degree of
shift is indicated by the contour labels. EC means the forecast predicts equal
chances for precipitation to be in the A (above normal), B (below normal),
or N (normal) terciles. Figure obtained from <http://www.cpc.ncep.noaa.gov/
products/predictions/multi_season/|3_seasonal_outlooks/color/page2.gif>. i

w

The resulting official forecast briefing has been
the CPC’s primary presentation of climate fore-
cast information each month. Forecast products
are accessible directly from CPC’s root level
home page in the form of maps of the probabil-
ity anomalies for precipitation and temperature
in three categories, or “terciles”, representing
below-normal, normal and above-normal val-
ues; a two-category scheme (above and below
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normal) is also available. This framework is T
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used for the longer lead outlooks (Figure 2.17).
The seasonal forecasts are also available in the

form of maps of climate anomalies in degrees LT - i o Pl
Celsius for temperature and inches for precipi- 'f] |‘l R - . “ | ) 4:_* p
tation (Figure 2.18). The forecasts are released ~ wf 70 ol = VTS e |
monthly, have a time-step of three months, and F I Y, e E ; g
have a spatial unit of the climate division (Fig- - ' et = /e o =
ure 2.19). For users desiring more information i f
about the probabilistic forecast than is given in _ ’ P ' -
the map products, a “probability of exceedence” = P it | Vel
(POE) plot, with associated parametric informa- S — S / _]:_' i [— Nermat
tion, is also available for each climate division = @ S SR Y I . = Anomely
(Figure 2.20). The POE plot shows the shift of A , ;'F s
the forecast probability distribution from the | FWANCER/EE "N f

o v 3

climatological distribution for each lead-time
of the forecast.

Figure 2.18 The National Center for Enivironmental Predictions CPC
seasonal outlook for precipitation shown as inches above or below the to-
tal normal precipitation amounts for the 3-month target period (compare
with the probability of exceedence forecast product shown in Figure 2.20).
Figure obtained from <http://www.cpc.ncep.noaa.gov/products/predictions/
long_range/poe_index.phpllead=3&var=p>.

In addition to NCEP, a few other centers, (e.g.,
the International Research Institute for Climate
and Society [IRI]) produce similar consensus
forecasts and use a similar map-based, tercile-
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forecast products
are national to
global in scale.

focused framework for exhibiting their results.
A larger number of centers run dynamical
forecast tools, and the NOAA Climate Di-
agnostics Center, which produces monthly
climate outlooks internally using statistical
tools, also provides summaries of climate
forecasts from a number of major sources,
both in terms of probabilities or anomalies, for
selected surface and atmospheric variables.
Using dynamical models, the Experimental
Climate Prediction Center (ECPC) at Scripps
Institute provides monthly and seasonal time
step forecasts of both climate and land surface
variables at a national and global scale. Using
these model outputs, ECPC also generates
forecasts for derived variables that target wild-
fire management—e.g., soil moisture and the
Fireweather Index (see Chapter 4 for a more
detailed description of Water Resource Issues
in Fire-Prone U.S. Forests and the use of this
index). The CPC has made similar efforts in
the form of the Hazards Assessment, a short- to
medium-range map summary of hazards re-
lated to extreme weather (such as flooding and
wildfires), and the CPC Drought Outlook (Box
2.3), a subjective consensus product focusing
on the evolution of large-scale droughts that is
released once a month, conveying expectations
for a three-month outlook period.

The foregoing is a brief survey of climate fore-
cast products from major centers in the United
States, and, as such, is far from a comprehen-
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Figure 2.19 The CPC climate division spatial unit upon which the official seasonal forecasts are
based. Figure obtained from <http://www.cpc.ncep.noaa.gov/products/predictions/long_range/

poe_index.phpllead=3&var=p>.
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sive presentation of the available sources. It
does, however, provide examples from which
the following observations about the general
nature of climate prediction in the United Sates
may be drawn. First, that operational SI cli-
mate forecasting is conducted at a relatively
small number of federally-funded centers, and
the resulting forecast products are national to
global in scale. These products tend to have a
coarse resolution in space and time, and are
typically for basic earth system variables (e.g.,
temperature, precipitation, atmospheric pres-
sure) that are of general interest to many sec-
tors. Forecasts are nearly always probabilistic,
and the major products attempt to convey the
inherent uncertainty via maps or data detailing
forecast probabilities, although deterministic
reductions (such as forecast variable anomalies)
are also available.

2.3.2 Sources of Climate-

Forecast Skill for North America

Much as with hydrologic forecasts, the skill of
forecasts of climate variables (notably, tempera-
ture and precipitation) is not straightforward as
it varies from region to region as well as with
the forecast season and lead time; it is also
limited by the chaotic and uncertain character
of the climate system and derives from a vari-
ety of sources. While initial conditions are an
important source for skill in SI hydrologic fore-
casts, the initial conditions of an atmospheric
forecast are of little use after about 8 to 10
days as other forecast errors and/
or disturbances rapidly grow, and
therefore have no influence on SI
T climate forecast skill (Molteni et
al., 1996). SI forecasts are actu-
ally forecasts of those variations
of the climate system that reflect
predictable changes in boundary
conditions, like seasurface tem-
peratures (SSTs), or in external
‘forcings,” disturbances in the
radiative energy budget of the
Earth’s climate system. At time
scales of decades-to-centuries,
potential skill rests in predictions
for slowly varying components
of the climate system, like the
atmospheric concentrations of
carbon dioxide that influence
the greenhouse effect, or slowly
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Figure 2.20 The NCEP CPC seasonal outlook for precipitation in the Seattle Region Climate Divi-
sion (Division 75 in Figure 2.19) shown as the probability of exceedence for total precipitation for
the three-month target period <http://www.cpc.ncep.noaa.gov/products/predictions/long_range/
poe_graph_index.php?lead=3&climdiv=75&var=p.>.

evolving changes in ocean circulation that can
alter SSTs and thereby change the boundary
conditions for the atmosphere. Not all possible
sources of SI climate-forecast skill have been
identified or exploited, but contributors that
have been proposed and pursued include a
variety of large-scale air-sea connections (e.g.,
Redmond and Koch, 1991; Cayan and Webb,
1992; Mantua et al., 1997, Enfield et al., 2001;
Hoerling and Kumar, 2003), snow and sea-ice
patterns (e.g., Cohen and Entekhabi, 1999; Clark
and Serreze, 2000; Lo and Clark, 2002; Liu et
al., 2004), and soil moisture and vegetation
regimes (e.g., Koster and Suarez, 1995, 2001;
Ni-Meister et al., 2005).

In operational practice, however, most of the
forecast skill provided by current forecast
systems (especially including climate models)
derives from our ability to predict the evolu-
tion of ENSO events on time scales of 6 to
12 months, coupled with the teleconnections
from the events in the tropical Pacific to many
areas of the globe. Barnston et al. (1999), in
their explanation of the advent of the first op-
erational long-lead forecasts from the NOAA
Climate Prediction Center, stated that “while

some extratropical processes probably develop
independently of the Tropics... much of the
skill of the forecasts for the extratropics comes
from anomalies of ENSO-related tropical sea
surface temperatures”. Except for the changes
associated with diurnal cycles, seasonal cycles,
and possibly the (30 to 60 day) Madden-Julian
Oscillation of the tropical ocean-atmosphere
system, “ENSO is the most predictable climate
fluctuation on the planet” (McPhaden ef al.,
2006). Diurnal cycles and seasonal cycles are
predictable on time scales of hours-to-days and
months-to-years, respectively, whereas ENSO
mostly provides predictability on SI time scales.
Figure 2.21a shows that temperatures over the
tropical oceans and lands and extratropical
oceans are more correlated from season to
season than the extratropical continents. To the
extent that they can anticipate the slow evolu-
tion of the tropical oceans, indicated by these
correlations, SCFs in the extratropics that derive
their skill from an ability to forecast conditions
in the tropical oceans are provided a basis for
prediction skill. To the extent that the multi-
seasonal long-term potential predictability of
the ENSO episodes (Figure 2.21b) can be drawn
upon in certain regions at certain times of year,

Most of the skill
provided by current
forecast systems
derives from our
ability to predict the
evolution of El Nifo—
Southern Oscillation
events on time scales
of 6 to 12 months.
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Figure 2.21 (a, top) Map of correlations between surface-air tempera-
tures in each season and the following season in 600 years of historical
climate simulation by the HadCM3 model (Collins 2002); (b, bottom) Po-
tential predictability of a common ENSO index (Nifio3 SST, the average
of SSTs between 150°W and 90W, 5°S, and 5°N), average temperatures
over the United States and Canada, and average precipitation over the
United States and Canada, with skill measured by anomaly correlations
and plotted against the forecast lead times; results extracted from Col-
lins (2002), who estimated these skills from the reproducibility among
multiple simulations of 30 years of climate by the HadCM3 coupled
ocean-atmosphere model. Correlations below about 0.3 are not statisti-
cally significant at the 95 percent level.

the relatively meager predictabilities of North
American temperatures and precipitation can
be extended.

The scattered times between ENSO events
drastically limits skillful prediction of events
until, at least, the first faltering steps towards
the initiation of an ENSO event have been ob-
served. ENSO events, however, are frequently
(but not always) phase-locked (synchronized)
with aspects of the seasonal cycle (Neelin et
al., 2000), so that (a) forecasters know when to
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look most diligently for those “first faltering
steps” and (b) the first signs of the initiation of
an event are often witnessed 6 to 9 months prior
to ENSO’s largest expressions in the tropics
and Northern Hemisphere (e.g., Penland and
Sardeshmukh, 1995). Thus, ENSO influences,
however irregular and unpredictable they are
on multiyear time scales, regularly provide
the basis for SI climate forecasts over North
America. ENSO events generally begin their
evolution sometime in late (northern) spring
or early summer, growing and maturing until
they most often reach full strength (measured
by either their SST expressions in the tropical
Pacific or by their influences on the Northern
Hemisphere) by about December — March
(e.g., Chen and van den Dool 1997). An ENSO
event’s evolution in the tropical ocean and atmo-
sphere during the interim period is reproducible
enough that relatively simple climate indices
that track ENSO-related SST and atmospheric
pressure patterns in the tropical Pacific provide
predictability for North American precipitation
patterns as much as two seasons in advance.
Late summer values of the Southern Oscilla-
tion Index (SOI), for instance, are significantly
correlated with a north-south see-saw pattern of
wintertime precipitation variability in western
North America (Redmond and Koch, 1991).

2.4 IMPROVING WATER
RESOURCES FORECAST SKILL
AND PRODUCTS

Although forecast skill is only one measure
of the value that forecasts provide to water
resources managers and the public, it is an
important measure, and current forecasts
are generally understood to fall short of the
maximum possible skill on SI time scales (e.g.,
<http://www.clivar.org/organization/wgsip/
spw/spw_position.php>). Schaake et al. (2007)
describe the SI hydrologic prediction process
for model-based prediction in terms of several
components: (1) development, calibration and/
or downscaling of SI climate forecasts; (2)
estimation of hydrologic initial conditions,
with or without data assimilation; (3) SI hydro-
logic forecasting models and methods; and (4)
calibration of the resulting forecasts. Notable
opportunities for forecast skill improvement in
each area are discussed here.



2.4.1 Improving Seasonal-to-
Interannual Climate Forecast
Use for Hydrologic Prediction

SI climate forecast skill is a function of the skill
of climate system models, the efficacy of model
combination strategies if multiple models are
used, the accuracy of climate system conditions
from which the forecasts are initiated, and the
performance of post-processing approaches ap-
plied to correct systematic errors in numerical
model outputs. Improvements are sought in all
of these areas.

2.4.1.1 CLIMATE FORECAST USE
Many researchers have found that SI climate
forecasts must be downscaled, disaggregated
and statistically calibrated to be suitable as
inputs for applied purposes (e.g., hydrologic
prediction, as in Wood et al., 2002). Downscal-
ing is the process of bridging the spatial scale
gap between the climate forecast resolution
and the application’s climate input resolution,
if they are not the same. If the climate forecasts
are from climate models, for instance, they
are likely to be at a grid resolution of several
hundred kilometers, whereas the application
may require climate information at a point (e.g.,
station location). Disaggregation is similar to
downscaling, but in the temporal dimension—
for exapmple, seasonal climate forecasts may
need to be translated into daily or sub-daily
temperature and precipitation inputs for a given
application. Forecast calibration is a process by
which the statistical properties (such as bias and
spread errors) of a probabilistic forecast are cor-
rected to match their observed error statistics
(e.g., Atger, 2003; Hamill et al., 2006). These
procedures may be distinct from each other, or
they may be inherent parts of a single approach
(such as the analogue techniques of Hamill
et al., 2006). These steps do not necessarily
improve the signal to noise ratio of the climate
forecast, but done properly, they do correct bias
and reliability problems that would otherwise
render impossible their use in applications.
For shorter lead predictions, corrections to
forecast outputs have long been made based
on (past) model output statistics (MOS; Glahn
and Lowry, 1972). MOS are sets of statistical
relations (e.g., multiple linear regression) that
effectively convert numerical model outputs
into unbiased, best climate predictions for se-
lected areas or stations, where “best” relates to
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past performance of the model in reproducing
observations. MOS corrections are widely used
in weather prediction (Dallavalle and Glahn,
2005). Corrections may be as simple as removal
of mean biases indicated by historical runs of
the model, with the resulting forecasted anoma-
lies superimposed on station climatology. More
complex methods specifically address spatial
patterns in climate forecasts based on specific
inadequacies of the models in reproducing key
teleconnection patterns or topographic features
(e.g., Landman and Goddard, 2002; Tippett et
al., 2003).

A primary limitation on calibrating SI forecasts
is the relatively small number of retrospec-
tive forecasts available for identifying biases.
Weather predictions are made every day, so even
a few years of forecasts provide a large number
of examples from which to learn. SI forecasts,
in contrast, are comparatively infrequent and
even the number of forecasts made over several
decades may not provide an adequate resource
with which to develop model-output corrections
(Kumar, 2007). This limitation is exacerbated
when the predictability and biases themselves
vary between years and states of the global
climate system. Thus, there is a clear need to
expand current “reforecast” practices for fixed
SI climate models over long historical periods
to provide both for quantification (and verifi-
cation) of the evolution of SI climate forecast
skills and for post-processing calibrations to
those forecasts.

2.4.1.2 DEVELOPMENT OF OBJECTIVE

MULTI-MODEL ENSEMBLE APPROACHES
The accuracy of SI climate forecasts has been
shown to increase when forecasts from groups
of models are combined into multi-model en-
sembles (e.g., Krishnamurti et al., 2000; Palmer
et al., 2004; Tippett et al., 2007). Multi-model
forecast ensembles yield greater overall skill
than do any of the individual forecasts included,
in principle, as a result of cancellation of errors
between ensemble members. Best results thus
appear to accrue when the individual models
are of similar skill and when they exhibit er-
rors and biases that differ from model to model.
In part, these requirements reflect the current
uncertainties about the best strategies for
choosing among models for inclusion in the
ensembles used and, especially for weighting

Seasonal-to-
interannual climate
forecasts must

be downscaled,
disaggregated

and statistically
calibrated to be
suitable as inputs for
applied purposes.
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and combining the model forecasts within the
ensembles. Many methods have been proposed
and implemented (e.g., Rajagopalan ef al., 2002;
Yun et al., 2005), but strategies for weighting
and combining ensemble members are still an
area of active research (e.g., Doblas-Reyes et
al., 2005; Coelho et al., 2004). Multi-model
ensemble forecast programs are underway in
Europe (DEMETER, Palmer et al., 2004) and in
Korea (APEC; e.g., Kang and Park, 2007). In the
United States, IRI forms an experimental multi-
model ensemble forecast, updating monthly,
from seasonal forecast ensembles run sepa-
rately at seven centers, a “simple multi-model”
approach that compares well with centrally
organized efforts such as DEMETER (Doblas-
Reyes et al., 2005). The NOAA Climate Test
Bed Science Plan also envisions such a capabil-
ity for NOAA (Higgins et al., 2006).

2.4.1.3 IMPROVING CLIMATE MODELS, INITIAL
CONDITIONS, AND ATTRIBUTIONS

Improvements to climate models used in SI
forecasting efforts should be a high priority.
Several groups of climate forecasters have
identified the lack of key aspects of the climate
system in current forecast models as important
weaknesses, including underrepresented link-
ages between the stratosphere and troposphere
(Baldwin and Dunkerton, 1999), limited pro-
cesses and initial conditions at land surfaces
(Beljaars et al., 1996; Dirmeyer et al., 2006;
Ferranti and Viterbo, 2006), and lack of key
biogeochemical cycles like carbon dioxide.

Because climate prediction is, by most defi-
nitions, a problem determined by boundary
condition rather than an initial condition,
specification of atmospheric initial conditions
is not the problem for SI forecasts that it is for
weather forecasts. However, SI climate forecast
skill for most regions comes from knowledge
of current SSTs or predictions of future SSTs,
especially those in the tropics (Shukla ef al.,
2000; Goddard and Dilley, 2005; Rosati et al.,
1997). Indeed, forecast skill over land (world-
wide) increases directly with the strength of an
ENSO event (Goddard and Dilley, 2005). Thus,
an important determinant of recent improve-
ments in SI forecast skill has been the quality
and placement of tropical ocean observations,
like the TOGA-TAO (Tropical Atmosphere
Ocean project) network of buoys that monitors
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the conditions that lead up to and culminate in
El Nifio and La Nifia events (Trenberth et al.,
1998; McPhaden et al., 1998; Morss and Bat-
tisti, 2004). More improvements in all of the
world’s oceans are expected from the broader
Array for Real-time Geostrophic Oceanogra-
phy (ARGO) upper-ocean monitoring arrays
and Global Ocean Observing System (GOOS)
programs (Nowlin ez al., 2001). In many cases,
and especially with the new widespread ARGO
ocean observations, ocean data assimilation
has improved forecast skill (e.g., Zheng et al.,
2006). Data assimilation into coupled ocean-
atmosphere-land models is a difficult and unre-
solved problem that is an area of active research
(e.g., Ploshay and Anderson, 2002; Zheng et
al., 2006). Land-surface and cryospheric con-
ditions also can influence the seasonal-scale
dynamics that lend predictability to SI climate
forecasting, but incorporation of these initial
boundary conditions into SI climate forecasts
is in an early stage of development (Koster and
Suarez, 2001; Lu and Mitchell, 2004; Mitchell
et al., 2004). Both improved observations and
improved avenues for including these condi-
tions into SI climate models, especially with
coupled ocean-atmosphere-land models, are
needed. Additionally, education and expertise
deficiencies contribute to unresolved problems
in data assimilation for geophysical model-
ing. The Office of the Federal Coordinator for
Meteorology (2007) documents that there is a
need for more students (either undergraduate
or graduate) who have sufficient mathematics
and computer science skills to engage in data
assimilation work in the research and/or opera-
tional environment.

Finally, a long-standing but little explored ap-
proach to improving the value of SI climate
forecasts is the attribution of the causes of




climate variations. The rationale for an attribu-
tion effort is that forecasts have greater value if
we know why the forecasted event happened,
either before or after the event, and why a fore-
cast succeeded or failed, after the event. The
need to distinguish natural from human-caused
trends, and trends from fluctuations, is likely
to become more and more important as climate
change progresses. SI forecasts are likely to fail
from time to time or to realize less probable
ranges of probabilistic forecasts. Knowing that
forecasters understand the failures (in hind-
sight) and have learned from them will help
to build increasing confidence through time
among users. Attempts to attribute causes to
important climate events began as long ago as
the requests from Congress to explain the 1930s
Dust Bowl. Recently NOAA has initiated a Cli-
mate Attribution Service (see: <http:/www.cdc.
noaa.gov/CSI/>) that will combine historical re-
cords, climatic observations, and many climate
model simulations to infer the principal causes
of important climate events of the past and pres-
ent. Forecasters can benefit from knowledge of
causes and effects of specific climatic events as
well as improved feedbacks as to what parts of
their forecasts succeed or fail. Users will also
benefit from knowing the reasons for prediction
successes and failures.

2.4.2 Improving Initial Hydrologic
Conditions for Hydrologic and

Woater Resource Forecasts

Operational hydrologic and water resource
forecasts at SI time scales derive much of
their skill from hydrologic initial conditions,
with the particular sources of skill depending
on seasons and locations. Better estimation
of hydrologic initial conditions will, in some
seasons, lead to improvements in SI hydrologic
and consequently, water resources forecast skill.
The four main avenues for progress in this area
are: (1) augmentation of climate and hydrologic
observing networks; (2) improvements in hydro-
logic models (i.e., physics and resolution); (3)
improvements in hydrologic model calibration
approaches; and (4) data assimilation.

2.4.2.1 HYDROLOGIC OBSERVING
NETWORKS
As discussed previously (in Section 2.2),
hydrologic and hydroclimatic monitoring net-
works provide crucial inputs to hydrologic and

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

water resource forecasting models at SI time
scales. Continuous or regular measurements
of streamflow, precipitation and snow water
contents provide important indications of the
amount of water that entered and left river
basins prior to the forecasts and thus directly
or indirectly provide the initial conditions for
model forecasts.

Observed snow water contents are particularly
important sources of predictability in most of
the western half of the United States, and have
been measured regularly at networks of snow
courses since the 1920s and continually at
SNOTELSs (automated and telemetered snow
instrumentation sites) since the 1950s. Snow
measurements can contribute as much as three-
fourths of the skill achieved by warm-season
water supply forecasts in the West (Dettinger,
2007). However, recent studies have shown that
measurements made at most SNOTELSs are not
representative of overall basin water budgets,
so that their value is primarily as indices of
water availability rather than as true moni-
tors of the overall water budgets (Molotch and
Bales, 2005). The discrepancy arises because
most SNOTELSs are located in clearings, on flat
terrain, and at moderate altitudes, rather than
the more representative snow courses that his-
torically sampled snow conditions throughout
the complex terrains and micrometeorological
conditions found in most river basins. The
discrepancies limit some of the usefulness of
SNOTEL measurements as the field of hydro-
logic forecasting moves more and more towards
physically-based, rather than empirical-statisti-

The need to
distinguish natural
from human-caused
trends, and trends
from fluctuations,

is likely to become
more and more
important as climate
change progresses.
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cal models. To remedy this situation, and to pro-
vide more diverse and more widespread inputs
as required by most physically-based models,
combinations of remotely sensed snow condi-
tions (to provide complete areal coverage) and
extensions of at least some SNOTELSs to include
more types of measurements and measurements
at more nearby locations will likely be required
(Bales et al., 2006).

Networks of ground-water level measure-
ments are also important because: (1) these
data support operations and research, and (2)
the networks’ data may be critical to some as-
pects of future hydrologic forecast programs.
Groundwater level measurements are made at
thousands of locations around the United States,
but they have only recently been made avail-
able for widespread use in near-real time (see:
<http://ogwO0l.er.usgs.gov/USGSGW Networks.
asp>). Few operational surface water resource
forecasts have been designed to use ground-wa-
ter measurements. Similarly climate-driven SI
groundwater resource forecasts are rare, if made
at all. However, surface water and groundwater
are interlinked in nearly all cases and, in truth,
constitute a single resource (Winter et al., 1998).
With the growing availability of real-time
groundwater data dissemination, opportunities
for improving water resource forecasts by better
integration and use of surface- and groundwater
data resources may develop. Groundwater level
networks already are contributing to drought
monitors and response plans in many states.

Similarly, long-term soil-moisture measure-
ments have been relatively uncommon until
recently, yet are of potentially high value for
many land management activities including
range management, agriculture, and drought
forecasting. Soil moisture is an important
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control on the partitioning of water between
evapotranspiration, groundwater recharge,
and runoff, and plays an important (but largely
unaddressed) role in the quantities addressed by
water resource forecasts. Soil moisture varies
rapidly from place to place (Vinnikov et al.,
1996; Western et al., 2004) so that networks
that will provide representative measurements
have always been difficult to design (Wilson
et al., 2004). Nonetheless, the Illinois State
Water Survey has monitored soil moisture at
about 20 sites in Illinois for many years (see:
<http://www.sws.uiuc.edu/warm/soilmoist/
ISWSSoilMoistureSummary.pdf>), but was
alone in monitoring soil moisture at the state
scale for most of that time. As the technologies
for monitoring soil moisture have become less
troublesome, more reliable, and less expensive
in recent years, more agencies are beginning to
install soil-moisture monitoring stations (e.g.,
the NRCS is augmenting many of its SNOTELs
with soil-moisture monitors and has established
a national Soil Climate Analysis Network
(SCAN; <http://www.wce.nres.usda.gov/scan/
SCAN-brochure.pdf>); Oklahoma’s Mesonet
micrometeorological network includes soil-
moisture measurements at its sites; California is
on the verge of implementing a state-scale net-
work at both high and low altitudes). With the
advent of regular remote sensing of soil-mois-
ture conditions (Wagner et al., 2007), many of
these in situ networks will be provided context
so that their geographic representativeness can
be assessed and calibrated (Famligietti ef al.,
1999). As with groundwater, soil moisture has
not often been an input to water resource fore-
casts on the SI time scale. Instead, if anything,
it is being simulated, rather than measured,
where values are required. Increased monitor-
ing of soil moisture, both remotely and in situ,
will provide important checks on the models
of soil-moisture reservoirs that underlie nearly
all of our water resources and water resource
forecasts, making hydrological model improve-
ments possible.

Augmentation of real-time stream gauging
networks is also a priority, a subject discussed
in the Synthesis and Assessment Product 4.3
(CCSP, 2008).



2.4.2.2 IMPROVEMENTS IN HYDROLOGIC
MODELING TECHNIQUES

Efforts to improve hydrologic simulation tech-
niques have been pursued in many areas since
the inception of hydrologic modeling in the
1960s and 1970s when the Stanford Watershed
Model (Crawford and Linsley, 1966), the Sacra-
mento Model (Burnash et al., 1973) and others
were created. More recently, physically-based,
distributed and semi-distributed hydrologic
models have been developed, both at the water-
shed scale (e.g., Wigmosta et al., 1994; Boyle
et al., 2000) to account for terrain and climate
inhomogeneity, and at the regional scale (Liang
et al., 1994 among others). Macroscale models
(like the Sacramento Model and the Stanford
Watershed Model) were partly motivated by
the need to improve land surface representa-
tion in climate system modeling approaches
(Mitchell et al., 2004), but these models have
also been found useful for hydrologic ap-
plications related to water management (e.g.,
Hamlet and Lettenmaier, 1999; Maurer and
Lettenmaier, 2004; Wood and Lettenmaier,
2006). The NOAA North American Land Data
Assimilation Project (Mitchell ez al., 2004) and
NASA Land Information System (Kumar et al.,
2006) projects are leading agency-sponsored
research efforts that are focused on advancing
the development and operational deployments
of the regional/physically based models. These
efforts include research to improve the estima-
tion of observed parameters (e.g., use of satellite
remote sensing for vegetation properties and
distribution), the accuracy of meteorological
forcings, model algorithms and computational
approaches. Progress in these areas has the
potential to improve the ability of hydrologic
models to characterize land surface conditions
for forecast initialization, and to translate future
meteorology and climate into future hydrologic
response.

Aside from improving hydrologic models and
inputs, strategies for hydrologic model imple-
mentation are also important. Model calibra-
tion—, the identification of optimal parameter
sets for simulating particular types of hydro-
logic output (single or multiple)—has arguably
been the most extensive area of research toward
improving hydrologic modeling techniques
(e.g., Wagener and Gupta, 2005, among others).
This body of work has yielded advances in the
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understanding of the model calibration problem
from both practical and theoretical perspectives.
The work has been conducted using models at
the watershed scale to a greater extent than the
regional scale, and the potential for applying
these techniques to the regional scale models
has not been explored in depth.

Data assimilation is another area of active re-
search (e.g., Andreadis and Lettenmaier 2006;
Reichle et al., 2002; Vrugt et al., 2005; Seo et
al., 2006). It is a process in which verifying
observations of model state or output variables
are used to adjust the model variables as the
model is running, thereby correcting simula-
tion errors on the fly. The primary types of
observations that can be assimilated include
snow water equivalent and snow covered area,
land surface skin temperature, remotely sensed
or in situ soil moisture, and streamflow. NWS-
RFS has the capability to do objective data
assimilation. In practice, NWS (and other agen-
cies) perform a qualitative data assimilation,
in which forecaster judgment is used to adjust
model states and inputs to reproduce variables
such as streamflow, snow line elevation and
snow water equivalent prior to initializing an
ensemble forecast.

2.4.3 Calibration of

Hydrologic Model Forecasts

Even the best real-world hydrologic models have
biases and errors when applied to specific gages
or locations. Statistical models often are tuned
well enough so that their biases are relatively
small, but physically-based models often ex-
hibit significant biases. In either case, further
improvements in forecast skill can be obtained,
in principle, by post-processing model forecasts
to remove or reduce any remaining systematic
errors, as detected in the performance of the
models in hindcasts. Very little research has
been performed on the best methods for such
post-processing (Schaake et al., 2007), which
is closely related to the calibration corrections
regularly made to weather forecasts. Seo et al.
(2006), however, describe an effort being un-
dertaken by the National Weather Service for
short lead hydrologic forecasts, a practice that
is more common than for longer lead hydro-
logic forecasts. Other examples include work
by Hashino et al. (2007) and Krzysztofowicz
(1999). At least one example of an application

Efforts to improve
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for SI hydrologic forecasts is given in Wood and
Schaake (2008); but as noted earlier, a major
limitation for such approaches is the limited
sample sizes available for developing statistical
corrections.

2.5 IMPROVING PRODUCTS:
FORECAST AND RELATED
INFORMATION PACKAGING
AND DELIVERY

The value of SI forecasts can depend on more
than their forecast skill. The context that is
provided for understanding or using forecasts
can contribute as much or more to their value to
forecast users. Several avenues for re-packaging
and providing context for SI forecasts are dis-
cussed in the following paragraphs.

Probabilistic hydrologic forecasts typically
represent summaries of collections of forecasts,
forecasts that differ from each other due to
various representations of the uncertainties at
the time of forecast or likely levels of climate
variation after the forecast is made, or both
(Schaake et al., 2007). For example, the “en-
semble streamflow prediction” methodology
begins its forecasts (generally) from a single
best estimate of the initial conditions from
which the forecasted quantity will evolve,
driven by copies of the historical meteorological
variations from each year in the past (Franz et
al., 2003). This provides ensembles of as many
forecasts as there are past years of appropriate
meteorological records, with the ensemble scat-
ter representing likely ranges of weather varia-
tions during the forecast season. Sometimes
deterministic forecasts are extended to repre-
sent ranges of possibilities by directly adding
various measures of past hydrologic or climatic
variability. More modern probabilistic methods
are based on multiple climate forecasts, multiple
initial conditions or multiple parameterizations
(including multiple downscalings) (Clark et al.,
2004; Schaake et al., 2007). However accom-
plished, having made numerous forecasts that
represent ranges of uncertainty or variability,
the probabilistic forecaster summarizes the
results in terms of statistics of the forecast en-
semble and presents the probabilistic forecast
in terms of selected statistics, like probabilities
of being more or less than normal.
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In most applications, it is up to the forecast
user to interpret these statistical descriptions in
terms of their own particular data needs, which
frequently entails (1) application of various cor-
rections to make them more representative of
their local setting and (2), in some applications,
essentially a deconvolution of the reported
probabilities into plausible examples that might
arise during the future described by those prob-
abilities. Forecast users in some cases may be
better served by provision of historical analogs
that closely resemble the forecasted conditions,
so that they can analyze their own histories of
the results during the analogous (historical)
weather conditions. For example, Wiener et al.
(2000) report that there is wide support for a
comparative and relative “now versus normal
versus last year” form of characterizing hydro-
logic and climate forecasts. Such qualitative
characterizations would require careful and
explicit caveats, but still have value as reference
to historical conditions in which most current
managers learned their craft and in which
operations were institutionalized or codified.
While “normal” is increasingly problematic,
“last year” may be the best and most accessible
analogue for the wide variety of relevant market
conditions in which agricultural water users
(and their competitors), for example, operate.

Alternatively, some forecast users may find that
elements from the original ensembles of fore-
casts would provide useful examples that could
be analyzed or modeled in order to more clearly
represent the probabilistic forecast in concrete
terms. The original forecast ensemble members
are the primary source of the probabilistic fore-
casts and can offer clear and definite examples
of what the forecasted future could look like
(but not specifically what it will look like). Thus,
along with the finished forecasts, which should
remain the primary forecast products, other
representations of what the forecasts are and
how they would appear in the real world could
be useful and more accessible complements for
some users, and would be a desirable addition to
the current array of forecast products.

Another approach to providing context (and,
potentially, examples) for the SI water resource
forecasts involves placing the SI forecasts in the
context of paleoclimate reconstructions for the
prior several centuries. The twentieth century
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BOX 2.3: The CPC Seasonal Drought Outlook

The CPC Drought Outlook (DO) is a categorical prediction of drought evolution for the three months forward from
the forecast date. The product, which is updated once per month, comprises a map that is accompanied by a text
discussion of the rationale for the categories depicted on the map.

The starting conditions for the DO are given by the current Drought Monitor (DM) (a United States map that is
updated weekly showing the status of drought nationwide located: <http://www.drought.unl.edu/DM/monitor.html>),
and the DO shows likely changes in and adjacent to the current DM drought areas. The DO is a subjective consensus
forecast that is assembled each month by a single author (rotating between CPC and the National Drought Mitigation
Center [NDMC]) with feedback from a panel of geographically distributed agency and academic experts. The basis
for estimating future drought evolution includes a myriad of operational climate forecast products: from short- and
medium-range weather forecasts to seasonal predictions from the CPC climate outlooks and the NCEP CFS outputs;
consideration of climate tendencies for current El Nino—Southern Oscillation state; regional hydroclimatology; and
medium-range to seasonal soil moisture and runoff forecasts from a variety of sources.

The DO makes use of the most advanced objective climate and hydrologic prediction products currently available,
including not only operational, but experimental products, although the merging of the different inputs is based on
expert judgment rather than an objective system. The DO is verified by comparing the DM drought assessments at
the start and end of the DO forecast period; verification skill scores have been tracked for the last seven years. The
DO is the primary drought-related agency forecast produced in the United States, and is widely used by the drought
management and response community from local to regional scales.
< U.S. Seasenal Drought Outlook The DO was developed in the' context of new
btk Fodramary . 100 = Aeril, T ¥ drought assessment partnerships between the
J oot ey se CPC, U.S. Department of Agriculture and the
'.;;'-ii_:'_;g-._fx__ “  NDMC following the passage of the National
j, 5.) [N = L Drought Policy Act of 1998. The DM was released
2\ e st “JLS. as an official product in August, 1999, with the
expectation that a weekly or seasonal drought

N forecast capacity would be added in the future. A
S ] drought on the Eastern Seaboard in the fall of 1999
b~ AL SER required briefings for the press and the Clinton
KEY: Impr ouament Administration; internal discussions between DM
[ Drought 1o persist a0 Paraiat —

i sty i~ participants at the CPC led to the formation of the

W Jrouar asoing. some ~first version of the DO (maps and text) for these

briefings. These were released informally to local,

=+t state and federal agency personnel throughout

the winter of 1999 to 2000, and received positive
feedback.

[ Drougnt Sy o imprave, -3
ropacts wiche s
Oenught dewels pmeat
ikehy

The CPC decided to make the products official, provided public statements and developed product specifications,
and made the product operational in March 2000. The initial development process was informal and lasted about six
months. In November 2000, the first Drought Monitor Forum was held, at which producers and users (agency, state,
private, academic) came together to evaluate the DM in its first year and plan for its second, providing, in addition,
a venue for discussion of the DO. This forum still meets bi-annually, focusing on both DM- and DO-relevant issues.
Developmental efforts for the DO are internal at CPC or within NCEP, and the primary avenues for feedback are
the website and at presentations by DO authors at workshops and conferences. The DO authors also interact with
research efforts funded by the National Oceanic and Atmospheric Administration (NOAA) Climate Program Office
and other agency funding sources, and with NOAA research group efforts (such as at NCEP), as part of the ongoing
development effort. URL: <http://www.cpc.noaa.gov/products/expert_assessment/drought_assessment.shtml>.
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has, by and large, been climatically benign
in much of the nation, compared to previous
centuries (Hughes and Brown, 1992; Cook et
al., 1999). As a consequence, the true likeli-
hood of various forecasted, naturally-occurring
climate and water resource anomalies may best
be understood in the context of longer records,
which paleoclimatic reconstructions can pro-
vide. At present, approaches to incorporating
paleoclimatic information into responses to SI
forecasts are uncommon and only beginning
to develop, but eventually they may provide
a clearer framework for understanding and
perfecting probabilistic SI water resource fore-
casts. One approach being investigated is the
statistical synthesis of examples (scenarios) that
reflect both the long-term climate variability
identified in paleo-records and time-series-
based deterministic long-lead forecasts (Kwon
etal.,2007).

2.6 THE EVOLUTION OF
PROTOTYPES TO PRODUCTS
AND THE ROLE OF EVALUATION
IN PRODUCT DEVELOPMENT

Studies of what makes forecasts useful have
identified a number of common characteristics
in the process by which forecasts are generated,
developed, and taught to and disseminated
among users (Cash and Buizer, 2005). These
characteristics include: ensuring that the prob-
lems that forecasters address are themselves
driven by forecast users; making certain that
knowledge-to-action networks (the process of
interaction between scientists and users which
produces forecasts) are end-to-end inclusive;
employing “boundary organizations” (groups
or other entities that bridge the communication
void between experts and users) to perform
translation and mediation functions between the
producers and consumers of forecasts; fostering
a social learning environment between produc-
ers and users (i.e., emphasizing adaptation); and
providing stable funding and other support to
keep networks of users and scientists working
together.

This Section begins by providing a review of
recent processes used to take a prototype into
an operational product, with specific examples
from the NWS. Some examples of interactions
between forecast producers and users that have
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lead to new forecast products are then reviewed,
and finally a vision of how user-centric forecast
evaluation could play a role in setting priorities
for improving data and forecast products in the
future is described.

2.6.1 Transitioning Prototypes

to Products

During testimony for this Product, heads of
federal operational forecast groups all painted
a relatively consistent picture of how most in-
house innovations currently begin and evolve.
Although formal and quantitative innovation
planning methodologies exist (see Appendix
A.3: Transitioning NWS Research into Opera-
tions and How the Weather Service Prioritizes
the Development of Improved Hydrologic Fore-
casts), for the most part, the operational practice
is often relatively ad hoc and unstructured
except for the larger and longer-term projects.
The Seasonal Drought Outlook is an example of
aproduct that was developed under a less formal
process than that used by the NWS (Box 2.3).

Climate and water resource forecasters are often
aware of small adjustments or “tweaks” to fore-
casts that would make their jobs easier; these are
often referred to as “forecasts of opportunity”.
A forecaster may be aware of a new dataset or
method or product that he/she believes could be
useful. Based on past experience, production
of the forecast may seem feasible and it could
be potentially skillful. In climate forecasting
in particular, where there is very high uncer-
tainty in the forecasts themselves and there is
marginal user adoption of existing products,
the operational community often focuses more
on potential forecast skill than likely current
use. The belief is that if a product is skillful,
a user base could be cultivated. If there is no
skill, even if user demand exists, forecasting
would be futile.

Attractive projects may also develop when a
new method comes into use by a colleague of
the forecaster (someone from another agency,
alumni, friend or prior collaborator on other
projects). For example, Redmond and Koch
(1991) published the first major study of the
impacts of ENSO on streamflow in the western
United States. At the time the study was being
done, a NRCS operational forecaster was one
of Koch’s graduate students. The student put



Koch’s research to operational practice at the
NRCS after realizing that forecast skill could
be improved.

Efficiency is also often the inspiration for an in-
novation. A forecaster may be looking for a way
to streamline or otherwise automate an existing
process. For example, users frequently call the
forecaster with a particular question; if it is pos-
sible to automate answering that question with a
new Internet-based product, the forecaster may
be freed up to work on other tasks. While most
forecasters can readily list several bottlenecks
in the production process, this knowledge often
comes more from personal experience than any
kind of structured system review.

At this stage, many ideas exist for possible
innovations, although only some small sub-
set of them will be pursued. The winnowing
process continues with the forecaster and/or
peers evaluating the feasibility of the innova-
tion: Is the method scientifically defensible?
Are the data reliably available to support the
product? Are the computers powerful enough
to complete the process in a reasonable time?
Can this be done with existing resources, would
it free up more resources than it consumes, or
is the added value worth the added operational
expense? In other words, is the total value of the
advance worth the effort? Is it achievable and
compatible with legacy systems or better than
the total worth of the technology, installed base
and complementary products?

If it is expected to be valuable, some additional
questions may be raised by the forecaster or by
management about the appropriateness of the
solution. Would it conflict with or detract from
another product, especially the official suite
(i.e., destroy competency)? Would it violate an
agency policy? For example, a potential product
may be technically feasible but not allowed to
exist because the agency’s webpage does not
permit interactivity because of increasingly
stringent congressionally-mandated cyber-se-
curity regulations. In this case, to the agency as
a whole, the cost of reduced security is greater
than the benefit of increased interactivity. It is
important to note that if security and interactiv-
ity in general are not at odds, the issue may be
that a particular form of interactivity is not com-
patible with the existing security architecture.
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If a different security architecture is adopted
or a different form of interactivity used (e.g.,
written in a different computer language), then
both may function together, assuming one has
the flexibility and ability to change.

Additionally, an agency policy issue can some-
times be of broader, multi-organizational scope
and would require policy decisions to settle. For
example, no agency currently produces water
quality forecasts. Which federal agency should
be responsible for this: the U.S. Department of
Agriculture, Environmental Protection Agency,
U.S. Geological Survey or National Weather
Service? What of soil moisture forecasts?
Should it be the first agency to develop the tech-
nical proficiency to make such forecasts? Or
should it be established by a more deliberative
process to prevent “mission creep?” Agencies
are also concerned about whether innovations
interfere with the services provided by the
private sector.

If appropriate, the forecaster may then move
to implement the solution on a limited test
basis, iteratively developing and adapting to
any unforeseen challenges. After a successful
functional prototype is developed, it is tested
in-house using field personnel and/or an inner
circle of sophisticated customers and gradually
made more public as confidence in the product
increases. In these early stages, many of the
“kinks” of the process are smoothed out, de-
veloping the product format, look and feel; and
adapting to initial feedback (e.g., “please make
the map labels larger”) but, for the most part,
keeping the initial vision intact.

There is no consistent formal procedure across
agencies for certifying a new method or mak-
ing a new product official. A product may
be run and labeled “experimental” for one to
two years in an evaluation period. The objec-
tives and duration of the evaluation period are
sometimes not formalized and one must just
assume that if a product has been running for
an extended period of time with no obvious
problems, then it succeeds and the experimental
label removed. Creating documentation of the
product and process is often part of the transi-
tion from experimental to official, either in the
form of an internal technical memo, conference

No agency currently
produces water
quality forecasts.
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proceedings or peer-reviewed journal article, if
appropriate.

If the innovation involves using a tool or tech-
nique that supplements the standard suite of
tools, some of the evaluation may involve run-
ning both tools in parallel and comparing their
performance. Presumably, ease of use and low
demand on resources are criteria for success
(although the task of running models in parallel
can, by itself, be a heavy demand on resources).
Sometimes an agency may temporarily stretch
its resources to accommodate the product for
the evaluation period and if additional resources
are not acquired by the end of the evaluation
(for one of a number of reasons, some of which
may not be related to the product but, rather, are
due to variability in budgets), the product may
be discontinued.

Sometimes skill is used to judge success, but
this can be a very inefficient measure. This is
because seasonal forecast skill varies greatly
from year to year, primarily due to the vari-
ability of nature. Likewise, individual tools
may perform better than other tools in some
years but not others. In the one to two years of
an evaluation period the new tool may be lucky
(or unlucky) and artificially appear better (or
worse) than the existing practice.

If the agency recognizes that a tool has not had
a fair evaluation, more emphasis is placed on
“hindcasting”, using the new tool to objectively
and retrospectively generate realistic “forecasts”
for the last 20 to 30 years and comparing the
results to hindcasts of the existing system and/
or official published forecasts. The comparison
is much more realistic and effective, although
hindcasting has its own challenges. It can be
operationally demanding to produce the actual
forecasts each month (e.g., the agency may have
to compete for the use of several hours of an
extremely powerful computer to run a model),
much less do the equivalent of 30 years worth
at once. These hindcast datasets, however, have
their own uses and have proven to be very valu-
able (e.g., Hamill et al., 2006 for medium range
weather forecasting and Franz et al., 2003 for
seasonal hydrologic forecasting). Oftentimes,
testbeds are better suited for operationally real-
istic hindcasting experiments (Box 2.4).
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During the evaluation period, the agency may
also attempt to increasingly “institutionalize”
a process by identifying and fixing aspects of
a product or process that do not conform to
agency guidelines. For example, if a forecast-
ing model is demonstrated as promising but the
operating system or the computer language it is
written in does not match the language chosen
by the agency, a team of contract programmers
may rewrite the model and otherwise develop
interfaces that make the product more user-
friendly for operational work. A team of agency
personnel may also be assembled to help trans-
fer the research idea to full operations, from
prototype to project. For large projects, many
people may be involved, including external
researchers from several other agencies.

During this process of institutionalization, the
original innovation may change in character.
There may be uncertainty at the outset and the
development team may consciously postpone
certain decisions until more information is
available. Similarly, certain aspects of the
original design may not be feasible and an al-
ternative solution must be found. Occasionally,
poor communication between the inventor and
the developers may cause the final product to
be different than the original vision. Davidson
et al. (2002) found success in developing a
hydrologic database using structured, iterative
development involving close communication
between users and developers throughout
the life of the project. This model is in direct
contrast to that of the inventor generating a
ponderous requirements document at the outset,
which is then passed on to a separate team of
developers who execute the plan in isolation
until completion.

2.6.2 Evaluation of Forecast Utility

As mentioned in Section 2.1, there are many
ways to assess the usefulness of forecasts,
one of which is forecast skill. While there are
inherent limitations to skill (due to the chaotic
nature of the atmosphere), existing operational
systems also fall short of their potential maxi-
mum skill for a variety of reasons. Section 2.4
highlighted ways to improve operational skill,
such as by having better models of the natural
system or denser and more detailed climate and
hydrologic monitoring networks. Other factors,
such as improved forecaster training or better
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BOX 2.4: What Role Can a "Testbed" Play in Innovation?

For an innovation to be deemed valuable, it must be able to stand on its own and be better than the entire exist-
ing system, or marginally better than the existing technology, if it is compatible with the rest of the framework of
the existing system. If the innovation is not proven or believed likely to succeed, its adoption is less likely to be
attempted. However, who conducts the experiments to measure this value? And who has the resources to ensure
backwards-compatibility of the new tools in an old system?

This model lacks any direct communication between user and producer and leaves out the necessary support structure
to help users make the most of the product (Cash et al., 2006). Similarly, testbeds are designed as an alternative to
the “Loading Dock Model” of transferring research to operations. A loading dock model is one in which scientists
prepare models, products, forecasts or other types of information for general dissemination, in somewhat of a
vacuum, without consulting with and/or understanding the needs of the people who will be using that information,
with the anticipation that others will find these outputs useful.

Previously, a researcher might get a short-term grant to develop a methodology, and conduct an idealized, focused
study of marginal operational realism. The results might be presented at research conferences or published in the
scientific literature. While a researcher's career may have a unifying theme, for the most part, this specific project
may be finished when publication is accomplished and the grant finishes. Meanwhile, the operational forecaster is
expected to seek out the methodology and attempt to implement it, although, often, the forecaster does not have
the time, resources or expertise to use the results. Indeed, the forecaster may not be convinced of the incremental
advantage of the technique over existing practices if it has not endured a realistic operational test and been compared
to the results of the official system.

Testbeds are intermediate activities, a hybrid mix of research and operations, serving as a conduit between the op-
erational, academic and research communities. A testbed activity may have its own resources to develop a realistic
operational environment. However, the testbed would not have real-time operational responsibilities and instead,
would be focused on introducing new ideas and data to the existing system and analyzing the results through ex-
perimentation and demonstration. The old and new system may be run in parallel and the differences quantified.
The operational system may even be deconstructed to identify the greatest sources of error and use that as the
motivation to drive new research to find solutions to operations-relevant problems. The solutions are designed to
be directly integrated into the mock-operational system and therefore should be much easier to directly transfer
to actual production.

NOAA has many testbeds currently in operation: Hydrometeorological (floods), Hazardous Weather (thunder-
storms and tornadoes), Aviation Weather (turbulence and icing for airplanes), Climate (ENSO, seasonal precipita-
tion and temperature), and Hurricanes. The Joint Center for Satellite Data Assimilation is also designed to facilitate
the operational use of new satellite data. A testbed for seasonal streamflow forecasting does not exist. Generally,
satisfaction with testbeds has been high, rewarding for operational and research participants alike.

visualization tools, also play a role. This Section nents of the forecast system before issuing an
addresses the role of forecast evaluation in driv-  official product.
ing the technology development agenda.

Of particular interest to forecasting agencies is

Understanding the current skill of forecast
products is a key component to ensuring the
effectiveness of programs to improve the skill
of these products. There are several motivations
for verifying forecasts including administrative,
scientific and economic (Brier and Allen, 1951).
Evaluation of very recent forecasts can also play
a role in helping operational forecasters make
mid-course adjustments to different compo-

administrative evaluation because of its ability
to describe the overall skill and efficiency of the
forecast service in order to inform and guide
decisions about resource allocation, research di-
rections and implementation strategies (Welles,
2005). For example, the development of nu-
merical weather prediction (NWP) forecasting
models is conducted by numerous, unaffiliated
groups following different approaches, with the
results compared through objective measures
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Forecast evaluation
should be more
broadly defined
than skill alone;

it should also
include measures of
communication and
understandability, as
well as relevance.

of performance. In other words, the forecasts
are verified, and the research is driven, not by
ad hoc opinions postulated by subject matter
experts, but by the actual performance of the
forecasts as determined with objective mea-
sures (Welles et al., 2007). The most important
sources of error are identified quantitatively and
systematically, and are paired with objective
measures of the likely improvement resulting
from an innovation in the system.

Recently, the NWS adopted a broad national-
scale administrative initiative of hydrologic
forecast evaluation. This program defines a
standard set of evaluation measures, establishes
a formal framework for forecast archival and
builds flexible tools for access to results. It is
designed to provide feedback to local forecast-
ers and users on the performance of the regional
results, but also to provide an end-to-end as-
sessment of the elements of the entire system
(HVSRT, 2006). Welles et al. (2007) add that
these activities would be best served by cultivat-
ing a new discipline of “hydrologic forecast sci-
ence” that engages the research community to
focus on operational-forecast-specific issues.

Chapter 2

While administrative evaluation is an important
tool for directing agency resources, innovation
should ultimately be guided by the anticipated
benefit to forecast users. Some hydrologists
would prefer not to issue a forecast that they
suspect the user could not use or would misin-
terpret (Pielke, Jr., 1999). Additionally, evalu-
ations of forecasts should be available and un-
derstandable to users. For instance, it might be
valuable for some users to know that hydrologic
variables in particular regions of interest lack
predictability. Uncertainty about the accuracy
of forecasts precludes users from making more
effective use of them (Hartmann et al., 2002).
Users want to know how good the forecasts are
so they know how much confidence to place in
them. Agencies want to focus on the aspects of
the forecast that are most important to users.
Forecast evaluation should be more broadly
defined than skill alone; it should also include
measures of communication and understand-
ability, as well as relevance. In determining
these critical aspects, agencies must make a
determination of the key priorities to address
given the number and varied interest of poten-
tial forecast users. The agencies can not fully

BOX 2.5: The Advanced Hydrologic Prediction Service

Short- to medium-range forecasts (those with lead times of hours to days) of floods are a critical component of
National Weather Service hydrological operations, and these services generate nearly $2 billion of benefits annually
(NHWC, 2002). In 1997 the NWS Office of Hydrologic Development began the Advanced Hydrologic Prediction
Service (AHPS) program to advance technology for hydrologic products and forecasts. This 16-year multi-million
dollar program seeks to enhance the agency's ability to issue and deliver specific, timely, and accurate flood forecasts.
One of its main foci is the delivery of probabilistic and visual information through an Internet-based interface. One
of its seven stated goals is also to "Expand outreach and engage partners and customers in all aspects of hydrologic
product development” (NRC, 2006).

Starting in 2004, the National Research Council reviewed the AHPS program and also analyzed the extent that
users were actually playing in the development of products and setting of the research agenda (NRC, 2006). The
study found that AHPS had largely a top-down structure with technology being developed at a national center to
be delivered to regional and local offices. Although there was a wide range of awareness, understanding and accep-
tance of AHPS products inside and outside the NWS, little to no research was being done in early 2004 on effective
communication of information, and some of the needs of primary customers were not being addressed. From the
time the NRC team carried out its interviews, the NWS started acting on the perceived deficiencies, so that, by
the time the report was issued in late 2006, the NWVS had already made some measurable progress. This progress
included a rigorous survey process in the form of focus groups, but also a more engaged suite of outreach, train-
ing, and educational activities that have included presentations at the national floodplain and hydrologic manager’s
conferences, the development of closer partnerships with key users, committing personnel to education activities,
conducting local training workshops, and awarding a research grant to social scientists to determine the most ef-
fective way to communicate probabilistic forecasts to emergency and floodplain managers.
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satisfy all users. The Advanced Hydrologic
Prediction System (AHPS) of the NWS provides
a nice case study of product development and
refinement in response to user-driven feedback
(Box 2.5).

There is another component to forecast skill
beyond the assessment of how the forecast
quantities are better (or worse) than a reference
forecast. Thinking of forecast assessment more
broadly, the forecasts should be evaluated for
their “skill” at communicating their information
content in ways that can be correctly interpreted

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

both easily and reliably—i.e., no matter what
the quantity (e.g., wet, dry, or neutral tercile) of
the forecast, the user can still correctly interpret
it (Hartmann et al., 2002).

Finally, it seems important to stress that agen-
cies should provide for user-centric forecast
assessment as part of the process for moving
prototypes to official products. This would in-
clude access to user tools for assessing forecast
skill (i.e., the Forecast Evaluation Tool, which is
linked to by the NWS Local 3-month Tempera-
ture Outlook [Box 2.6]), and field testing of the

BOX 2.6: National Weather Service Local 3-Month Outlooks for Temperature

and Precipitation

In January 2007, the National Weather Service made operational the first component of a new set of climate forecast
products called Local 3-Month Outlooks (L3MO). Accessible from the NWS Weather Forecast Offices (WFO), River
Forecast Centers (RFC), and other NWS offices, the Local 3-Month Temperature Outlook (L3MTO) is designed
to clarify and downscale the national-scale CPC Climate Outlook temperature forecast product. The correspond-
ing local product for precipitation is still in development as of the writing of this Product. The local outlooks were
motivated by ongoing National Oceanic and Atmospheric Administration, NWVS activities focusing on establishing a
dialog with NWS climate product users <http://www.nws.noaa.gov/directives/>. In particular, a 2004 NWS climate
product survey (conducted by Claes Fornell International for the NOAA Climate Services Division) found that a lack
of climate product clarity lowered customer satisfaction with NWS CPC climate outlook products; and presenta-
tions and interactions at the annual Climate Prediction Application Science Workshop (CPASW) highlighted the
need for localized CPC climate outlooks in numerous and diverse applications.

In response to these user-identified issues, CSD collaborated with the NWS Western Region Headquarters, CPC,
and the National Climatic Data Center (NCDC) to develop localized outlook products. The collaboration between
the four groups, which linked several line offices of NOAA (e.g.,, NCDC, NWS), took place in the context of an effort
that began in 2003 to build a climate services infrastructure within NOAA. The organizations together embarked on
a structured process that began with a prototype development stage, which included identifying resources, identify-
ing and testing methodologies, and defining the product delivery method. To downscale the CPC climate outlooks
(which are at the climate division scale) to local stations, the CSD, and WR development team assessed and built on
internal, prior experimentation at CPC that focused on a limited number of stations. To increase product clarity,
the team added interpretation, background information, and a variety of forecast displays providing different levels
of data density. A NWS products and services team made product mockups that were reviewed by all 102 WFOs,
CPC and CSD representatives and a small number of non-agency reviewers. After product adjustments based on
the reviews, CSD moved toward an experimental production stage, providing NWS staff with training and guide-
lines, releasing a public statement about the product and writing product description documentation. Feedback was
solicited via the experimental product website beginning in August 2006, and the products were again adjusted.
Finally, the products were finalized, the product directive was drafted and the product moved to an operational
stage with official release. User feedback continues via links on the official product website <http://www.weather.
gov/climate/I3mto.php>.

In general, the L3MO development process exhibited a number of strengths. Several avenues existed for user needs
to reach developers, and user-specified needs determined the objectives of the product development effort. The
development team, spanning several parts of the agency, then drew on internal expertise and resources to propose
and to demonstrate tentative products responding to those needs. The first review stage of the process gave mostly
internal (i.e., agency) reviewers an early opportunity for feedback, but this was followed by an opportunity for a
larger group of users in the experimental stage, leading to the final product. An avenue for continued review is built
into the product dissemination approach.
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communication effectiveness of the prototype
products. Just as new types of forecasts should
show (at least) no degradation in predictive skill,
they should also show no degradation in their
communication effectiveness.

Chapter 2
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KEY FINDINGS

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:

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 ey
many climate products requires special training or access Beihibit i ath
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:

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 Sl
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.
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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.
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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



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.

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

3.2.1 Range and Attributes of

Woater 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 ef 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 COMPLEXITY,
POLITICAL FRAGMENTATION, 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:
1. atendency toward institutional conserva-
tism by water agencies;
2. a decision-making climate that discour-
ages innovation;
3. a lack of national-scale coordination of
decisions
4. difficulties in providing support for deci-
sions at varying spatial and temporal scales
due to vast variability in “target audiences”
for products; and

Decisions regarding
water resources in
the United States
are many and varied,
and involve public
and private sector
decision makers such
as farmers, ranchers,
electric power utilities,
and eminent domain
landowners who use
a large percentage of
the country’s water.
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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.
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5. growing recognition that rational choice

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).
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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 ef 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



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)'.

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)®. A lesson in all of this is that
innovation in promoting the use of information
requires a concerted effort across agencies and

' 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.
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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
promoting the use of
information requires

a concerted effort
across agencies and
political jurisdictions.
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The use of climate
change information
by decision makers

is constrained by a
politically-fragmented
environment, a
regional economic
development tradition
that has inhibited, at
least until recently,
the use of innovative
information, and
multiple spatial and
temporal frames

for decisions.
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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
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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
influences 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 ef 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
Nina 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 Georgia Statewide Precipitation
through June 30; however, the state’s Normal & Departure, Jan 1998 - May 2007
worst drought classification, accompanied RS EER RN LA RS RER L RRLE LR

by a ban on outdoor water use, was not BOr 4200

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-

Inches
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tion measures in a single state cannot = Average
address water allocation factors affecting 1994 2000 2002 2004 2006

large, multi-state watersheds, such as Year

the Apalachicola—Chattahoochee—Flint Mational Climatic Data Center / NESDIS / NOAA

(ACF), which encompasses parts of Geor-  Figure Box 3.1 Georgia statewide precipitation: 1998 to 2007
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.

B Above Average
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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
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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 ef 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)*.

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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Figure 3.1 Water resources decisions: range and attributes.

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 option®.

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.

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.
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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
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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



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
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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)’,
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)

The impacts of
climate variability
are largely regional,
making the spatial
and temporal scale
of information needs
of decision makers
likewise regional.
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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 ef 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

76

Chapter 3

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 confusion®. 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; Schroter 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 flood. 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.

¢ 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.



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 technology’.

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 ef 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 RISK 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.
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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)%. 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.

Understanding the

social dimensions

of vulnerability

and related risks is
therefore crucial to
determining how
climate variation and
change will affect
water resources.
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humid, water rich regions of
the United States that we have
studied’. 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

® 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.
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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-



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 ef 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
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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 flooding 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

Climate variability
and change
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Table 3.1 Water Quality, Climate Variability, and Climate Change*

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
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nutrient loads (Chang ef 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



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 flooding 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
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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
Loaiciga (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
Nifia years average about twice those during
El Nifio years. Using a stochastic dynamic pro-
gramming model, they show that optimal water
use and allocation decision making based on El
Nifio-Southern Oscillation (ENSO)' forecasts
could result in benefits of $1.1 to $3.5 million
per year, mainly to agricultural users as a result
of cropping decisions.

1 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 Nifio. 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 Nifia.
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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 Nifo
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



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-
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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
variability, vulnerability, and water
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,
20006), and its influence 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-
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ment interest in climate variability seemed to
be focused on the increased potential for flood
damage during El Nifio 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 ef 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 ef 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 ef al., 2005). The operational use of
ENSO teleconnections as a primary driver in
Rio Grande and Colorado River streamflow



forecasting, however, is hampered by high
variability (Dewalle ef 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
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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-
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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.
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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-
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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 OTHER RELIABILITY AND
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”

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.
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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
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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 problems!'. 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
amanager 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-

! El Nifios 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 Nifias produce
drier-than-average winter conditions in the Southeast
and Southwest while increasing precipitation received
in the Pacific Northwest.



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 ef 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 PUBLIC PERCEPTION AND
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 influence 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 DECISION MAKERS MAY BE
VULNERABLE WHEN THEY USE
INFORMATION
Decision makers can lose their jobs, livelihoods,
stature, or reputation by relying on forecasts
that are wrong. Likewise, similar consequences
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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
etal., 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.

Decision makers
can lose their jobs,
livelihoods, stature,

or reputation by
relying on forecasts

that are wrong.
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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
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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,



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
flexibility; 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.
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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

Drought risk consists
of a hazard component
and a vulnerability
component. Some
aspects of vulnerability
include the condition of
physical infrastructure;
economics, awareness
and preparedness;
institutional capability
and flexibility; policy,
demography, and
access to technology.
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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,
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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



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
Brazil—integrating information into
decisions

Introduction

The story of climate variability forecast appli-
cation in the state of Ceara (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 Ceard 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
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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 Ceara’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

The challenge

of integrating
information and
tools into decision
making is a problem
endemic to all
societies, particularly,
in the case of climate
variability and water
management.
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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 Ceard 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-
Banabuit 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 ftécnicos specifically created the
Commission independently of the “official”
state structure to emphasize their autonomy
vis-a-vis the State (Lemos and Oliveira, 2005).
This agenda openly challenged a pattern of
exclusionary water policymaking prevalent in
Ceara 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 Ceara 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).
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The role of knowledge in building adaptive
capacity in the system was also important
because it helped democratize decision mak-
ing. In Ceara, 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 Ceard 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 Ceara’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.
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Water-Year Planning

Legend:

Planning Process
Operational issues
Potential use of forecasts

Aug Sep Oct Nov Dec Jan Feb Mar Apr

Reservoir Management Decision Calendar

MNew Water-Year Planning

Provide for late summerfearly fall irrigation while maintaining target flows

Mext water-year runoff unknown, reserve water until February snowpack observations
Winter season precipitation forecast for fall release decision

Winter releases based on January/February snowpack observation
Winter/spring forecast for winter release decision

Peak Flow Augmentation-fill curve

Summer season forecast for Peak Augmentation planning

Week 2 forecasts for Peak Augmentation
Peak Flow Augmentation releases

Plan releases for summer imigation & hydropower
Week 2 forecasts for summer irrigation & hydropower release decisions
Provide for summer irrigation & hydropower needs while maintaining target flows

May Jun Jul Aug Sep Oct

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).

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 ef 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

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 specific
types of decisions

are made.
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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.
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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



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 Nifio
(EN) and La Nifia (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
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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 NOA A-funded Climate Assessment for the
Southwest (CLIMAS) project, located at the
University of Arizona. Relatively few decision

Uncertainty 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
and improved
observation.
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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.

Figure 3.4 El Nifo precipitation anomalies in inches (Source: NOAA Earth System Research Laboratory)

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.



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

Composite Precipitation Anomalies
Mov to Mar  1954-55, 1955-56, 1964-65, 1970-71, 1973-74, 1975-76, 1988-89, 1999-00
Versus 1971 — 2000 Longterm Average

[4
T

NOAAESRL PSD and CIRES-CDC

=5.0 =-3.0 -1.0 1.0 3.0 5.0
Inches

Figure 3.5 La Nifa precipitation anomalies in inches (Source: NOAA Earth System Research Laboratory)
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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 Nifo, La Nifa, and
Neutral, for Arizona climate division 6. Note the greater variation in El Nifio precipitation (blue)
than in La Nina precipitation (red).
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CHAPTER “

KEY FINDINGS

Decision-support experiments that apply seasonal and interannual climate variability information to basin and
regional water resource problems serve as test beds that address diverse issues faced by decision makers and sci-
entists. They illustrate how to identify user needs, overcome communication barriers, and operationalize forecast
tools. They also demonstrate how user participation can be incorporated into tool development.

Five major lessons emerge from these experiments and supporting analytical studies:

*  The effective integration of seasonal-to-interannual climate information in decisions requires long-term col-
laborative research and application of decision support through identifying problems of mutual interest. This
collaboration will require a critical mass of scientists and decision makers to succeed and there is currently
an insufficient number of “integrators” of climate information for specific applications.

* Investments in long-term research-based relationships between scientists and decision makers must be
adequately funded and supported. In general, progress on developing effective decision-support systems is
dependent on additional public and private resources to facilitate better networking among decision makers
and scientists at all levels as well as public engagement in the fabric of decision making.

*  Effective decision-support tools must integrate national production of data and technologies to ensure ef-
ficient, cross-sector usefulness with customized products for local users. This requires that tool developers
engage a wide range of participants, including those who generate tools and those who translate them, to
ensure that specially-tailored products are widely accessible and are immediately adopted by users insuring
relevancy and utility.

*  The process of tool development must be inclusive, interdisciplinary, and provide ample dialogue among
researchers and users. To achieve this inclusive process, professional reward systems that recognize people
who develop, use and translate such systems for use by others are needed within water management and
related agencies, universities and organizations. Critical to this effort, further progress is needed in boundary
spanning—the effort to translate tools to a variety of audiences across institutional boundaries.

* Information generated by decision-support tools must be implementable in the short term for users to foresee
progress and support further tool development. Thus, efforts must be made to effectively integrate public
concerns and elicit public information through dedicated outreach programs.
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4.1 INTRODUCTION

This Chapter examines a series of decision-
support experiments that explore how
information on seasonal-to-interannual (SI)
climate variability is being used, and how
various water management contexts serve as
test beds for implementing decision-support
outputs. We describe how these experiments are
implemented and how SI climate information
is used to assess potential impacts of and
responses to climate variability and change.
We also examine characteristics of effective
decision-support systems, involving users
in forecast and other tool development, and
incorporating improvements.

Section 4.2 discusses a series of experiments
from across the nation, and in a variety of
contexts. Special attention is paid to the
role of key leadership in organizations to
empower employees, take risks, and promote
inclusiveness. This Section highlights the role
of organizational culture in building pathways
for innovation related to boundary-spanning
approaches.

Section 4.3 examines approaches to increasing
user knowledge and enhancing capacity
building. We discuss the role of two-way
communication among multiple forecast and
water resource sectors, and the importance of
translation and integration skills, as well as
operations staff incentives for facilitating such
integration.

Section 4.4 discusses the development of
measurable indicators of progress in promoting
climate information access and effective
use, including process measures such as
consultations between agencies and potential
forecast user communities. The role of efforts
to enhance dialogue and exchange among
researchers and users is emphasized.

Finally, Section 4.5 summarizes major
findings, directions for further research,
and recommendations, including: needs for
better understanding of the role of decision-
maker context for tool use, how to assess
vulnerability to climate, communicating
results to users, bottom-up as well as top-down
approaches to boundary-spanning innovation,

Chapter 4

and applicability of lessons from other resource
management sectors (e.g., forestry, coastal
zone management, hydropower) on decision-
support use and decision maker/scientist
collaboration.

We conclude that, at present, the weak
conceptual grounding afforded by cases from
the literature necessitates that we base measures
to improve decision support for the water
resources management sector, as it pertains to
inclusion of climate forecasts and information,
on best judgment extrapolated from case
experience. Additional research is needed on
effective models of boundary spanning in order
to develop a strong, theoretically-grounded
understanding of the processes that facilitate
information dissemination, communication,
use, and evaluation so that it is possible to
generalize beyond single cases, and to have
predictive value.

4.2 DECISION-SUPPORT
TOOLS FOR CLIMATE
FORECASTS: SERVING END-
USER NEEDS, PROMOTING
USER-ENGAGEMENT AND
ACCESSIBILITY

This Section examines a series of decision-
support experiments from across the United
States. Our objective is to learn how the
barriers to optimal decision making, including
impediments to trust, user confidence,
communication of information, product
translation, operationalization of decision-
support tools, and policy transformation
discussed in Chapter 3, can be overcome. As
shall be seen, all of these experiments share
one characteristic: users have been involved,
to some degree, in tool development—through
active elicitation of their needs, involvement in
tool design, evaluation of tool effectiveness (and
feedback into product refinement as a result of
tool use), or some combination of factors.

4.2.1 Decision-Support Experiments
on Seasonal-to-Interannual Climate
Variability

The following seven cases are important
testbeds that examine how, and how effectively,
decision-support systems have been used to
manage diverse water management needs,



including ecological restoration, riparian flow
management, urban water supply, agricultural
water availability, coastal zone issues, and
fire management at diverse spatial scales:
from cities and their surrounding urban
concentrations (New York, Seattle), to regions
(Northern California, South Florida, Inter-
mountain West); a comprehensively-managed
river basin (CALFED); and a resource (forest
lands) scattered over parts of the U.S. West and
Southwest. These cases also illustrate efforts
to rely on temporally diverse information (i.e.,
predictions of future variability in precipitation,
sea-level rise, and drought as well as past
variation) in order to validate trends.

Most importantly, these experiments represent
the use of different ways of integrating informa-
tion into water management to enable better de-
cisions to be made, including neural networks!
in combination with El Nifio-Southern Oscilla-
tion (ENSO) forecasting; temperature, precipi-
tation and sea-level rise prediction; probabilistic
risk assessment; integrated weather, climate
and hydrological models producing short- and
longer-term forecasts; weather and streamflow
station outputs; paleoclimate records of stream-
flow and hydroclimatic variability; and the use
of climate change information on precipita-
tion and sea-level rise to address shorter-term
weather variability.

Experiment 1:
How the South Florida Water Management
District Uses Climate Information

The Experiment

In an attempt to restore the Everglades eco-
system of South Florida, a team of state and
federal agencies is engaged in the world’s larg-
est restoration program (Florida Department
of Environmental Protection and South Florida
Water Management District, 2007). A corner-
stone of this effort is the understanding that SI
climate variability (as well as climate change)
could have significant impacts on the region’s
hydrology over the program’s 50-year lifetime.

' A neural network or “artificial neural network”
is an approach to information processing paradigm
that functions like a brain in processing information.
The network is composed of a large number of inter-
connected processing elements (neurons) that work
together to solve specific problems and, like the brain,
the entire network learns by example.
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The South Florida Water Management District
(SFWMD) is actively involved in conducting
and supporting climate research to improve the
prediction and management of South Florida’s
complex water system (Obeysekera et al., 2007).
The SFWMD is significant because it is one of
the few cases in which decade-scale climate
variability information is being used in water
resource modeling, planning, and operation
programs.

Background/Context

Research relating climatic indices to South
Florida climate started at SFWMD more than
a decade ago (South Florida Water Manage-
ment District, 1996). Zhang and Trimble
(1996), Trimble et al. (1997), and Trimble and
Trimble (1998) used neural network models to
develop a better understanding of how ENSO
and other climate factors influence net inflow
to Lake Okeechobee. From that knowledge,
Trimble (1998) demonstrated the potential for
using ENSO and other indices to predict net
inflow to Lake Okeechobee for operational
planning. Subsequently, SEFWMD was able to
apply climate forecasts to its understanding of
climate-water resources relationships in order to
assess risks associated with seasonal and multi-
seasonal operations of the water management
system and to communicate the projected out-
look to agency partners, decision makers, and
other stakeholders (Cadavid et al., 1999).

Implementation/Application

The SFWMD later established the Water Supply
and Environment (WSE), a regulation sched-
ule for Lake Okeechobee that formally uses
seasonal and multi-seasonal climate outlooks
as guidance for regulatory release decisions

There are many
different ways

of integrating
information into
water management
to enable better
decisions.
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(Obeysekera et al., 2007). The WSE schedule
uses states of ENSO and the Atlantic Multidec-
adal Oscillation (AMO) (Enfield et al., 2001)
to estimate the Lake Okeechobee net inflow
outlook for the next six to 12 months. A decision
tree with a climate outlook is a unique compo-
nent of the WSE schedule and is considered a
major advance over traditional hydrologic rule
curves typically used to operate large reservoirs
(Obeysekera et al., 2007). Evaluation of the
application of the WSE schedule revealed that
considerable uncertainty in regional hydrology
remains and is attributable to some combination
of natural climatic variation, long-term global
climate change, changes in South Florida pre-
cipitation patterns associated with drainage and
development, and rainfall-runoff relationships
altered by infrastructure changes (Obeysekera
et al., 2007).

Lessons Learned

From its experience with climate information
and research, SFWMD has learned that to
improve its modeling capabilities and contri-
butions to basin management, it must improve
its ability to: differentiate trends and disconti-
nuities in basin flows associated with climate
variation from those caused by water manage-
ment; gauge the skill gained in using climate
information to predict basin hydroclimatology;
improve management; account for management
uncertainties caused by climate variation and
change; and evaluate how climate change pro-
jections may affect facility planning and opera-
tion of the SFWMD (Bras, 2006; Obeysekera
et al., 2007).

The district has also learned that, given the
decades needed to restore the South Florida
ecosystem, adaptive manage-
ment is an effective way to
incorporate SI climate varia-
tion into its modeling and
operations decision-making
processes, especially since
longer term climate change
is likely to exacerbate opera-
tional challenges. As previ-
ously stated, this experiment
is also unique in being the
only one that has been identi-
fied in which decadal climate
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status (e.g., state of the AMO) is being used in
a decision-support context.

Experiment 2:
Long-Term Municipal Water Management
Planning—New York City

The Experiment

Projections of long-term climate change, while
characterized by uncertainty, generally agree
that coastal urban areas will, over time, be
increasingly threatened by a unique set of haz-
ards. These include sea-level rise, increased
storm surges, and erosion. Two important
questions facing decision makers are: (1) How
will long-term climate change increase these
threats, which are already of concern to urban
planners? and (2) Can information on the likely
changes in recurrence intervals of extreme
events (e.g., tropical storms) be used in long
term municipal water management planning
and decision making?

Background and Context

Water management in coastal urban areas faces
unique challenges due to vulnerabilities of
much of the existing water supply and treatment
infrastructure to storm surges, coastal erosion,
coastal subsidence, and tsunamis (Jacobs et
al., 2007, OFCM, 2004). Not only are there
risks due to extreme events under current and
evolving climate conditions, but many urban
areas rely on aging infrastructure that was
built in the late nineteenth and early twentieth
centuries. These vulnerabilities will only be
amplified by the addition of global warming-
induced sea-level rise due to thermal expansion
of ocean water and the melting of glaciers,
mountain ice caps and ice sheets (IPCC, 2007).




For example, observed global sea-level rise was
~1.8 millimeters (~0.07 inch) per year from 1961
to 2003, whereas from 1993 to 2003 the rate of
sea-level rise was ~3.1 millimeters (~0.12 inch)
per year (IPCC, 2007). The Intergovernmental
Panel on climate Change (IPCC) projections
for the twenty-first century (IPCC, 2007) are
for an “increased incidence of extreme high
sea level” which they define as the highest one
percent of hourly values of observed sea level
at a station for a given reference period. The
New York City Department of Environmental
Protection (NYCDEP) is one example of an ur-
ban agency that is adapting strategic and capital
planning to take into account the potential ef-
fects of climate change—sea-level rise, higher
temperature, increases in extreme events, and
changing precipitation patterns—on the city’s
water systems. NYCDEDP, in partnership with
local universities and private sector consultants,
is evaluating climate change projections, im-
pacts, indicators, and adaptation and mitigation
strategies to support agency decision making
(Rosenzweig et al., 2007).

Implementation/Application

In New York City (NYC), as in many coastal
urban areas, many of the wastewater treat-
ment plants are at elevations of 2 to 6 meters
above present sea level and thus within the
range of current surges for tropical storms
and hurricanes and extra-tropical cyclones (or
“Nor’easters”) (Rosenzweig and Solecki, 2001;
Jacobs, 2001). Like many U.S. cities along the
northern Atlantic Coast, NYC’s vulnerability to
storm surges is predominantly from Nor’easters
that occur largely between late November and
March, and tropical storms and hurricanes
that typically strike between July and October.
Based on global warming-induced sea-level
rise inferred from IPCC studies, the recurrence
interval for the 100-year storm flood (prob-
ability of occurring in any given year = 1/100)
may decrease to 60 years or, under extreme
changes, a recurrence interval as little as four
years (Rosenzweig and Solecki, 2001; Jacobs
et al., 2007).

Increased incidence of high sea levels and heavy
rains can cause sewer back-ups and water treat-
ment plant overflows. Planners have identified
activities to address current and future concerns
such as using sea-level rise forecasts as inputs to
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storm surge and elevation models to anticipate
the impact of flooding on NYC coastal water re-
source-related facilities. Other concerns include
potential water quality impairment from heavy
rains that can increase pathogen levels and
turbidity with the possible effects magnified
by “first-flush” storms: heavy rains after weeks
of dry weather. NYC water supply reservoirs
have not been designed for rapid releases and
any changes to operations to limit downstream
damage through flood control measures will
reduce water supply. In addition, adding filtra-
tion capacity to the water supply system would
be a significant challenge.

Planners in NYC have begun to consider these
issues by defining risks through probabilistic
climate scenarios, and categorizing potential
adaptations as related to (1) operations/man-
agement; (2) infrastructure; and (3) policy
(Rosenzweig et al., 2007). The NYCDEP is
examining the feasibility of relocating critical
control systems to higher floors/ground in low-
lying buildings, building protective flood walls,
modifying design criteria to reflect changing
hydrologic processes, and reconfiguring out-
falls to prevent sediment build-up and surg-
ing. Significant strategic decisions and capital
investments for NYC water management will
continue to be challenged by questions such as:
How does the city utilize projections in ways
that are robust to uncertainties? And, when
designing infrastructure in the face of future
uncertainty, how can these planners make
infrastructure more robust and adaptable to
changing climate, regulatory mandates, zoning,
and population distribution?

Lessons Learned

When trends and observations clearly point to
increasing risks, decision makers need to build
support for adaptive action despite inherent
uncertainties. The extent and effectiveness of
adaptive measures will depend on building
awareness of these issues among decision mak-
ers, fostering processes of interagency interac-
tion and collaboration, and developing common
standards (Zimmerman and Cusker, 2001).

New plans for regional capital improvements
can be designed to include measures that will
reduce vulnerability to the adverse effects of
sea-level rise. Wherever plans are underway for

When trends
and observations
clearly point to
increasing risks,
decision makers
need to build
support for
adaptive action
despite inherent
uncertainties.
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Figure 4.1 Map of Sacramento and San Joaquin River Delta.

upgrading or constructing new roadways, air-
port runways, or wastewater treatment plants,
which may already include flood protection;
project managers now recognize the need to
consider sea-level rise in planning activities
(i.e., OFCM, 2002).

In order to incorporate new sources of risk
into engineering analysis, the meteorological
and hydrology communities need to define
and communicate current and increasing risks
clearly, and convey them coherently, with ex-
plicit consideration of the inherent uncertain-
ties. Research needed to support regional stake-
holders include: further reducing uncertainties
associated with sea-level rise, providing more
reliable predictions of changes in frequency and
intensity of tropical and extra-tropical storms,
and determining how saltwater intrusion will
impact freshwater. Finally, regional climate
model simulations and statistical techniques
being used to predict long-term climate change
impacts could be down-scaled to help manage
projected SI climate variability. This could
be especially useful for adaptation planning
(OFCM, 2007a).

Experiment 3:
Integrated Forecast and Reservoir Manage-
ment (INFORM)—Northern California

The Experiment

The Integrated Forecast and Reservoir Manage-
ment (INFORM) project aims to demonstrate
the value of climate, weather, and hydrol-
ogy forecasts in reservoir operations. Specific
objectives are to: (1) implement a prototype
integrated forecast-management system for the
Northern California river and reservoir system
in close collaboration with operational forecast-
ing and management agencies, and (2) demon-
strate the utility of meteorological/climate and
hydrologic forecasts through near-real-time
tests of the integrated system with actual data
and management input.

Background and Context

The Northern California river system (Figure
4.1) encompasses the Trinity, Sacramento,
Feather, American, and San Joaquin river sys-
tems, and the Sacramento-San Joaquin Delta
(see: Experiment 7, CALFED)?. The Sacra-
mento and San Joaquin Rivers join to form an
extensive delta region and eventually flow out

2 CA. Gov. Welcome to Calfed Bay-Deltas Program.
http://calwater.ca.gov/index.aspx



into the Pacific Ocean. The Northern California
river and reservoir system serves many vital wa-
ter uses, including providing two-thirds of the
state’s drinking water, irrigating seven million
acres of the world’s most productive farmland,
and providing habitat to hundreds of species of
fish, birds, and plants. In addition, the system
protects Sacramento and other major cities from
flood disasters and contributes significantly
to the production of hydroelectric energy. The
Sacramento-San Joaquin Delta provides a
unique environment and is California’s most
important fishery habitat. Water from the delta
is pumped and transported through canals and
aqueducts south and west serving the water
needs of many more urban, agricultural, and
industrial users.

An agreement between the U.S. Department
of the Interior, U.S. Bureau of Reclamation,
and California Department of Water Resources
provides for the coordinated operation of the
federal and state facilities (Agreement of Co-
ordinated Operation-COA). The agreement
aims to ensure that each project obtains its
share of water from the San Joaquin Delta and
protects other beneficial uses in the Delta and
the Sacramento Valley. Coordination is struc-
tured around the necessity to meet in-basin use
requirements in the Sacramento Valley and the
San Joaquin Delta, including delta outflow and
water quality requirements.

Implementation/Application

The INFORM Forecast-Decision system con-
sists of a number of diverse elements for data
handling, model runs, and output archiving
and presentation. It is a distributed system with
on-line and off-line components. The system
routinely captures real-time National Center for
Environmental Predictions (NCEP) ensemble
forecasts and uses both ensemble synoptic
forecasts from NCEP’s Global Forecast System
(GFS) and ensemble climate forecasts from
NCEP’s Climate Forecast System (CFS). The
former produces real-time short-term forecasts,
and the latter produce longer-term forecasts as
needed (HRC-GWRI, 2006).

The INFORM DSS is designed to support
the decision-making process, which includes
multiple decision makers, objectives, and
temporal scales. Toward this goal, INFORM
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DSS includes a suite of interlinked models that
address reservoir planning and management at
multi-decadal, interannual, seasonal, daily, and
hourly time scales. The DSS includes models
for each major reservoir in the INFORM region,
simulation components for watersheds, river
reaches, and the Bay Delta, and optimization
components suitable for use with ensemble
forecasts. The decision software runs off-line,
as forecasts become available, to derive and
assess planning and management strategies
for all key system reservoirs. DSS is embed-
ded in a user-friendly, graphical interface that
links models with data and helps visualize and
manage results.

Development and implementation of the IN-
FORM Forecast-Decision system was carried
out by the Hydrologic Research Center (in
San Diego) and the Georgia Water Resources
Institute (in Atlanta), with funding from
NOAA, CALFED, and the California Energy
Commission. Other key participating agen-
cies included U.S. National Weather Service
California—Nevada River Forecast Center, the
California Department of Water Resources,
the U.S. Bureau of Reclamation Central Valley
Operations, and the Sacramento District of the
U.S. Army Corps of Engineers. Other agencies
and regional stakeholders (e.g., the Sacramento
Flood Control Authority, SAFCA, and the
California Department of Fish and Game) par-
ticipated in project workshops and, indirectly,
through comments conveyed to the INFORM
Oversight and Implementation Committee.

Lessons Learned

The INFORM approach demonstrates the value
of advanced forecast-decision methods for wa-
ter resource decision making, attested to by par-
ticipating agencies who took part in designing
the experiments and who are now proceeding
to incorporate the INFORM tools and products
in their decision-making processes.

From a technical standpoint, INFORM served
to demonstrate important aspects of integrated
forecast-decision systems, namely that (1)
seasonal climate and hydrologic forecasts
benefit reservoir management, provided that
they are used in connection with adaptive
dynamic decision methods that can explicitly
account for and manage forecast uncertainty;

Seasonal climate and
hydrologic forecasts
benefit reservoir
management,
provided that they are
used in connection
with adaptive dynamic
decision methods that
can explicitly account
for and manage
forecast uncertainty.
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(2) ignoring forecast uncertainty in reservoir
regulation and water management decisions
leads to costly failures; and (3) static decision
rules cannot take full advantage of and handle
forecast uncertainty information. The extent to
which forecasts benefit the management process
depends on their reliability, range, and lead
time, in relation to the management systems’
ability to regulate flow, water allocation, and
other factors.

Experiment 4:
How Seattle Public Utility District Uses
Climate Information to Manage Reservoirs

The Experiment

Seattle Public Utilities (SPU) provides drinking
water to 1.4 million people living in the central
Puget Sound region of Washington. SPU also
has instream (i.e., river flow), resource manage-
ment, flood control management and habitat
responsibilities on the Cedar and South Fork
Tolt Rivers, located on the western slopes of
the Cascade Mountains. Over the past several
years SPU has taken numerous steps to improve
the incorporation of climate, weather, and
hydrologic information into the real-time and
SI management of its mountain water supply
system.

Implementation/Application

Through cooperative relationships with agen-
cies such as NOAA’s National Weather Ser-
vice, U.S. Department of Agriculture, Natural
Resource Conservation Service, and the U.S.
Geological Survey (USGS), SPU has secured
real-time access to numerous SNOTEL sites’,

* The SNOTEL network of weather stations is a
snowfall depth monitoring network established by the
USGS.
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streamflow gages and weather stations in and
around Seattle’s watersheds. SPU continuously
monitors weather and climate data across the
maritime Pacific derived from all these above
sources. Access to this information has helped
to reduce the uncertainty associated with mak-
ing real-time and seasonal tactical and strategic
operational decisions, and enhanced the inher-
ent flexibility of management options available
to SPU’s water supply managers as they adjust
operations for changing weather and hydrologic
conditions, including abnormally low levels of
snowpack or precipitation.

Among the important consequences of this syn-
thesis of information has been SPU’s increasing
ability to undertake reservoir operations with
higher degrees of confidence than in the past.
As an example, SPU was well served by this
information infrastructure during the winter
of 2005 when the lowest snowpack on record
was realized in its watersheds. The consequent
reduced probability of spring flooding, coupled
with their ongoing understanding of local and
regional climate and weather patterns, enabled
SPU water managers to safely capture more
water in storage earlier in the season than
normal. As a result of SPU’s ability to continu-
ously adapt its operations, Seattle was provided
with enough water to return to normal supply
conditions by early summer despite the record
low snowpack.

SPU is also using conclusions from a SPU-
sponsored University of Washington study that
examined potential impacts of climate change
on SPU’s water supply. To increase the rigor
of the study, a set of fixed reservoir operating
rules was used and no provisions were made to
adjust these to account for changes projected
by the study’s climate change scenarios. From
these conclusions, SPU has created two future
climate scenarios, one for 2020 and one for
2040, to examine how the potential impacts
of climate change may affect decisions about
future supply. While these scenarios indicated
a reduction in yield, SPU’s existing sources of
supply were found to be sufficient to meet of-
ficial demand forecasts through 2053.

Lessons Learned
SPU has actually incorporated seasonal climate
forecasts into their operations and is among the



leaders in considering climate change. SPU is
a “receptive audience” for climate tools in that
it has a wide range of management and long-
term capital investment responsibilities that
have clear connections to climate conditions.
Further, SPU is receptive to new management
approaches due to public pressure and the risk
of legal challenges related to the protection of
fish populations who need to move upstream
to breed.

Specific lessons include: (1) access to skillful
seasonal forecasts enhances credibility of us-
ing climate information in the Pacific North-
west, even with relatively long lead times; (2)
monitoring of snowpack moisture storage and
mountain precipitation is essential for effective
decision making and for detecting long-term
trends that can affect water supply reliability;
and (3) while SPU has worked with the re-
search community and other agencies, it also
has significant capacity to conduct in-house
investigations and assessments. This provides
confidence in the use of information.

Experiment 5:
Using Paleoclimate Information to Examine
Climate Change Impacts

The Experiment

Can an expanded estimate of the range of
natural hydrologic variability from tree ring
reconstructions of streamflow, a climate change
research tool, be used effectively as a decision-
support resource for better understanding SI
climate variability and water resource plan-
ning? Incorporation of tree ring reconstruc-
tions of streamflow into decision making was
accomplished through partnerships between
researchers and water managers in the inter-
mountain West.

Background and Context

Although water supply forecasts in the inter-
mountain West have become increasingly so-
phisticated in recent years, water management
planning and decision making have generally
depended on instrumental gage records of flow,
most of which are less than 100 years in length.
Drought planning in the Intermountain West
has been based on the assumption that the 1950s
drought, the most severe drought in the instru-
mental record, adequately represents the full
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range of natural variability and, thus, a likely
worst-case scenario.

The recent prolonged drought in the western
United States prompted many water managers
to consider that the observational gage records
of the twentieth century do not contain the full
range of natural hydroclimatic variability pos-
sible. Gradual shifts in recent decades to more
winter precipitation as rain and less as snow,
earlier spring runoff, higher temperatures, and
unprecedented population growth have resulted
in an increase in vulnerability of limited water
supplies to a variable and changing climate.
The paleoclimate records of streamflow and
hydroclimatic variability provide an extended,
albeit indirect, record (based on more than 1000
years of record from tree rings in some key
watersheds) for assessing the potential impact
of a more complete range of natural variability
as well as for providing a baseline for detect-
ing possible regional impacts of global climate
change.

Implementation/Application

Several years of collaborations between scien-
tists and water resource partners have explored
possible applications of tree ring reconstructed
flows in water resource management to as-
sess the potential impacts of drought on water
systems. Extended records of hydroclimatic
variability from tree ring based reconstructions
reveal a wider range of natural variability than
in gage records alone, but how to apply this
information in water management planning has
not been obvious. The severe western drought
that began in 2000 and peaked in 2002 provided
an excellent opportunity to work with water
resource providers and agencies on how to in-
corporate paleoclimate drought information in
planning and decision making. These partner-
ships with water resource managers have led to
a range of applications evolving from a basic
change in thinking about drought, to the use of
tree ring reconstructed flows to run a complex
water supply model to assess the impacts of
drought on water systems.

The extreme five-year drought that began in
2002 motivated water managers to ask these
questions: How unusual was 2002, or the
2000-2004 drought? How often do years or
droughts like this occur? What is the likelihood

Several years of
collaborations
between scientists
and water resource
partners have
explored possible
applications

of tree ring
reconstructed flows
in water resource
management to
assess the potential
impacts of drought
on water systems.
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of it happening again in the future (should we
plan for it, or is there too low a risk to justify
infrastructure investments)? And, from a long
term perspective, is the twentieth and twenty-
first century record an adequate baseline for
drought planning?

The first three questions could be answered
with reconstructed streamflow data for key
gages, but to address planning, a critical step
is determining how tree ring streamflow recon-
struction could be incorporated into water sup-
ply modeling efforts. The tree ring streamflow
reconstructions have annual resolution, whereas
most water system models required weekly
or daily time steps, and reconstructions are
generated for a few gages, while water supply
models typically have multiple input nodes. The
challenge has been spatially and temporally dis-
aggregating the reconstructed flow series into
the time steps and spatial scales needed as input
into models. A variety of analogous approaches
have successfully addressed the temporal scale
issue, while the spatial challenges have been
addressed statistically using nearest neighbor
or other approaches.

Another issue addressed has been that the
streamflow reconstructions explain only a por-
tion of the variance in the gage record, and the
most extreme values are often not fully repli-
cated. Other efforts have focused on character-
izing the uncertainty in the reconstructions, the
sources of uncertainty, and the sensitivity of the
reconstruction to modeling choices. In spite of
these many challenges, expanded estimates of
the range of natural hydrologic variability from
tree ring reconstructions have been integrated
into water management decision support and
allocation models to evaluate operating policy
alternatives for efficient management and
sustainability of water resources, particularly
during droughts in California and Colorado.

Lessons Learned

Roadblocks to incorporating tree ring recon-
structions into water management policy and
decision making were overcome through pro-
longed, sustained partnerships with research-
ers working to make their scientific findings
relevant, useful, and usable to users for planning
and management, and water managers willing
to take risk and invest time to explore the use
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of non-traditional information outside of their
comfort zone. The partnerships focused on
formulating research questions that led to ap-
plications addressing institutional constraints
within a decision process addressing multiple
timescales.

Workshops requested by water managers have
resulted in expansion of application of the
tree ring based streamflow reconstructions
to drought planning and water management
<http://wwa.colorado.edu/resources/paleo/>.
In addition, an online resource called TreeFlow
<http:/wwa.colorado.edu/resources/paleo/data.
htm]> was developed to provide water manag-
ers interested in using tree ring streamflow
reconstructions access to gage and reconstruc-
tion data and information, and a tutorial on
reconstruction methods for gages in Colorado
and California.

Experiment 6
Climate, Hydrology, and Water Resource
Issues in Fire-Prone United States Forests

The Experiment

Improvements in ENSO-based climate fore-
casting, and research on interactions between
climate and wildland fire occurrence, have
generated opportunities for improving use of
seasonal-to-interannual climate forecasts by
fire managers. They can now better anticipate
annual fire risk, including potential damage
to watersheds over the course of the year. The
experiment, consisting of annual workshops
to evaluate the utility of climate information
for fire management, were initiated in 2000 to
inform fire managers about climate forecasting
tools and to enlighten climate forecasters about
the needs of the fire management community.
These workshops have evolved into an annual
assessment of conditions and production of pre-
season fire-climate forecasts.

Background and Context

Large wildfire activity in the U.S. West and
Southeast has increased substantially since the
mid-1980s, an increase that has largely been at-
tributed to shifting climate conditions (Wester-
ling et al., 2006). Recent evidence also suggests
that global or regional warming trends and a
positive phase of the AMO are likely to lead to
an even greater increase in risk for ecosystems



and communities vulnerable to wildfire in the
western United States (Kitzberger ef al., 2007).
Aside from the immediate impacts of a wildfire
(e.g., destruction of biomass, substantial altering
of ecosystem function), the increased likelihood
of high sediment deposition in streams and
flash flood events can present post-fire man-
agement challenges including impacts to soil
stability on slopes and mudslides (e.g., Bisson
et al., 2003). While the highly complex nature
and substantially different ecologies of fire-
prone systems precludes one-size-fits-all fire
management approaches (Noss et al., 2006),
climate information can help managers plan for
fire risk in the context of watershed manage-
ment and post-fire impacts, including impacts
on water resources. One danger is inundation
of water storage and treatment facilities with
sediment-rich water, creating potential for
significant expense for pre-treatment of water
or for facilities repair. Post-fire runoff can also
raise nitrate concentrations to levels that exceed
the federal drinking water standard (Meixner
and Wohlgemuth, 2004).

Work by Kuyumjian (2004), suggests that
coordination among fire specialists, hydrolo-
gists, climate specialists, and municipal water
managers may produce useful warnings to
downstream water treatment facilities about
significant ash- and sediment-laden flows. For
example, in the wake of the 2000 Cerro Grande
fire in the vicinity of Los Alamos, New Mexico,
catastrophic floods were feared, due to the
fact that 40 percent of annual precipitation in
northern New Mexico is produced by summer
monsoon thunderstorms (e.g., Earles ef al.,
2004). Concern about water quality and about
the potential for contaminants carried by flood
waters from the grounds of Los Alamos Nuclear
Laboratory to enter water supplies prompted
a multi-year water quality monitoring effort
(Gallaher and Koch, 2004). In the wake of the
2002 Bullock Fire and 2003 Aspen Fire in the
Santa Catalina Mountains adjacent to Tucson,
Arizona, heavy rainfall produced floods that
destroyed homes and caused one death in Can-
ada del Oro Wash in 2003 (Ekwurzel, 2004),
destroyed structures in the highly popular
Sabino Canyon recreation area and deposited
high sediment loads in Sabino Creek in 2003
(Desilets et al., 2006). A flood in 2006 wrought
a major transformation to the upper reaches of
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the creek (Kreutz, 2006). Residents of Sum-
merhaven, a small community located on Mt.
Lemmon, continues to be concerned about the
impacts of future fires on their water resources.
In all of these situations, climate information
can be helpful in assessing vulnerability to both
flooding and water quality issues.

Implementation/Application

Little published research specifically targets
interactions among climate, fire, and watershed
dynamics (OFCM, 2007b). Publications on fire-
climate interactions, however, provide a useful
entry point for examining needs for and uses
of climate information in decision processes
involving water resources. A continuing effort
to produce fire-climate outlooks was initiated
through a workshop held in Tucson, Arizona, in
late winter 2000. One of the goals of the work-
shop was to identify the climate information
uses and needs of fire managers, fuel manag-
ers, and other decision makers. Another was to
actually produce a fire-climate forecast for the
coming fire season. The project was initiated
through collaboration involving researchers at
the University of Arizona, the NOA A-funded
Climate Assessment for the Southwest Project
(CLIMAS), the Center for Ecological and Fire
Applications (CEFA) at the Desert Research
Institute in Reno, Nevada and the National
Interagency Fire Center (NIFC) located in
Boise, Idaho (Morehouse, 2000). Now called
the National Seasonal Assessment Workshop
(NSAW), the process continues to produce an-
nual fire-climate outlooks (e.g., Crawford et al.,
2006). The seasonal fire-climate forecasts pro-
duced by NSAW have been published through
NIFC since 2004. During this same time period,
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Westerling et al. (2002) developed a long-lead
statistical forecast product for areas burned in
western wildfires.

Lessons Learned

The experimental interactions between climate
scientists and fire managers clearly demon-
strated the utility of climate information for
managing watershed problems associated with
wildfire. Climate information products used in
the most recently published NSAW Proceedings
(Crawford et al., 2006), for example, include the
following: NOAA Climate Prediction Center
(CPC) seasonal temperature and precipitation
outlooks, historical temperature and precipita-
tion data, e.g., High Plains Regional Climate
Center, National drought conditions, from
National Drought Mitigation Center, 12-month
standardized precipitation index, spring and
summer streamflow forecasts and departure
from average greenness.

Based on extensive interactions with fire man-
agers, other products are also used by some
fire ecologists and managers, including climate
history data from instrumental and paleo (espe-
cially tree ring) records and hourly to daily and
weekly weather forecasts, (e.g., temperature,
precipitation, wind, relative humidity).

Products identified as potentially improving
fire management (e.g., Morehouse, 2000; Gar-
fin and Morehouse, 2001) include: improved
monsoon forecasts and training in how to use
them, annual to decadal (AMO, Pacific Decadal
Oscillation) projections, decadal to centennial
climate change model outputs, downscaled to
regional/finer scales, and dry lightning fore-
casts.

This experiment is one of the most enduring
we have studied. It is now part of accepted
practice by agencies, and has produced spin-off
activities managed and sustained by the agen-
cies and new participants. The use of climate
forecast information in fire management began
because decision makers within the wildland
fire management community were open to new
information, due to legal challenges, public
pressure, and a “landmark™ wildfire season
in 2000. The National Fire Plan (2000) and its
associated 10-year Comprehensive Strategy
reflected a new receptiveness for new ways
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of coping with vulnerabilities, calling for a
community-based approach to reducing wild-
land fires that is proactive and collaborative
rather than prior approaches entered on internal
agency activities.

Annual workshops became routine forums for
bringing scientists and decision makers together
to continue to explore new questions and op-
portunities, as well as involve new participants,
new disciplines and specialties, and to make
significant progress in important areas (e.g.,
lightning climatologies, and contextual assess-
ments of specific seasons), quickly enough to
fulfill the needs of agency personnel (National
Fire Plan, 2000).

Experiment 7:
The CALFED—Bay Delta Program:
Implications of Climate Variability

The Experiment

The Sacramento-San Joaquin River Delta,
which flows into San Francisco Bay, is the focus
of a broad array of environmental issues relating
to endangered fish species, land use, flood con-
trol and water supply. After decades of debate
about how to manage the delta to export water
supplies to southern California while managing
habitat and water supplies in the region, and
maintaining endangered fish species, decision
makers are involved in making major long-term
decisions about rebuilding flood control levees
and rerouting water supply networks through
the region. Incorporating the potential for cli-
mate change impacts on sea level rise and other
regional changes are important to the decision-
making process (Hayhoe et al., 2004; Knowles
et al., 2006; Lund et al., 2007).

Background and Context

Climate considerations are critical for the
managers of the CALFED program, which
oversees the 700,000 acres in the Sacramento-
San Joaquin Delta. 400,000 acres have been
subsiding due to microbial oxidation of peat
soils that have been used for agriculture. A
significant number of the islands are below sea
level, and protected from inundation by dikes
that are in relatively poor condition. Continuing
sea-level rise and regional climate change are
expected to have additional major impacts such
as flooding and changes in seasonal precipita-



tion patterns. There are concerns that multiple
islands would be inundated in a “10-year storm
event”, which represents extreme local vulner-
ability to flooding.

In the central delta, there are five county gov-
ernments in addition to multiple federal and
state agencies and non-governmental organiza-
tions whose perspectives need to be integrated
into the management process, which is one of
the purposes of the CALFED program. A key
decision being faced is whether delta interests
should invest in trying to build up and repair
levies to protect subsided soils. What are the
implications for other islands when one island
floods? Knowing the likelihood of sea-level
rise of various magnitudes will significantly
constrain the answers to these questions. For
example, if the rise is greater than one foot
in the next 50 to 100 years, that could end the
debate about whether to use levee improve-
ments to further protect these islands. Smaller
amounts of sea-level rise will make this decision
less clear-cut. Answers are needed in order to
support decisions about the delta in the near
term.

Implementation/Application

Hundreds of millions of dollars of restoration
work has been done in the delta and associated
watersheds, and more investment is required.
Where should money be invested for effective
long-term impact? There is a need to invest in
restoring lands at intertidal and higher eleva-
tions so that wetlands can evolve uphill while
tracking rising sea level (estuarine progression).
Protecting only “critical” delta islands (those
with major existing infrastructure) to endure a
100-year flood will cost around $2.6 billion.

Another way that climate change-related in-
formation is critical to delta management is in
estimating volumes and timing of runoff from
the Sierra Nevada mountain range (Knowles
et al., 2006). To the extent that snowpack will
be diminished and snowmelt runoff occurs
earlier, there are implications for flood control,
water supply and conveyance, and seawater
intrusion—all of which affect habitat and land
use decisions. One possible approach to water
shortages is more recent aggressive manage-
ment of reservoirs to maximize water supply
benefits, thereby possibly increasing flood
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risk. The State Water Project is now looking at
a ten percent failure rate operating guideline
at Oroville rather than a 5 percent failure rate
operating guideline; this would provide much
more water supply flexibility.

Lessons Learned

Until recently the implications of climate change
and sea-level rise were not considered in the
context of solutions to the Bay Delta problem—
particularly in the context of climate variability.
These implications are currently considered to
be critical factors in infrastructure planning,
and the time horizon for future planning has
been extended to to over 100 years (Delta Vi-
sion Blue Ribbon Task Force, 2008). The rela-
tively rapid shift in perception of the urgency
of climate change impacts was not predicted,
but does demand renewed consideration of
adaptive management strategies in the context
of incremental changes in understanding (as
opposed to gradual increases in accumulation
of new facts, which is the dominant paradigm
in adaptive management).

4.2.2 Organizational and

Institutional Dimensions of
Decision-Support Experiments

These seven experiments illuminate the need
for effective two-way communication among
tool developers and users, and the importance
of organizational culture in fostering col-
laboration. An especially important lesson they
afford is in underscoring the significance of
boundary-spanning entities to enable decision-
support transformation. Boundary spanning,
discussed in Section 4.3, refers to the activities
of special scientific/stakeholder committees,
agency coordinating bodies, or task forces that
facilitate bringing together tool developers and
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users to exchange information, promote com-
munication, propose remedies to problems,
foster frequent engagement, and jointly develop
decision-support systems to address user needs.
In the process, they provide incentives for inno-
vation—frequently noted in the literature—that
facilitate the use of climate science information
in decisions (e.g., NRC, 2007; Cash and Buizer,
2005; Sarewitz and Pielke, 2007). Before out-
lining how these seven experiments illuminate
boundary spanning, it is important to consider
problems identified in recent research.

While there is widespread agreement that deci-
sion support involves translating the products
of climate science into forms useful for deci-
sion makers and disseminating the translated
products, there is disagreement over precisely
what constitutes translation (NRC, 2008). One
view is that climate scientists know which
products will be useful to decision makers and
that potential users will make appropriate use
of decision-relevant information once it is made
available. Adherents of this view typically em-
phasize the importance of developing “decision-
support tools”, such as models, maps, and other
technical products intended to be relevant to
certain classes of decisions that, when created,
complete the task of decision support. This ap-
proach, also called a “translation model”, (NRC,
2008) has not proved useful to many decision
makers—underscored by the fact that, in our
seven cases, greater weight was given to “cre-
ating conditions that foster the appropriate use
of information” rather than to the information
itself (NRC, 2008).

A second view is that decision-support activities
should enable climate information producers
and users to jointly develop information that ad-
dresses users’ needs—also called “co-produc-
tion” of information or reconciling information
“supply and demand” (NRC, 1989, 1996, 1999,
2006; McNie, 2007; Sarewitz and Pielke, 2007,
Lemos and Morehouse, 2005). Our seven cases
clearly delineate the presumed advantages of
the second view.

In the SFWMD case, an increase in user trust
was a powerful inducement to introduce, and
then continue, experiments leading to develop-
ment of a Water Supply and Environment sched-
ule, employing seasonal and multi-seasonal
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climate outlooks as guidance for regulatory
releases. As this tool began to help reduce oper-
ating system uncertainty, decision-maker confi-
dence in the use of model outputs increased, as
did further cooperation between scientists and
users—facilitated by SFWMD’s communica-
tion and agency partnership networks.

In the case of INFORM, participating agen-
cies in California worked in partnership with
scientists to design experiments that would
allow the state to integrate forecast methods
into planning for uncertainties in reservoir
regulation. Not only did this set of experiments
demonstrate the practical value of such tools,
but they built support for adaptive measures to
manage risks, and reinforced the use, by deci-
sion makers, of tool output in their decisions.
Similar to the SFWMD case, through dem-
onstrating how forecast models could reduce
operating uncertainties—especially as regards
increasing reliability and lead time for crucial
decisions—cooperation among partners seems
to have been strengthened.

Because the New York City and Seattle cases
both demonstrate use of decision-support
information in urban settings, they amplify
another set of boundary-spanning factors: the
need to incorporate public concerns and develop
communication outreach methods, particularly
about risk, that are clear and coherent. While
conscientious efforts to support stakeholder
needs for reducing uncertainties associated with
sea-level rise and infrastructure relocation are
being made, the New York case highlights the
need for further efforts to refine communica-
tion, tool dissemination, and evaluation efforts
to deliver information on potential impacts of
climate change more effectively. It also illus-
trates the need to incorporate new risk-based
analysis into existing decision structures related
to infrastructure construction and maintenance.
The Seattle public utility has had success in
conveying the importance of employing SI cli-
mate forecasts in operations, and is considered
a national model for doing so, in part because
of a higher degree of established public sup-
port due to: (1) litigation over protection of
endangered fish populations and (2) a greater
in-house ability to test forecast skill and evalu-
ate decision tools. Both served as incentives
for collaboration. Access to highly-skilled



forecasts in the region also enhanced prospects
for forecast use.

Although not an urban case, the CALFED ex-
periment’s focus on climate change, sea-level
rise, and infrastructure planning has numerous
parallels with the Seattle and New York City
cases. In this instance, the public and decision
makers were prominent in these cases, and
their involvement enhanced the visibility and
importance of these issues and probably helped
facilitate the incorporation of climate informa-
tion by water resource managers in generating
adaptation policies.

The other cases represent variations of bound-
ary spanning whose lessons are also worth
noting. The tree ring reconstruction case
documents impediments of a new data source
to incorporation into water planning. These
impediments were overcome through prolonged
and sustained partnerships between researchers
and users that helped ensure that scientific find-
ings were relevant, useful, and usable for water
resources planning and management, and water
managers who were willing to take some risk.
Likewise, the case of fire-prone forests repre-
sented a different set of impediments that also
required novel means of boundary spanning to
overcome. In this instance, an initial workshop
held among scientists and decision makers itself
constituted an experiment on how to: identify
topics of mutual interest across the climate
and wildland fire management communities at
multiple scales; provide a forum for exploring
new questions and opportunities; and constitute
a vehicle for inviting diverse agency personnel,
disciplinary representatives, and operation,
planning, and management personnel to facili-
tate new ways of thinking about an old set of
problems. In all cases, the goal is to facilitate
successful outcomes in the use of climate infor-
mation for decisions, including faster adaptation
to more rapidly changing conditions.

Before turning to analytical studies on the im-
portance of such factors as the role of key lead-
ership in organizations to empower employees,
organizational climate that encourages risk and
promote inclusiveness, and the ways organiza-
tions encourage boundary innovation (Section
4.3), it is important to reemphasize the distin-
guishing feature of the above experiments: they
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underscore the importance of process as well as
product outcomes in developing, disseminating
and using information. We return to this issue
when we discuss evaluation in Section 4.4.

4.3 APPROACHES TO BUILDING
USER KNOWLEDGE AND
ENHANCING CAPACITY
BUILDING

The previous section demonstrated a variety of
contexts where decision-support innovations
are occurring. This Section analyzes six factors
that are essential for building user knowledge
and enhancing capacity in decision-support
systems for integration of SI climate variability
information, and which are highlighted in the
seven cases above: (1) boundary spanning, (2)
knowledge-action systems through inclusive
organizations, (3) decision-support needs are
user driven, (4) proactive leadership that cham-
pions change; (5) adequate funding and capacity
building, and (6) adaptive management.

4.3.1 Boundary-Spanning
Organizations as Intermediaries
Between Scientists and

Decision Makers

As noted in Section 4.2.2, boundary-spanning
organizations link different social and
organizational worlds (e.g., science and policy)
in order to foster innovation across boundaries,
provide two-way communication among
multiple sectors, and integrate production of
science with user needs. More specifically,
these organizations perform translation and
mediation functions between producers of
information and their users (Guston, 2001;
Ingram and Bradley, 2006; Jacobs, et al., 2005).
Such activities include convening forums that
provide common vehicles for conversations
and training, and for tailoring information to
specific applications.

Ingram and Bradley (2006) suggest that bound-
ary organizations span not only disciplines, but
different conceptual and organizational divides
(e.g., science and policy), organizational mis-
sions and philosophies, levels of governance,
and gaps between experiential and professional
ways of knowing. This is important because
effective knowledge transfer systems cultivate
individuals and/or institutions that serve as

Boundary-spanning
organizations
perform translation
and mediation
functions between
producers of
information and
their users.
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intermediaries between nodes in the system,
most notably between scientists and decision
makers. In the academic community and within
agencies, knowledge, including the knowledge
involved in the production of climate forecast
information, is often produced in “stove-pipes”
isolated from neighboring disciplines or ap-
plications.

Evidence for the importance of this propo-
sition—and for the importance of boundary
spanning generally—is provided by those cases,
particularly in Chapter 3 (e.g., the Apalachico-
la—Chattahoochee—Flint River basin dispute),
where the absence of a boundary spanning
entity created a void that made the deliberative
consideration of various decision-maker needs
all but impossible to negotiate. Because the
compact organization charged with managing
water allocation among the states of Alabama,
Florida, and Georgia would not actually take
effect until an allocation formula was agreed
upon, the compact could not serve to bridge the
divides between decision making and scientific
assessment of flow, meteorology, and riverine
hydrology in the region.

Boundary spanning organizations are important
to decision-support system development in
three ways. First, they “mediate” communica-
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tion between supply and demand functions for
particular areas of societal concern. Sarewitz
and Pielke (2007) suggest, for example, that
the IPCC serves as a boundary organization
for connecting the science of climate change
to its use in society—in effect, satisfying a
“demand” for science implicitly contained in
such international processes for negotiating
and implementing climate treaties as the U.N.
Framework Convention on Climate Change
and Kyoto Protocol. In the United States, local
irrigation district managers and county exten-
sion agents often serve this role in mediating
between scientists (hydrological modelers) and
farmers (Cash et al., 2003). In the various cases
we explored in Section 4.2.1, and in Chapter
3 (e.g., coordinating committees, post-event
“technical sessions” after the Red River floods,
and comparable entities), we saw other bound-
ary spanning entities performing mediation
functions.

Second, boundary organizations enhance com-
munication among stakeholders. Effective tool
development requires that affected stakehold-
ers be included in dialogue, and that data from
local resource managers (blended knowledge)
be used to ensure credible communication. Suc-
cessful innovation is characterized by two-way
communication between producers and users of

Table 4.1 Examples of Boundary Organizations for Decision-Support Tool Development.

Cooperative Extension Services: Housed in land-grant universities in the United
States, they provide large networks of people who interact with local stakeholders and
decision makers within certain sectors (not limited to agriculture) on a regular basis. In
other countries, this agricultural extension work is often done with great effectiveness by
local government (e.g., Department of Primary Industries, Queensland, Australia).

Woatershed Councils: In some U.S. states, watershed councils and other local planning
groups have developed, and many are focused on resolving environmental conflicts and
improved land and water management (particularly successful in the State of Oregon).

rural communities.

Natural Resource Conservation Districts: Within the U.S. Department of
Agriculture, these districts are highly networked within agriculture, land management, and

Non-governmental organizations (NGOs) and public interest groups: Focus on
information dissemination and environmental management issues within particular com-
munities. They are good contacts for identifying potential stakeholders, and may be in a
position to collaborate on particular projects. Internationally, a number of NGOs have

stepped forward and are actively engaged in working with stakeholders to advance use of
climate information in decision making (e.g.,, Asian Disaster Preparedness Center (ADPC),
in Bangkok, Thailand).

Federal agency and university research activities: Expanding the types of research
conducted within management institutions and local and state governments is an option
to be considered—the stakeholders can then have greater influence on ensuring that the
research is relevant to their particular concerns.
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knowledge, as well as development of networks
that allow close and ongoing communication
among multiple sectors. Likewise, networks
must allow close communication among mul-
tiple sectors (Sarewitz and Pielke, 2007).

Third, boundary organizations contribute to
tool development by serving the function of
translation more effectively than is conceived in
the Loading Dock Model of climate products. In
relations between experts and decision makers,
understanding is often hindered by jargon, lan-
guage, experiences, and presumptions; e.g., de-
cision makers often want deterministic answers
about future climate conditions, while scientists
can often only provide probabilistic informa-
tion, at best. As noted in Chapter 3, decision
makers often mistake probabilistic uncertainty
as a kind of failure in the utility and scientific
merit of forecasts, even though uncertainty is a
characteristic of science (Brown, 1997).

One place where boundary spanning can be
important with respect to translation is in pro-
viding a greater understanding of uncertainty
and its source. This includes better information
exchange between scientists and decision mak-
ers on, for example, the decisional relevance of
different aspects of uncertainties, and meth-
ods of combining probabilistic estimates of
events through simulations, in order to reduce
decision-maker distrust, misinterpretation of
forecasts, and mistaken interpretation of models
(NRC, 2005).

Effective boundary organizations facilitate the
co-production of knowledge—generating infor-
mation or technology through the collaboration
of scientists/engineers and nonscientists who
incorporate values and criteria from both com-
munities. This is seen, for example, in the col-
laboration of scientists and users in producing
models, maps, and forecast products. Boundary
organizations have been observed to work best
when accountable to the individuals or interests
on both sides of the boundary they bridge, in
order to avoid capture by either side and to align
incentives such that interests of actors on both
sides of the boundary are met.

Jacobs (2003) suggests that universities can be
good locations for the development of new ideas
and applications, but they may not be ideal for
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sustained stakeholder interactions and services,
in part because of funding issues and because
training cycles for graduate students, who are
key resources at universities, do not always
allow a long-term commitment of staff. Many
user groups and stakeholders either have no
contact with universities or may not encour-
age researchers to participate in or observe
decision-making processes. University reward
systems rarely recognize interdisciplinary
work, outreach efforts, and publications outside
of academic journals. This limits incentives for
academics to participate in real-world problem
solving and collaborative efforts. Despite these
limitations, many successful boundary organi-
zations are located within universities.

In short, boundary organizations serve to make
information from science useful and to keep in-
formation flowing (in both directions) between
producers and users of the information. They
foster mutual respect and trust between users
and producers. Within such organizations there
is aneed for individuals simultaneously capable
of translating scientific results for practical use
and framing the research questions from the
perspective of the user of the information. These
key intermediaries in boundary organizations
need to be capable of integrating disciplines and
defining the research question beyond the focus
of the participating individual disciplines. Table
4.1 depicts a number of boundary organization
examples for climate change decision-support
tool development. Section 4.3.2 considers the
type of organizational leaders who facilitate
boundary spanning.

An oft-cited model of the type of boundary-
spanning organization needed for the transfer
and translation of decision-support information
on climate variability is the Regional Integrated
Science and Assessment (RISA) teams sup-
ported by NOAA. These teams “represent a
new collaborative paradigm in which decision
makers are actively involved in developing
research agendas” (Jacobs, 2003). The eight
RISA teams, located within universities and
often involving partnerships with NOAA
laboratories throughout the United States, are
focused on stakeholder-driven research agendas
and long-term relationships between scientists
and decision makers in specific regions. RISA
activities are highlighted in the sidebar below.

Boundary
organizations

serve to make
information from
science useful and
to keep information
flowing (in both
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producers and users
of the information.
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BOX 4.1: Comparative Examples of Boundary Spanning—Australia and the United States

In Australia, forecast information is actively sought both by large agribusiness and government policymakers
planning for drought because “the logistics of handling and trading Australia’s grain commaodities, such as wheat,
are confounded by huge swings in production associated with climate variability. Advance information on likely
production and its geographical distribution is sought by many industries, particularly in the recently deregu-
lated marketing environment” (Hammer, et al., 2001). Forecast producers have adopted a systems approach to
the dissemination of seasonal forecast information that includes close interaction with farmers, use of climate
scenarios to discuss the incoming rainfall season and automated dissemination of seasonal forecast information
through the RAINMAN interactive software.

-
=

In the U.S. Southwest, forecast producers organized stakeholder workshops that refined their understanding
of potential users and their needs. Because continuous interaction with stakeholder was well funded and en-
couraged, producers were able to ‘customize’ their product—including the design of user friendly and interac-
tive Internet access to climate information—to local stakeholders with significant success (Hartmann, et al.,
2002; Pagano, et al., 2002; Lemos and Morehouse, 2005). Such success stories seem to depend largely on the
context in which seasonal climate forecasts were deployed—in well-funded policy systems, with adequate re-
sources to customize and use forecasts, benefits can accrue to the local society as a whole. From these limited
cases, it is suggested that where income, status, and access to information are more equitably distributed in a
society, the introduction of seasonal forecasts may create winners; in contrast, when pre-existing conditions
are unequal, the application of seasonal climate forecasts may create more losers by exacerbating those inequi-
ties (Lemos and Dilling, 2007). The consequences can be costly both to users and seasonal forecast credibility.

A true dialogue
between end
users of scientific
information

and those who
generate data
and tools is
rarely achieved.
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This is followed by another sidebar on com-
parative examples of boundary spanning which
emphasizes the “systemic” nature of boundary
spanning—that boundary organizations pro-
duce reciprocity of benefits to various groups.

One final observation can be made at this junc-
ture concerning boundary spanning and the dis-
semination of climate information and knowl-
edge. Some suggest a three-pronged process of
outreach consisting of “missionary work”, “co-
discovery”, and “persistence”. Missionary work
is directed toward potential users of climate
information who do not fully understand the po-
tential of climate variation and change and the
potential of climate information applications.
Such non-users may reject science not because
they believe it to be invalid, but because they do
not envision the strategic threat to their water
use, or water rights, through non-application of
climate information. Co-discovery, by contrast,
is the process of co-production of knowledge
aimed at answering questions of concern to both
managers and scientists, as we have discussed.
Overcoming resistance to using information, in
the first case, and ensuring co-production in the
second instance— both depend on persistence:
the notion that effective introduction of climate
applications may require long-term efforts
to establish useful relationships, particularly
where there is disbelief in the science of climate

change or where there is significant asymmetry
of access to information and other resources
(i.e., Chambers, 1997; Weiner, 2004).

4.3.2 Regional Integrated Science

and Assessment Teams (RISAs)

—An Opportunity for Boundary
Spanning, and a Challenge

A true dialogue between end users of scientific
information and those who generate data and
tools is rarely achieved. The eight Regional
Integrated Science and Assessment (RISA)
teams that are sponsored by NOAA and activi-
ties sponsored by the Environmental Protection
Agency’s Global Change Research Program
are among the leaders of this experimental
endeavor, and represent a new collaborative
paradigm in which decision makers are actively
involved in developing research agendas. RISAs
explicitly seek to work at the boundary of sci-
ence and decision making.

There are five principal approaches RISA teams
have learned that facilitate engagement with
stakeholders and design of climate-related de-
cision-support tools for water managers. First,
RISAs employ a “stakeholder-driven research”
approach that focuses on performing research
on both the supply side (i.e., information devel-
opment) and demand side (i.e., the user and her/
his needs). Such reconciliation efforts require



robust communication in which each side in-
forms the other with regard to decisions, needs,
and products—this communication cannot be
intermittent; it must be robust and ongoing.

Second, some RISAs employ an “informa-
tion broker” approach. They produce little
new scientific information themselves, due to
resource limitations or lack of critical mass in
a particular scientific discipline. Rather, the
RISAs’ primary role is providing a conduit for
information and facilitating the development of
information networks.

Third, RISAs generally utilize a “participant/
advocacy” or “problem-based” approach, which
involves focusing on a particular problem or
issue and engaging directly in solving that prob-
lem. They see themselves as part of a learning
system and promote the opportunity for joint
learning with a well-defined set of stakehold-
ers who share the RISA’s perspective on the
problem and desired outcomes.

Fourth, some RISAs utilize a “basic research”
approach in which the researchers recognize
particular gaps in the fundamental knowledge
needed in the production of context sensitive,
policy-relevant information. Any RISA may
utilize many or most of these approaches at dif-
ferent times depending upon the particular con-
text of the problem. The more well-established
RISAs have more formal processes and pro-
cedures in place to identify stakeholder needs
and design appropriate responses, as well as to
evaluate the effectiveness of decision-support
tools that are developed.

Finally, a critical lesson for climate science pol-
icy from RISAs is that, despite knowing what
is needed to produce, package, and disseminate
useful climate information—and the well-
recognized success of the regional partnerships
with stakeholders, RISAs continue to struggle
for funding while RISA-generated lessons are
widely acclaimed. To a large extent, they have
not influenced federal climate science policy
community outside of the RISAs themselves,
though progress has been made in recent years.
Improving feedback between RISA programs
and the larger research enterprise need to be
enhanced so lessons learned can inform broader
climate science policy decisions—not just those
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decisions made on the local problem-solving
level (McNie et al., 2007).

In April 2002, the House Science Committee
held a hearing to explore the connections of cli-
mate science and the needs of decision makers.
One question it posed was the following: “Are
our climate research efforts focused on the right
questions”? (<http://www.house.gov/science/
hearings/full02/aprl7/full_charter 041702.
htm>). The Science Committee found that the
RISA program is a promising means to con-
nect decision-making needs with the research
prioritization process, because “(it) attempts to
build a regional-scale picture of the interaction
between climate change and the local environ-
ment from the ground up. By funding research
on climate and environmental science focused
on a particular region, [the RISA] program cur-
rently supports interdisciplinary research on
climate-sensitive issues in five selected regions
around the country. Each region has its own
distinct set of vulnerabilities to climate change,
e.g., water supply, fisheries, agriculture, etc.,
and RISA’s research is focused on questions
specific to each region”.

4.3.3 Developing Knowledge-

Action Systems—a Climate

for Inclusive Management

Research suggests that decision makers do not
always find seasonal-to-interannual forecast
products, and related climate information, to be
useful for the management of water resources—
this is a theme central to this entire Product (e.g.,
Weiner, 2004). As our case study experiments
suggest, in order to ensure that information is
useful, decision makers must be able to affect
the substance of climate information production
and the method of delivery so that information
producers know what are the key questions to
respond to in the broad and varied array of de-
cisional needs different constituencies require
(Sarewitz and Pielke, 2007; Callahan et al.,
1999; NRC, 1999). This is likely the most ef-
fective process by which true decision-support
activities can be made useful.

Efforts to identify factors that improve the us-
ability of SI climate information have found that
effective “knowledge-action” systems focus
on promoting broad, user-driven risk manage-
ment objectives (Cash and Buizer, 2005). These
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objectives, in turn, are shaped by the deci-
sion context, which usually contains multiple
stresses and management goals. Research on
water resource decision making suggests that
goals are defined very differently by agencies
or organizations dedicated to managing single-
issue problems in particular sectors (e.g., irriga-
tion, public supply) when compared to decision
makers working in political jurisdictions or
watershed-based entities designed to com-
prehensively manage and coordinate several
management objectives simultanecously (e.g.,
flood control and irrigation, power generation,
and in-stream flow). The latter entities face the
unusual challenge of trying to harmonize com-
peting objectives, are commonly accountable
to numerous users, and require “regionally and
locally tailored solutions” to problems (Water
in the West, 1998; Kenney and Lord, 1994;
Grigg, 1996).

Effective knowledge-action systems should be
designed for learning rather than knowing; the
difference being that the former emphasizes the
process of exchange between decision makers
and scientists, constantly evolving in an itera-
tive fashion, rather than aiming for a one-time-
only completed product and structural perma-
nence. Learning requires that knowledge-action
systems have sufficient flexibility of processes
and institutions to effectively produce and apply
climate information (Cash and Buizer, 2005),
encourage diffusion of boundary-spanning
innovation, be self-innovative and responsive,
and develop “operating criteria that measure
responsiveness to changing conditions and
external advisory processes” (Cash and Buizer,
2005). Often, nontraditional institutions that
operate outside of “normal” channels, such
as nongovernmental organizations (NGOs)
or regional coordinating entities, are less con-
strained by tradition or legal mandate and thus
more able to innovate.

To encourage climate forecast and information
producers and end-users to better communicate
with one another, they need to be engaged in a
long-term dialogue about each others’ needs
and capabilities. To achieve this, knowledge
producers must be committed to establishing
opportunities for joint learning. When such
communication systems have been established,
the result has been the gaining of knowledge by
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users. The discovery that climate information
must be part of a larger suite of information
can help producers understand the decision
context, and better appreciate that users manage
a broad array of risks. Lead innovators within
the user community can lay the groundwork for
broader participation of other users and greater
connection between producers and users (Cash
and Buizer, 2005).

Such tailoring or conversion of information
requires organizational settings that foster com-
munication and exchange of ideas between us-
ers and scientists. For example, a particular user
might require a specific type of precipitation
forecast or even a different type of hydrologic
model to generate a credible forecast of water
supply volume. This producer-user dialogue
must be long term, it must allow users to inde-
pendently verify the utility of forecast informa-
tion, and finally, must provide opportunities
for verification results to “feed back” into new
product development (Cash and Buizer, 2005;
Jacobs et al., 2005).

Studies of this connection refer to it as an
“end-to-end” system to suggest that knowledge
systems need to engage a range of participants
including those who generate scientific tools
and data, those who translate them into predic-
tions for use by decision makers, and the deci-
sion makers themselves. A forecast innovation
might combine climate factor observations,
analyses of climate dynamics, and SI forecasts.
In turn, users might be concerned with varying
problems and issues such as planting times,
instream flows to support endangered species,
and reservoir operations.

As Cash and Buizer note, “Often entire systems
have failed because of a missing link between
the climate forecast and these ultimate user
actions. Avoiding the missing link problem
varies according to the particular needs of
specific users (Cash and Buizer, 2005). Users
want useable information more than they want
answers—they want an understanding of things
that will help them explain, for example, the role
of climate in determining underlying variation
in the resources they manage. This includes
a broad range of information needed for risk
management, not just forecasting particular
threats.



Organizational measures to hasten, encourage,
and sustain these knowledge-action systems
must include practices that empower people to
use information through providing adequate
training and outreach, as well as sufficient
professional reward and development opportu-
nities. Three measures are essential. First, or-
ganizations must provide incentives to produce
boundary objects, such as decisions or products
that reflect the input of different perspectives.
Second, they must involve participation from
actors across boundaries. And finally, they
must have lines of accountability to the various
organizations spanned (Guston, 2001).

Introspective evaluations of the organizations’
ability to learn and adapt to the institutional and
knowledge-based changes around them should
be combined with mechanisms for feedback
and advice from clients, users, and community
leaders. However, it is important that a review
process not become an end in itself or be so
burdensome as to affect the ability of the orga-
nization to function efficiently. This orienta-
tion is characterized by a mutual recognition
on the part of scientists and decision makers
of the importance of social learning—that is,
learning by doing or by experiment, and refine-
ment of forecast products in light of real-world
experiences and previous mistakes or errors—
both in forecasts and in their application. This
learning environment also fosters an emphasis
on adaptation and diffusion of innovation (i.e.,
social learning, learning from past mistakes,
long-term funding).

4.3.4 The Value of User-

Driven Decision Support

Studies of what makes climate forecasts useful

have identified a number of common char-

acteristics in the process by which forecasts
are generated, developed, and taught to—and
disseminated among—users (Cash and Buizer,

2005). These characteristics (some previously

described) include:

*  Ensuring that the problems forecasters ad-
dress are driven by forecast users;

* Making certain that knowledge-action
systems (the process of interaction between
scientists and users that produces forecasts)
are end-to-end inclusive;

* Employing “boundary organizations”
(groups or other entities that bridge the
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communication void between experts and
users) to perform translation and media-
tion functions between the producers and
consumers of forecasts;

* Fostering a social learning environment
between producers and users (i.e., empha-
sizing adaptation); and

*  Providing stable funding and other support
to keep networks of users and scientists
working together.

As noted earlier, “users” encompass a broad
array of individuals and organizations, includ-
ing farmers, water managers, and government
agencies; while “producers” include scientists
and engineers and those “with relevant exper-
tise derived from practice” (Cash and Buizer,
2005). Complicating matters is that some “us-
ers” may, over time, become “producers” as
they translate, repackage, or analyze climate
information for use by others.

In effective user-driven information environ-
ments, the agendas of analysts, forecasters,
and scientists who generate forecast infor-
mation are at least partly set by the users of
the information. Moreover, the collaborative
process is grounded in appreciation for user
perspectives regarding the decision context in
which they work, the multiple stresses under
which they labor, and their goals so users can
integrate climate knowledge into risk manage-
ment. Most important, this user-driven outlook
is reinforced by a systematic effort to link the
generation of forecast information with needs
of users through soliciting advice and input
from the latter at every step in the generation
of information process.

Effective knowledge-action systems do not
allow particular research or technology capa-
bilities (e.g., ENSO forecasting) to drive the
dialogue. Instead, effective systems ground
the collaborative process of problem defini-
tion in user perspectives regarding the deci-
sion context, the multiple stresses bearing
on user decisions, and ultimate goals that the
knowledge-action system seeks to advance. For
climate change information, this means shifting
the focus toward “the promotion of broad, user-
driven risk-management objectives, rather than
advancing the uptake of particular forecasting

There is an emerging
consensus that the
utility of information
intended to make
possible sustainable
environmental
decisions depends
on the “dynamics of
the decision context
and its broader
social setting”.
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technologies” (Cash and Buizer, 2005; Sarewitz
and Pielke, 2007).

In sum, there is an emerging consensus that
the utility of information intended to make
possible sustainable environmental decisions
depends on the “dynamics of the decision con-
text and its broader social setting” (Jasanoff
and Wynne, 1998; Pielke et al., 2000; Sarewitz
and Pielke, 2007). Usefulness is not inherent
in the knowledge generated by forecasters—
the information generated must be “socially
robust”. Robustness is determined by how well
it meets three criteria: (1) is it valid outside,
as well as inside the laboratory; (2) is validity
achieved through involving an extended group
of experts, including lay “experts;” and 3) is the
information (e.g., forecast models) derived from
a process in which society has participated as
this ensures that the information is less likely
to be contested (Gibbons, 1999).

Finally, a user-driven information system relies
heavily on two-way communication. Such com-
munication can help bridge gaps between what
is produced and what is likely to be used, thus
ensuring that scientists produce products that
are recognized by the users, and not just the
producers, as useful. Effective user-oriented
two-way communication can increase users’
understanding of how they could use climate
information and enable them to ask questions
about information that is uncertain or in dis-
pute. It also affords an opportunity to produce
“decision-relevant” information that might
otherwise not be produced because scientists
may not have understood completely what kinds
of information would be most useful to water
resource decision makers (NRC, 2008).

In conclusion, user-driven information in regard
to seasonal-to-interannual climate variability
for water resources decision making must be
salient (e.g., decision-relevant and timely),
credible (viewed as accurate, valid, and of high
quality), and legitimate (uninfluenced by pres-
sures or other sources of bias) (see NRC, 2008;
NRC, 2005). In the words of a recent National
Research Council report, broad involvement
of “interested and affected parties” in framing
scientific questions helps ensure that the science
produced is useful (“getting the right science™)
by ensuring that decision-support tools are
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explicit about any simplifying assumptions that
may be in dispute among the users, and acces-
sible to the end-user (NRC, 2008).

4.3.5 Proactive Leadership—
Championing Change
Organizations—public, private, scientific, and
political—have leaders: individuals charged
with authority, and span of control, over impor-
tant personnel, budgetary, and strategic plan-
ning decisions, among other venues. Boundary
organizations require a kind of leadership called
inclusive management practice by its principal
theorists (Feldman and Khademian, 2004). In-
clusive management is defined as management
that seeks to incorporate the knowledge, skills,
resources, and perspectives of several actors
and seeks to avoid creating “winners and losers”
among stakeholders.

While there is an enormous literature on
organizational leadership, synthetic studies—
those that take various theories and models
about leaders and try to draw practical, even
anecdotal, lessons for organizations—appear to
coalesce around the idea that inclusive leaders
have context-specific skills that emerge through
a combination of tested experience within a va-
riety of organizations, and a knack for judgment
(Bennis, 2003; Feldman and Khademan, 2004;
Tichy and Bennis, 2007). These skills evolve
through trial and error and social learning.
Effective “change-agent” leaders have a guid-
ing vision that sustains them through difficult
times, a passion for their work and an inherent
beliefin its importance, and a basic integrity to-
ward the way in which they interact with people
and approach their jobs (Bennis, 2003).

While it is difficult to discuss leadership
without focusing on individual leaders (and
difficult to disagree with claims about virtuous
leadership), inclusive management also em-
braces the notion of “process accountability’:
that leadership is embodied in the methods by
which organizations make decisions, and not in
charismatic personality alone. Process account-
ability comes not from some external elected
political principle or body that is hierarchically
superior, but instead infuses through processes
of deliberation and transparency. All of these
elements make boundary organizations ca-
pable of being solution focused and integrative



and, thus, able to span the domains of climate
knowledge production and climate knowledge
for water management use.

Adaptive and inclusive management practices
are essential to fulfilling these objectives. These
practices must empower people to use infor-
mation through providing adequate training
and outreach, as well as sufficient professional
reward and development opportunities; and
they must overcome capacity-building prob-
lems within organizations to ensure that these
objectives are met, including adequate user
support. The cases discussed below—on the
California Department of Water Resources’
role in adopting climate variability and change
into regional water management, and the efforts
of the Southeast consortium and its satellite
efforts—are examples of inclusive leadership
which illustrate how scientists as well agency
managers can be proactive leaders. In the for-
mer case, decision makers consciously decided
to develop relationships with other western
states’ water agencies and partnership (through
a Memorandum of Understanding [MOU])
with NOAA. In the latter, scientists ventured
into collaborative efforts—across universities,
agencies, and states—because they shared a
commitment to exchanging information in
order to build institutional capacity among the
users of the information themselves.

Case Study A:
Leadership in the California Department of
Water Resources

The deep drought in the Colorado River Basin
that began with the onset of a La Nifa episode
in 1998 has awakened regional water resources
managers to the need to incorporate climate
variability and change into their plans and
reservoir forecast models. Paleohydrologic esti-
mates of streamflow, which document extended
periods of low flow and demonstrate greater
streamflow variability than the information
found in the gage record, have been particularly
persuasive examples of the non-stationary be-
havior of the hydroclimate system (Woodhouse
et al., 2006; Meko et al., 2007). Following a
2005 scientist-stakeholder workshop on the
use of paleohydrologic data in water resource
management <http:/www.climas.arizona.edu/
calendar/details.asp?event id=21>, NOAA
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RISA and California Department of Water
Resources (CDWR) scientists developed
strong relationships oriented toward improv-
ing the usefulness and usability of science in
water management. Since the 2005 workshop,
CDWR, whose mission in recent years includes
preparation for potential impacts of climate
change on California’s water resources, has
led western states’ efforts in partnering with
climate scientists to co-produce hydroclimatic
science to inform decision making. CDWR led
the charge to clarify scientific understanding of
Colorado River Basin climatology and hydrol-
ogy, past variations, projections for the future,
and impacts on water resources, by calling upon
the National Academy of Sciences to convene a
panel to study the aforementioned issues (NRC,
2007). This occurred, and in 2007, CDWR
developed a Memorandum of Agreement with
NOAA, in order to better facilitate cooperation
with scientists in NOAA’s RISA program and
research laboratories (CDWR, 2007a).

Case Study B:
Cooperative Extension Services, Watershed
Stewardship: The Southeast Consortium

Developing the capacity to use climate in-
formation in resource management decision
making requires both outreach and education,
frequently in an iterative fashion that leads to
two-way communication and builds partner-
ships. The Cooperative Extension Program has
long been a leader in facilitating the integration
of scientific information into decision maker
of practice in the agricultural sector. Cash
(2001) documents an example of successful
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Cooperative Extension leadership in providing
useful water resources information to decision
makers confronting policy changes in response
to depletion of groundwater in the High Plains
aquifer. Cash notes the Cooperative Extension’s
history of facilitating dialogue between scien-
tists and farmers, encouraging the development
of university and agency research agendas that
reflect farmers’ needs, translating scientific
findings into site-specific guidance, and man-
aging demonstration projects that integrate
farmers into researchers’ field experiments.

In the High Plains aquifer example, the Co-
operative Extension’s boundary-spanning
work was motivated from a bottom-up need
of stakeholders for credible information on
whether water management policy changes
would affect their operations. By acting as
a liaison between the agriculture and water
management decision making communities,
and building bridges between many levels of
decision makers, Kansas Cooperative Extension
was able to effectively coordinate information
flows between university and USGS modelers,
and decision makers. The result of their effort
was collaborative development of a model with
characteristics needed by agriculturalists (at a
sufficient spatial resolution) and that provided
credible scientific information to all parties.
Kansas Cooperative Extension effectiveness
in addressing groundwater depletion and its
impact on farmers sharply contrasted with the
Cooperative Extension efforts in other states
where no effort was made to establish multi-
level linkages between water management and
agricultural stakeholders.

The Southeast Climate Consortium RISA
(SECC), a confederation of researchers at six
universities in Alabama, Georgia, and Florida,
has used more of a top-down approach to de-
veloping stakeholder capacity to use climate
information in the Southeast’s $33 billion ag-
ricultural sector (Jagtap et al., 2002). Early in
its existence, SECC researchers recognized the
potential to use knowledge of the impact of the
El Nifio-Southern Oscillation on local climate to
provide guidance to farmers, ranchers, and for-
estry sector stakeholders on yields and changes
to risk (e.g., frost occurrence). Through a series
of needs and vulnerability assessments (Hil-
debrand et al., 1999, Jagtap et al., 2002), SECC
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researchers determined that the potential for
producers to benefit from seasonal forecasts de-
pends on factors that include the flexibility and
willingness to adapt farming operations to the
forecast, and the effectiveness of the commu-
nication process—and not merely documenting
the effects of climate variability and providing
better forecasts (Jones et al., 2000). Moreover,
Fraisse ef al. (2006) explain that climate infor-
mation is only valuable when both the potential
response and benefits of using the information
are clearly defined. SECC’s success in cham-
pioning integration of new information is built
upon a foundation of sustained interactions with
agricultural producers in collaboration with ex-
tension agents. Extension specialists and faculty
are integrated as members of the SECC research
team. SECC engages agricultural stakeholders
through planned communication and outreach,
such as monthly video conferences, one-on-one
meetings with extension agents and producers,
training workshops designed for extension
agents and resource managers to gain confi-
dence in climate decision tool use and to iden-
tify opportunities for their application, and by
attending traditional extension activities (e.g.,
commodity meetings, field days) (Fraisse et al.,
2005). SECC is able to leverage the trust engen-
dered by Cooperative Extension’s long service
to the agricultural community and Extension’s
access to local knowledge and experience, in
order to build support for its AgClimate online
decision-support tool <http:/www.agclimate.
org> (Fraisse et al., 2006). This direct engage-
ment with stakeholders provides feedback to
improve the design of the tool and to enhance
climate forecast communication (Breuer et al.,
2007).

Yet another Cooperative Extension approach to
integrating scientific information into decision
making is the Extension’s Master Watershed
Steward (MWS) programs. MWS was first
developed at Oregon State University <http://
seagrant.oregonstate.edu/wsep/index.html>. In
exchange for 40 hours of training on aspects of
watersheds that range from ecology to water
management, interested citizen volunteers pro-
vide service to their local community through
projects, such as drought and water quality
monitoring, developing property management
plans, and conducting riparian habitat restora-
tion. Arizona’s MWS program includes training



in climate and weather (Garfin and Emanuel,
20006); stewards are encouraged to participate in
drought impact monitoring through Arizona’s
Local Drought Impact Groups (GDTF, 2004;
Garfin, 2006). MWS enhances the capacity for
communities to deploy new climate information
and to build expertise for assimilating scientific
information into a range of watershed manage-
ment decisions.

4.3.6 Funding and Long-Term

Capacity Investments Must

Be Stable and Predictable

Provision of a stable funding base, as well as
other investments, can help to ensure effective
knowledge-action systems for climate change.
Stable funding promotes long-term stability
and trust among stakeholders because it al-
lows researchers to focus on user needs over a
period of time, rather than having to train new
participants in the process. Given that these
knowledge-action systems produce benefits
for entire societies, as well as for particular
stakeholders in a society, it is not uncommon
for these systems to be thought of as producing
both public and private goods, and thus, need-
ing both public and private sources of support
(Cash and Buizer, 2005). Private funders could
include, for example, farmers whose risks are
reduced by the provision of climate information
(as is done in Queensland, Australia, where the
individual benefits of more profitable produc-
tion are captured by farmers who partly support
drought-warning systems). In less developed
societies, by contrast, it would not be surpris-
ing for these systems to be virtually entirely
supported by public sources of revenue (Cash
and Buizer, 2005).

Experience suggests that a public-private fund-
ing balance should be shaped on the basis of
user needs and capacities to self-tailor knowl-
edge-action systems. More generic systems that
could afterwards be tailored to users’ needs
might be most suitable for public support, while
co-funding with particular users can then be
pursued for developing a collaborative system
that more effectively meets users’ needs. Fund-
ing continuity is essential to foster long-term
relationship building between users and produc-
ers. The key point here is that—regardless of
who pays for these systems, continued funding
of the social and economic investigations of the
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use of scientific information is essential to en-
sure that these systems are used and are useful
(Jacobs et al., 2005).

Other long-term capacity investments relate to
user training—an important component that
requires drawing upon the expertise of “integra-
tors”. Integrators are commonly self-selected
managers and decision makers with particular
aptitude or training in science, or scientists who
are particularly good at communication and
applications. Training may entail curriculum
development, career and training development
for users as well as science integrators, and
continued mid-career in-stream retraining and
re-education. Many current integrators have
evolved as a result of doing interdisciplinary
and applied research in collaborative projects,
and some have been encouraged by funding
provided by NOA A’s Climate Programs Office
(formerly Office of Global Programs) (Jacobs,
et al., 2005).

4.3.7 Adaptive Management for

Water Resources Planning—
Implications for Decision Support

Since the 1970s, an “adaptive management
paradigm” has emerged that is characterized
by: greater public and stakeholder participation
in decision making; an explicit commitment
to environmentally sound, socially just out-
comes; greater reliance upon drainage basins
as planning units; program management via
spatial and managerial flexibility, collabora-
tion, participation, and sound, peer-reviewed
science; and finally, embracing of ecological,
economic, and equity considerations (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). Adaptive management traces its
roots to a convergence of intellectual trends
and disciplines, including industrial relations
theory, ecosystems management, ecological
science, economics, and engineering. It also em-
braces a constellation of concepts such as social
learning, operations research, environmental
monitoring, precautionary risk avoidance, and
many others (NRC, 2004).

Adaptive management can be viewed as an al-
ternative decision-making paradigm that seeks

Regardless of who
pays for these
systems, continued
funding of the social
and economic
investigations of
the use of scientific
information

is essential to
ensure that these
systems are used
and are useful.

125




The US. Climate Change Science Program

An adaptive
management
approach is one that
is flexible and subject
to adjustment in

an iterative, social
learning process.

126

insights into the behavior of ecosystems utilized
by humans. In regard to climate variability and
water resources, adaptive management compels
consideration of questions such as the follow-
ing: What are the decision-support needs related
to managing in-stream flows/low flows? How
does climate variability affect runoff? What is
the impact of increased temperatures on water
quality or on cold-water fisheries’ (e.g., lower
dissolved oxygen levels)? What other environ-
mental quality parameters does a changing
climate impact related to endangered or threat-
ened species? And, what changes to runoff and
flow will occur in the future, and how will
these changes affect water uses among future
generations unable to influence the causes of
these changes today? What makes these ques-
tions particularly challenging is that they are
interdisciplinary in nature*.

While a potentially important concept, applying
adaptive management to improving decision
support requires that we deftly avoid a number
of false and sometimes uncritically accepted
suppositions. For example, adaptive manage-
ment does not postpone actions until “enough”
is known about a managed ecosystem, but
supports actions that acknowledge the limits of
scientific knowledge, “the complexities and sto-
chastic behavior of large ecosystems”, and the
uncertainties in natural systems, economic de-
mands, political institutions, and ever-changing
societal social values (NRC, 2004; Lee, 1999).
In short, an adaptive management approach is
one that is flexible and subject to adjustment
in an iterative, social learning process (Lee,
1999). If treated in such a manner, adaptive
management can encourage timely responses
by: encouraging protagonists involved in water
management to bound disputes; investigating

4 Underscored by the fact that scholars concur, adap-

tive management entails a broad range of processes to
avoid environmental harm by imposing modest changes
on the environment, acknowledging uncertainties in
predicting impacts of human activities on natural pro-
cesses, and embracing social learning (i.e., learning by
experiment). In general, it is characterized by managing
resources by learning, especially about mistakes, in an
effort to make policy improvements using four major
strategies that include: (1) modifying policies in the
light of experience, (2) permitting such modifications
to be introduced in “mid-course, (3) allowing revelation
of critical knowledge heretofore missing and analysis of
management outcomes, and (4) incorporating outcomes
in future decisions through a consensus-based approach
that allows government agencies and NGOs to con-
jointly agree on solutions (Bormann, et al., 1993; Lee,
1993; Definitions of Adaptive Management, 2000).
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environmental uncertainties; continuing to con-
stantly learn and improve the management and
operation of environmental control systems;
learning from error; and “reduc(ing) decision-
making gridlock by making it clear...that there
is often no ‘right’ or ‘wrong’ management
decision, and that modifications are expected”
(NRC, 2004).

The four cases discussed below illustrate vary-
ing applications, and context specific problems,
of adaptive management. The discussion of
Integrated Water Resource Planning stresses
the use of adaptive management in a variety
of local political contexts where the emphasis
is on reducing water use and dependence on
engineered solutions to provide water supply.
The key variables are the economic goals of cost
savings coupled with the ability to flexibly meet
water demands. The Arizona Water Institute
case illustrates the use of a dynamic organiza-
tional training setting to provide “social learn-
ing” and decisional responsiveness to changing
environmental and societal conditions. A key
trait is the use of a boundary-spanning entity
to bridge various disciplines.

The Glen Canyon and Murray—Darling Basin
cases illustrate operations-level decision mak-
ing aimed at addressing a number of water man-
agement problems that, over time, have become
exacerbated by climate variability, namely:
drought, streamflow, salinity, and regional wa-
ter demand. On one hand, adaptive management
has been applied to “re-engineer” a large res-
ervoir system. On the other, a management au-
thority that links various stakeholders together
has attempted to instill a new set of principles
into regional river basin management. It should
be borne in mind that transferability of lessons
from these cases depends not on some assumed
“randomness” in their character (they are not
random; they were chosen because they are
amply studied), but on the similarity between
their context and that of other cases. This is a
problem also taken up in Section 4.5.2.

4.3.8 Integrated Water Resources
Planning—Local Water Supply

and Adaptive Management

A significant innovation in water resources
management in the United States that affects
climate information use is occurring in the



local water supply sector: the growing use of
integrated water resource planning (or IWRP)
as an alternative to conventional supply-side
approaches for meeting future demands. IWRP
is gaining acceptance in chronically water-short
regions such as the Southwest and portions of
the Midwest, including Southern California,
Kansas, Southern Nevada, and New Mexico
(e.g., Beecher, 1995; Warren et al., 1995; Fiske
and Dong, 1995; Wade, 2001).

IWRP’s goal is to “balanc(e) water supply
and demand management considerations by
identifying feasible planning alternatives that
meet the test of least cost without sacrificing
other policy goals” (Beecher, 1995). This can
be variously achieved through depleted aqui-
fer recharge, seasonal groundwater recharge,
conservation incentives, adopting growth man-
agement strategies, wastewater reuse, and/or
applying least cost planning principles to large
investor-owned water utilities. The latter may
encourage [IWRP by demonstrating the relative
efficiency of efforts to reduce demand as op-
posed to building more supply infrastructure.
A particularly challenging alternative is the
need to enhance regional planning among water
utilities in order to capitalize on the resources of
every water user, eliminate unnecessary dupli-
cation of effort, and avoid the cost of building
new facilities for water supply (Atwater and
Blomquist, 2002).

In some cases, short-term applications of least
cost planning may increase long-term project
costs, especially when environmental impacts,
resource depletion, and energy and maintenance
costs are included. The significance of least cost
planning is that it underscores the importance
of long- and short-term costs (in this case, of
water) as an influence on the value of certain
kinds of information for decisions. Models and
forecasts that predict water availability under
different climate scenarios can be especially
useful to least cost planning and make more
credible efforts to reducing demand. Specific
questions IWRP raises for decision support
given a changing climate include: How precise
must climate information be to enhance long-
term planning? How might predicted climate
change provide an incentive for IWRP strate-
gies? and, What climate information is needed
to optimize decisions on water pricing, re-use,
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shifting from surface to groundwater use, and
conservation?

Case Study C:

Approaches to Building User Knowledge and
Enhancing Capacity Building—the Arizona
Water Institute

The Arizona Water Institute was initiated in
2006 to focus the resources of the State of
Arizona’s university system on the issue of
water sustainability. Because there are 400
faculty and staff members in the three Arizona
universities who work on water-related topics,
it is clear that asking them and their students
to assist the state in addressing the major wa-
ter quantity and quality issues should make a
significant contribution to water sustainability.
This is particularly relevant given that the state
budget for supporting water resources related
work is exceedingly small by comparison to
many other states, and the fact that Arizona is
one of the fastest-growing states in the United
States. In addition to working towards water
sustainability, the Institute’s mission includes
water-related technology transfer from the
universities to the private sector to create and
develop economic opportunities, as well as
build capacity, to enhance the use of scientific
information in decision making.

The Institute was designed from the beginning
as a “boundary organization” to build pathways
for innovation between the universities and state
agencies, communities, Native American tribal
representatives, and the private sector. In addi-

In some cases, short-
term applications of
least cost planning
may increase long-
term project costs,
especially when
environmental
impacts, resource
depletion, and energy
and maintenance
costs are included.
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tion, the Institute is specifically designed as an
experiment in how to remove barriers between
groups of researchers in different disciplines
and across the universities. The Institute’s
projects involve faculty members from more
than one of the universities, and all involve
true engagement with stakeholders. The faculty
is provided incentives to engage both through
small grants for collaborative projects and
through the visibility of the work that the Insti-
tute supports. Further, the Institute’s structure
is unique, in that there are high level Associate
Directors of the Institute whose assignment is
to build bridges between the universities and the
three state agencies that are the Institute’s part-
ners: Water Resources, Environmental Quality,
and Commerce. These Associate Directors are
physically located inside the state agencies that
they serve. The intent is to build trust between
university researchers (who may be viewed as
“out of touch with reality” by agency employ-
ees), and agency or state employees (whom
researchers may believe are not interested in
innovative ideas). Physical proximity of work-
spaces and daily engagement has been shown
to be an ingredient of trust building.

A significant component of the Institute’s effort
is focused on: capacity building, training stu-
dents through engagement in real-world water
policy issues, providing better access to hydro-
logic data for decision makers, assisting them in
visualizing the implications of the decisions that
they make, workshops and training programs
for tribal entities, joint definition of research
agendas between stakeholders and researchers,
and building employment pathways to train
students for specific job categories where there
is an insufficient supply of trained workers,
such as water and wastewater treatment plant
operators. Capacity-building in interdisciplin-
ary planning applications such as combining
land use planning and water supply planning to
focus on sustainable water supplies for future
development is emerging as a key need for many
communities in the state.

The Institute is designed as a “learning or-
ganization” in that it will regularly revisit its
structure and function, and redesign itself as
needed to maintain effectiveness in the context
of changing institutional and financial condi-
tions.
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Case Study D:
Murray—Darling Basin—Sustainable
Development and Adaptive Management

The Murray-Darling Basin Agreement (MDBA),
formed in 1985 by New South Wales, Victoria,
South Australia and the Commonwealth, is an
effort to provide for the integrated and conjoint
management of the water and related land re-
sources of the world’s largest catchment system.
The problems initially giving rise to the agree-
ment included rising salinity and irrigation-
induced land salinization that extended across
state boundaries (SSCSE, 1979; Wells, 1994).
However, embedded in its charter was a con-
cern with using climate variability information
to more effectively manage drought, runoff,
riverine flow and other factors in order to meet
the goal of “effective planning and management
for the equitable, efficient and sustainable use
of the water, land and environmental resources
(of the basin)” (MDBC, 2002).

Some of the more notable achievements of the
MDBA include programs to promote the man-
agement of point and non-point source pollu-
tion; balancing consumptive and in-stream uses
(a decision to place a cap on water diversions
was adopted by the commission in 1995); the
ability to increase water allocations—and rates
of water flow—in order to mitigate pollution
and protect threatened species (applicable in
all states except Queensland); and an explicit
program for “sustainable management”. The
latter hinges on implementation of several
strategies, including a novel human dimension
strategy adopted in 1999 that assesses the so-
cial, institutional and cultural factors impeding
sustainability; as well as adoption of specific
policies to deal with salinity, better manage
wetlands, reduce the frequency and intensity
of algal blooms by better managing the inflow
of nutrients, reverse declines in native fisheries
populations (a plan which, like that of many riv-
er basins in the United States, institutes changes
in dam operations to permit fish passage), and
preparing floodplain management plans.

Moreover, a large-scale environmental monitor-
ing program is underway to collect and analyze
basic data on pressures upon the basin’s re-
sources as well as a “framework for evaluating
and reporting on government and community



investment” efforts and their effectiveness. This
self-evaluation program is a unique adaptive
management innovation rarely found in other
basin initiatives. To support these activities, the
Commission funds its own research program
and engages in biophysical and social science
investigations. It also establishes priorities for
investigations based, in part, on the severity
of problems, and the knowledge acquired is
integrated directly into commission policies
through a formal review process designed to
assure that best management practices are
adopted.

From the standpoint of adaptive management,
the Murray—Darling Basin Agreement seeks
to integrate quality and quantity concerns in
a single management framework; has a broad
mandate to embrace social, economic, envi-
ronmental and cultural issues in decisions;
and has considerable authority to supplant,
and supplement, the authority of established
jurisdictions in implementing environmental
and water development policies. While water
quality policies adopted by the Basin Authority
are recommended to states and the federal gov-
ernment for approval, generally, the latter defer
to the commission and its executive arm. The
MDBA also promotes an integrated approach to
water resources management. Not only does the
Commission have responsibility for functions
as widely varied as floodplain management,
drought protection, and water allocation, but
for coordinating them as well. For example,
efforts to reduce salinity are linked to strategies
to prevent waterlogging of floodplains and land
salinization on the Murray and Murrumbidgee
Valleys (MDBC, 2002). Also, the Basin com-
mission’s environmental policy aims to utilize
water allocations not only to control pollution
and benefit water users, but to integrate its
water allocation policy with other strategies for
capping diversions, governing in-stream flow,
and balancing in-stream needs and consump-
tive (i.e., agricultural irrigation) uses. Among
the most notable of MDBC’s innovations is its
community advisory effort.

In 1990, the ministerial council for the MDBC
adopted a Natural Resources Management
Strategy that provides specific guidance for a
community-government partnership to develop
plans for integrated management of the Basin’s
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water, land and other environmental resources
on a catchment basis. In 1996, the ministerial
council put in place a Basin Sustainability Plan
that provides a planning, evaluation and report-
ing framework for the Strategy, and covers all
government and community investment for sus-
tainable resources management in the basin.

According to Newson (1997), while the policy
of integrated management has “received wide
endorsement”, progress towards effective
implementation has fallen short—especially
in the area of floodplain management. This has
been attributed to a “reactive and supportive”
attitude as opposed to a proactive one. Despite
such criticism, it is hard to find another initia-
tive of this scale and sophistication that has
attempted adaptive management based on com-
munity involvement.

Case Study E:
Adaptive Management in Glen Canyon,
Arizona and Utah

Glen Canyon Dam was constructed in 1963 to
provide hydropower, water for irrigation, flood
control, and public water supply—and to ensure
adequate storage for the upper basin states of the
Colorado River Compact (i.e., Utah, Wyoming,
New Mexico, and Colorado). Lake Powell, the
reservoir created by Glen Canyon Dam, has a
storage capacity equal to approximately two
years flow of the Colorado River. Critics of
Glen Canyon Dam have insisted that its impacts
on the upper basin have been injurious almost
from the moment it was completed. The flood-
ing of one of the West’s most beautiful canyons
under the waters of Lake Powell increased rates
of evapotranspiration and other forms of water
loss (e.g., seepage of water into canyon walls)
and eradicated historical flow regimes. The
latter has been the focus of recent debate. Prior
to Glen Canyon’s closure, the Colorado River,
at this location, was highly variable with flows
ranging from 120,000 cubic feet per second (cfs)
to less than 1,000 cfs.

When the dam’s gates were closed in 1963, the
Colorado River above and below Glen Canyon
was altered by changes in seasonal variability.
Once characterized by muddy, raging floods,
the river became transformed into a clear,
cold stream. Annual flows were stabilized and
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replaced by daily fluctuations by as much as
15 feet. A band of exotic vegetation colonized
a river corridor no longer scoured by spring
floods; five of eight native fish species dis-
appeared; and the broad sand beaches of the
pre-dam river eroded away. Utilities and cities
within the region came to rely on the dam’s low
cost power and water, and in-stream values were
ignored (Carothers and Brown, 1991).

Attempts to abate or even reverse these impacts
came about in two ways. First, in 1992, under
pressure from environmental organizations,
Congress passed the Grand Canyon Protec-
tion Act that mandated Glen Canyon Dam’s
operations coincide with protection, migration,
and improvement of the natural and cultural
resources of the Colorado River. Second, in
1996, the Bureau of Reclamation undertook
an experimental flood to restore disturbance
and dynamics to the river ecosystem. Planners
hoped that additional sand would be deposited
on canyon beaches and that backwaters (im-
portant rearing areas for native fish) would
be revitalized. They also hoped the new sand
deposits would stabilize eroding cultural sites
while high flows would flush some exotic
fish species out of the system (Moody, 1997,
Restoring the Waters, 1997). The 1996 flood
created over 50 new sandbars, enhanced exist-
ing ones, stabilized cultural sites, and helped to
restore some downstream sport fisheries. What
made these changes possible was a consensus
developed through a six-year process led by the
Bureau that brought together diverse stakehold-
ers on aregular basis. This process developed a
new operational plan for Lake Powell, produced
an environmental impact statement for the

project, and compelled the Bureau (working
with the National Park Service) to implement
an adaptive management approach that encour-
aged wide discussion over all management
decisions.

While some environmental restoration has oc-
curred, improvement to backwaters has been
less successful. Despite efforts to restore native
fisheries, the long-term impact of exotic fish
populations on the native biological community,
as well as potential for long-term recovery of
native species, remains uncertain (Restoring the
Waters, 1997). The relevance for climate vari-
ability decision support in the Glen Canyon case
is that continued drought in the Southwest is
placing increasing stress on the land and water
resources of the region, including agriculture
lands. Efforts to restore the river to conditions
more nearly approximating the era before the
dam was built will require changes in the dam’s
operating regime that will force a greater bal-
ance between instream flow considerations and
power generation and offstream water supply.
This will also require imaginative uses of fore-
cast information to ensure that these various
needs can be optimized.

4.3.9 Measurable Indicators

of Progress to Promote

Information Access and Use

These cases, and our previous discussion about
capacity building, point to four basic measures
that can be used to evaluate progress in pro-
viding equitable access to decision-support-
generated information. First, the overall pro-
cess of tool development should be inclusive.
This could be measured and documented over



time by the interest of groups to continue to
participate and to be consulted and involved.
Participants should view the process of col-
laboration as fair and effective—this could be
gauged by elicitation of feedback from process
participants.

Second, there should be progress in developing
an interdisciplinary and interagency environ-
ment of collaboration, documented by the pres-
ence of dialogue, discussion, and exchange of
ideas and data among different professions—in
other words, documented boundary-spanning
progress and building of trusted relationships.
One documentable measure of interdisciplinary,
boundary-spanning collaboration is the growth,
over time, of professional reward systems
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within organizations that reward and recognize
people who develop, use, and translate such
systems for use by others.

Third, the collaborative process must be viewed
by participants as credible. This means that
participants feel it is believable and trustworthy
and that there are benefits to all who engage in
it. Again, this can be documented by elicitation
of feedback from participants. Finally, outcomes
of decision-support tools must be implement-
able in the short term, as well as longer-term.
It is necessary to see progress in assimilating
and using such systems in a short period of
time in order to sustain the interest, effort, and
participatory conviction of decision makers in
the process. Table 4.2 suggests some specific,

Outcomes of
decision-support
tools must be
implementable
in the short
term, as well as
longer-term.

Table 4.2 Promoting Access to Information and its Use Between Scientists and Decision Makers—A Checklist

(adopted from: Jacobs, 2003).

Information Integration

world view?

*  Was information received by stakeholders and integrated into decision makers’ management framework or

*  Was capacity built? Did the process lead to a result where institutions, organizations, agencies, officials can use
information generated by decision-support experts? Did experts who developed these systems rely upon the
knowledge and experience of decision makers—and respond to their needs in a manner that was useful?

Stakeholder Interaction/Collaboration

*  Will stakeholders continue to be invested in the program and participate in it over the long term?

*  Were contacts/relationships sustained over time and did they extend beyond individuals to institutions?

* Did stakeholders invest staff time or money in the activity?

*  Was staff performance evaluated on the basis of quality or quantity of interaction?

* Did the project take on a life of its own, become at least partially self-supporting after the end of the project?

*  mitigation?

* Did the project result in building capacity and resilience to future events/conditions rather than focus on

the project?

*  Was quality of life or economic conditions improved due to use of information generated or accessed through

* Did the stakeholders claim or accept partial ownership of final product?

Tool Salience/Utility

*  Are the tools actually used to make decisions; are they used by high-valued uses and users?

* Is the information generated/provided by these tools accurate/valid?

* Are important decisions made on the basis of the tool?

e Does the use of these tools reduce vulnerabilities, risks, and hazards?

Collaborative Process Efficacy

*  Was the process representative (all interests have a voice at the table)?

*  Was the process credible (based on facts as the participants knew them)?

*  Were the outcomes implementable in a reasonable time frame (political and economic support)?

total benefits)?

*  Were the outcomes disciplined from a cost perspective (i.e., there is some relationship between total costs and

those who benefited?

*  Were the costs and benefits equitably distributed, meaning there was a relationship between those who paid and
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discrete measures that can be used to assess
progress toward effective information use.

4.3.10 Monitoring Progress

An important element in the evaluation of pro-
cess outcomes is the ability to monitor progress.
A recent National Academy report (NRC, 2008)
on NOAA'’s Sectoral Applications Research
Program (SARP), focusing on climate-related
information to inform decisions, encourages
the identification of process measures that can
be recorded on a regular basis, and of outcome
measures tied to impacts of interest to NOAA
and others that can also be recorded on a com-
parable basis.

These metrics can be refined and improved
on the basis of research and experience, while
consistency is maintained to permit time-series
comparisons of progress (NRC, 2008). An ad-
vantage of such an approach includes the ability
to document learning (e.g., Is there progress
on the part of investigators in better project
designs? Should there be a redirection of fund-
ing toward projects that show a large payoff in
benefits to decision makers?).

Finally, the ability to consult with agencies,
water resource decision makers, and a host
of other potential forecast user communi-
ties can be an invaluable means of providing
“mid-course” or interim indicators of progress
in integrating forecast use in decisions. The
Transition of Research Applications to Climate
Services Program (TRACS), also within the
NOAA Climate Program Office, has a mandate
to support users of climate information and
forecasts at multiple spatial and geographical
scales—the transitioning of “experimentally
mature climate information tools, methods, and
processes, including computer-related applica-
tions (e.g. web interfaces, visualization tools),
from research mode into settings where they
may be applied in an operational and sustained
manner” (TRACS, 2008). While TRACS pri-
mary goal is to deliver useful climate informa-
tion products and services to local, regional,
national, and even international policy makers,
it is also charged with learning from its partners
how to better accomplish technology transition
processes. NOAA’s focus is to infer how effec-
tively transitions of research applications (i.e.
experimentally developed and tested, end-user-
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friendly information to support decision mak-
ing), and climate services (i.e. the routine and
timely delivery of that information, including
via partnerships) are actually occurring.

While it is far too early to conclude how effec-
tively this process of consultation has advanced,
NOA A has established criteria for assessing this
learning process, including clearly identifying
decision makers, research, operations and ex-
tension partners, and providing for post-audit
evaluation (e.g., validation, verification, refine-
ment, maintenance) to determine at the end of
the project if the transition of information has
been achieved and is sustainable. Effectiveness
will be judged in large part by the partners,
and will focus on the developing means of
communication and feedback, and on the deep
engagement with the operational and end-user
communities (TRACS, 2008).

The Southeast Climate Consortium case
discussed below illustrates how a successful
process of ongoing stakeholder engagement
can be developed through the entire cycle
(from development, introduction, and use) of
decision-support tools. This experiment affords
insights into how to elicit user community re-
sponses in order to refine and improve climate
information products, and how to develop a
sense of decision-support ownership through
participatory research and modeling. The Po-
tomac River case focuses on efforts to resolve
a long-simmering water dispute and the way
collaborative processes can themselves lead
to improved decisions. Finally, the Upper San
Pedro Partnership exemplifies the kind of
sustained partnering efforts that are possible
when adequate funding is made available, po-
liticization of water management questions is
prevalent, and climate variability has become
an important issue on decision-makers’ agenda,
while the series of fire prediction workshops
illustrate the importance of a highly-focused
problem—one that requires improvements to
information processes, as well as outcomes, to
foster sustained collaboration.



Case Study F:
Southeast Climate Consortium Capacity
Building, Tool Development

The Southeast Climate Consortium is a mul-
tidisciplinary, multi-institutional team, with
members from Florida State University, Uni-
versity of Florida, University of Miami, Uni-
versity of Georgia, University of Auburn and
the University of Alabama-Huntsville. A major
part of the Southeast Climate Consortium’s
(SECC) effort is directed toward developing and
providing climate and resource management in-
formation through AgClimate <http:/www.ag-
climate.org/>, a decision-support system (DSS)
introduced for use by Agricultural Extension,
agricultural producers, and resource managers
in the management of agriculture, forests, and
water resources. Two keys to SECC’s progress
in promoting the effective use of climate in-
formation in agricultural sector decision mak-
ing are (1) iterative ongoing engagement with
stakeholders, from project initiation to decision-
support system completion and beyond (further
product refinement, development of ancillary
products, etc.) (Breuer et al., 2007; Cabrera et
al.,2007), and (2) co-developing a stakeholder
sense of decision-support ownership through
participatory research and modeling (Meinke
and Stone, 2005; Breuer et al., 2007; Cabrera
et al., 2007).

The SECC process has begun to build capacity
for the use of climate information with a rapid
assessment to understand stakeholder percep-
tions and needs regarding application of climate
information that may have benefits (e.g., crop
yields, nitrogen pollution in water) (Cabrera et
al., 2006). Through a series of engagements,
such as focus groups, individual interviews,
research team meetings (including stakeholder
advisors), and prototype demonstrations, the
research team assesses which stakeholders are
most likely adopt the decision-support system
and communicate their experience with other
stakeholders (Roncoli et al., 2006), as well as
stakeholder requirements for decision support
(Cabrera et al., 2007). Among the stakeholder
requirements gleaned from more than six
years of stakeholder engagements, are: present
information in an uncomplicated way (often
deterministic), but allow the option to view
probabilistic information; provide information

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

timed to allow users to take revised or preven-
tative actions; include an economic component
(because farmer survival, i.e. cost of practice
adoption, takes precedence over stewardship
concerns); and allow for confidential compari-
son of model results with proprietary data.

The participatory modeling approach used in
the development of DyNoFlo, a whole-farm
decision-support system to decrease nitrogen
leaching while maintaining profitability under
variable climate conditions (Cabrera et al.,
2007), engaged federal agencies, individual
producers, cooperative extension specialists,
and consultants (who provided confidential
data for model verification). Cabrera et al.
(2007) report that the dialogue between these
players, as equals, was as important as the
scientific underpinning and accuracy of the
model in improving adoption. They emphasize
that the process, including validation (defined
as occurring when researchers and stakeholders
agree the model fits real or measured condi-
tions adequately) is a key factor in developing
stakeholder sense of ownership and desire
for further engagement and decision-support
system enhancement. These findings concur
with recent examples of the adoption of climate
data, predictions and information to improve
water supply model performance by Colorado
River Basin water managers (Woodhouse and
Lukas, 2006).

Case Study G:
The Potomac River Basin

Water wars, traditionally seen in the West, are
spreading to the Midwest, East, and South. The

Water wars,
traditionally seen
in the West, are
spreading to the
Midwest, East,
and South.
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“Water Wars” report (Council of State Govern-
ments, 2003) underlines the stress a growing
resident population is imposing on a limited
natural resource, and how this stress is trigger-
ing water wars in areas formerly with plentiful
water. An additional source of concern would be
the effect on supply and the increase in demand
due to climate variability and change. Although
the study by Hurd et al. (1999) indicated that
the Northeastern water supply would be less
vulnerable to the effect of climate change, the
Interstate Commission on the Potomac River
Basin (ICPRB) periodically studies the impact
of climate change on the supply reliability to
the Washington metropolitan area (WMA). (See
also: Restoring the Waters. 1997, Boulder, CO,
Natural Resources Law Center, the University
of Colorado School of Law, May.)

The ICPRB was created in 1940 by the States
of Maryland and West Virginia, the Common-
wealths of Virginia and Pennsylvania, and the
District of Columbia. The ICPRB was recog-
nized by the United States Congress, which also
provided a presence in the Commission. The
ICPRB’s purpose is “regulating, controlling,
preventing, or otherwise rendering unobjection-
able and harmless the pollution of the waters
of said Potomac drainage area by sewage and
industrial and other wastes”.

The Potomac River constitutes the primary
source of water for the WMA. Out of the five
reservoirs in the WMA, three are in the Poto-
mac River Basin. Every five years, beginning
in April, 1990, the Commission evaluates the
adequacy of the different sources of water sup-
ply to the Metropolitan Washington area. The
latest report, (Kame’enui et al., 2005), includes
areport of a study by Steiner and Boland (1997)
of the potential effects of climate variability
and change on the reliability of water supply
for that area.

The ICPRB inputs temperature, precipitation
from five general circulation models (GCMs),
and soil moisture capacity and retention, to a
water balance model, to produce monthly av-
erage runoff records. The computed Potential
Evapotranspiration (PET) is also used to esti-
mate seasonal water use in residential areas.
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The results of the 2005 study indicated that,
depending on the climate change scenario, the
demand in the Washington metropolitan area
in 2030 could be 74 to 138 percent greater than
that of 1990. According to the report, “resources
were significantly stressed or deficient” at that
point. The water management component of the
model helped determine that, with aggressive
plans in conservation and operation policies,
existing resources would be sufficient through
2030. In consequence, the study recommended
“that water management consider the need to
plan for mitigation of potential climate change
impacts” (Kame’enui et al., 2005; Steiner and
Boland, 1997).

Case Study H:

Fire Prediction Workshops as a Model
for a Climate Science-Water Management
Process to Improve Water Resources Decision
Support

Fire suppression costs the United States about
$1 billion each year. Almost two decades of
research into the associations between climate
and fire (e.g., Swetnam and Betancourt, 1998),
demonstrate a high potential to predict various
measures of fire activity, based on direct influ-
ences, such as drought, and indirect influences,
such as growth of fire fuels such as grasses and
shrubs (e.g., Westerling et al., 2002; Roads et
al., 2005; Preisler and Westerling, 2007). Given
strong mutual interests in improving the range
of tools available to fire management, with the
goals of reducing fire related damage and loss
of life, fire managers and climate scientists
have developed a long-term process to im-
prove fire potential prediction (Garfin et al.,
2001; Wordell and Ochoa, 2006) and to better
estimate the costs and most efficient deploy-
ment of fire fighting resources. The strength
of collaborations between climate scientists,
fire ecologists, fire managers, and operational
fire weather forecasters, is based upon mutual
learning and meshing of both complementary
knowledge (e.g., atmospheric science and for-
estry science) and expertise (e.g., dynamical
modeling and command and control operations
management) (Garfin, 2005). The emphasis on
process, as well as product, may be a model for
climate science in support of water resources
management decision making. Another key
facet in maintaining this collaboration and di-



rect application of climate science to operational
decision-making has been the development of
strong professional relationships between the
academic and operational partners. Aspects of
developing these relationships that are germane
to adoption of this model in the water manage-
ment sector include:

e Inclusion of climate scientists as partners
in annual fire management strategic plan-
ning meetings;

*  Development of knowledge and learning
networks in the operational fire manage-
ment community;

* Inclusion of fire managers and operational
meteorologists in academic research proj-
ects and development of verification pro-
cedures (Corringham ef al., 2008)

*  Co-location of fire managers at academic
institutions (Schlobohm et al., 2003).

Case Study I:

Incentives to Innovate—Climate Variability
and Water Management along the San Pedro
River

The San Pedro River, though small in size,
supports one of the few intact riparian systems
remaining in the Southwest. Originating in So-
nora, Mexico, the stream flows northward into
rapidly urbanizing southeastern Arizona, even-
tually joining with the Gila River, a tributary
of the Lower Colorado River. On the American
side of the international boundary, persistent
conflict plagues efforts to manage local water
resources in a manner that supports demands
generated at Fort Huachuca Army Base and the
nearby city of Sierra Vista, while at the same
time preserving the riparian area. Located along
a major flyway for migratory birds and provid-
ing habitat for a wide range of avian and other
species, the river has attracted major interest
from an array of environmental groups that
seek its preservation. Studies carried out over
the past decade highlight the vulnerability of
the river system to climate variability. Recent
data indicate that flows in the San Pedro have
declined significantly due, in part, to ongoing
drought. More controversial is the extent to
which intensified groundwater use is deplet-
ing water that would otherwise find its way to
the river.
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The highly politicized issue of water manage-
ment in the upper San Pedro River Basin has
led to establishment of the Upper San Pedro
Partnership, whose primary goal is balancing
water demands with water supply in a manner
that does not compromise the region’s economic
viability, much of which is directly or indirectly
tied to Fort Huachuca Army base. Funding
from several sources, including, among others,
several NOAA programs and the Netherlands-
based Dialogue on Climate and Water, has sup-
ported ongoing efforts to assess vulnerability
of local water resources to climate variability
on both sides of the border. These studies, to-
gether with experience from recent drought,
point toward escalating vulnerability to climatic
impacts, given projected increases in demand
and likely diminution of effective precipitation
over time in the face of rising temperatures and
changing patterns of winter versus summer
rainfall (IPCC, 2007). Whether recent efforts
to reinforce growth dynamics by enhancing the
available supply through water reuse or water
importation from outside the basin will buffer
impacts on the riparian corridor remains to be
seen. In the meantime, climatologists, hydrolo-
gists, social scientists, and engineers continue
to work with members of the Partnership and
others in the area to strengthen capacity and
interest in using climate forecast products. A
relatively recent decision to include climate
variability and change in a decision-support
model being developed by a University of Ari-
zona engineer in collaboration with members
of the Partnership constitutes a significant step
forward in integrating climate into local deci-
sion processes.

The incentives for engagement in solving the
problems in the San Pedro include both a “car-
rot” in the form of federal and state funding for
the San Pedro Partnership, and a newly formed
water management district, and a “stick” in the
form of threats to the future of Fort Huachuca.
Fort Huachuca represents a significant com-
ponent of the economy of southern Arizona,
and its existence is somewhat dependent on
showing that endangered species in the river,
and the water rights of the San Pedro Riparian
Conservation Area, are protected.

Effective integration
of climate information
in decisions requires
identifying topics of
mutual interest to
sustain long-term
collaborative research
and application of
decision-support
outcomes.
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4.4 SUMMARY FINDINGS AND
CONCLUSIONS

The decision-support experiments discussed
here and in Chapter 3, together with the analyti-
cal discussion, have depicted several barriers to
use of decision-support experiment information
on SI climate conditions by water resource
managers. The discussion has also pinpointed a
number of ways to overcome these barriers and
ensure effective communication, transfer, dis-
semination, and use of information. Our major
findings are as follows.

Effective integration of climate information
in decisions requires identifying topics of mu-
tual interest to sustain long-term collaborative
research and application of decision-support
outcomes: Identifying topics of mutual interest,
through forums and other means of formal col-
laboration, can lead to information penetration
into agency (and stakeholder group) activities,
and produce self-sustaining, participant-man-
aged spin-off activities. Long-term engagement
also allows time for the evolution of scientist/
decision-maker collaborations, ranging from
understanding the roles of various players to
connecting climate to a range of decisions, is-
sues, and adaptation strategies—and building
trust.

Tools must engage a range of participants,
including those who generate them, those who
translate them into predictions for decision-
maker use, and the decision makers who ap-
ply the products. Forecast innovations might
combine climate factor observations, analyses
of climate dynamics, and SI forecasts. In turn,
users are concerned with varying problems and
issues such as planting times, instream flows
to support endangered species, and reservoir
operations. While forecasts vary in their skill,
multiple forecasts that examine various factors
(e.g., snow pack, precipitation, temperature
variability) are most useful because they pro-
vide decision makers more access to data that
they can manipulate themselves.

A critical mass of scientists and decision mak-
ers is needed for collaboration to succeed:
Development of successful collaborations re-
quires representation of multiple perspectives,
including diversity of disciplinary and agency-
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group affiliation. For example, operations,
planning, and management personnel should all
be involved in activities related to integrating
climate information into decision systems; and
there should be sound institutional pathways for
information flow from researchers to decision
makers, including explicit responsibility for
information use. Cooperative relationships that
foster learning and capacity building within and
across organizations, including restructuring
organizational dynamics, are important, as is
training of “integrators” who can assist stake-
holders with using complex data and tools.

What makes a “critical mass” critical? Research
on water resource decision making suggests that
agencies and other organizations define prob-
lems differently depending on whether they are
dedicated to managing single-issue problems
in particular sectors (e.g., irrigation, public
supply) or working in political jurisdictions
or watershed-based entities designed to com-
prehensively manage and coordinate several
management objectives simultancously (e.g.,
flood control and irrigation, power generation,
and in-stream flow). The latter entities face the
unusual challenge of trying to harmonize com-
peting objectives, are commonly accountable
to numerous users, and require “regionally and
locally tailored solutions” to problems (Water in
the West, 1998; also, Kenney and Lord, 1994;
Grigg, 1996). A lesson that appears to resonate
in our cases is that decision makers representing
the affected organizations should be incorpo-
rated into collaborative efforts.

Forums and other means of engagement must be
adequately funded and supported. Discussions
that are sponsored by boundary organizations
and other collaborative institutions allow for co-
production of knowledge, legitimate pathways
for climate information to enter assessment
processes, and a platform for building trust.
Collaborative products also give each commu-
nity something tangible that can be used within
its own system (i.e., information to support
decision making, climate service, or academic
research products). Experiments that effectively
incorporate seasonal forecasts into operations
generally have long-term financial support,
facilitated, in turn, by high public concern
over potential adverse environmental and/or
economic impacts. Such concern helps generate



a receptive audience for new tools and ideas.
Flexible and appropriate sources of funding
must be found that recognize benefits received
by various constituencies on the one hand, and
ability to pay on the other. A combination of
privately-funded, as well as publicly-supported
revenue sources may be appropriate in many
cases—both because of the growing demands
on all sources of decision-support development,
and because such a balance better satisfies
demands that support for these experiments be
equitably borne by all who benefit from them
(Cash and Buizer, 2005). Federal agencies with-
in CCSP can help in this effort by developing a
database of possible funding sources from all
sectors, public and private (CDWR, 2007b).

There is a need to balance national decision-
support tool production against customizable,
locally specific conditions. Given the diversity
of challenges facing decision makers, the di-
verse needs and aspirations of stakeholders, and
the diversity of decision-making authorities,
there is little likelihood of providing compre-
hensive climate services or “one-stop-shop”
information systems to support all decision
making or risk assessment. Support for tools
to help communities and other self-organizing
groups develop their own capacity and conduct
their own assessments within a regional context
is essential.

There is a growing push for smaller scale
products that are tailored to specific users, as
well as private sector tailored products (e.g.,
“Weatherbug”). However, private sector prod-
ucts are generally available only to specific
paying clients, and may not be equitable to
those who lack access to publicly-funded in-
formation sources. Private observing systems
also generate issues related to trustworthiness
of information and quality control. What are
the implications of this push for proprietary
vs. public domain controls and access? This
problem is well-documented in policy studies
of risk-based information in the fields of food
labeling, toxic pollutants, medical and pharma-
ceutical information, and other forms of public
disclosure programs (Graham, 2002).
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4.5 FUTURE RESEARCH NEEDS
AND PRIORITIES

Six major research needs are at the top of our list
of priorities for investigations by government
agencies, private sector organizations, univer-
sities, and independent researchers. These are:

1. Better understanding the decision context
within which decision support tools are
used,

2. Understanding decision-maker perceptions
of climate risk and vulnerability;

3. Improving the generalizability/transfer-
ability of case studies on decision-support
experiments,

4. Understanding the role of public pressures
and networks in generating demands for
climate information,

5. Improving the communication of uncer-
tainties, and

6. Sharing lessons for collaboration and part-
nering with other natural resource areas.

Better understanding of the decision-maker
context for tool use is needed. While we know
that the institutional, political and economic
context has a powerful influence on the use
of tools, we need to learn more about how to
promote user interactions with researchers
at all junctures within the tool development
process.

The institutional and cultural circumstances of

decision makers and scientists are important to

determining the level of collaboration, Among
the topics that need to be addressed are the
following:

* understanding how organizations engage
in transferring and developing climate
variability information,

* defining the decision space occupied by
decision makers,

* determining ways to encourage innovation
within institutions, and

* understanding the role of economics and
chain-of-command in the use of tools.

Access to information is an equity issue: large
water management agencies may be able to af-
ford sophisticated modeling efforts, consultants
to provide specialized information, and a higher
quality of data management and analysis, while
smaller or less wealthy stakeholders generally

Those most likely
to use weather and
climate information
are individuals who

have experienced

weather and climate
problems in the past.
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do not have the same access or the consequent
ability to respond (Hartmann, 2001). This is
especially true where there are no alternatives to
private competitive markets where asymmetries
of economic buying power may affect informa-
tion access. Scientific information that is not
properly disseminated can inadvertently result
in windfall profits for some and disadvantage
others (Pfaff et al., 1999; Broad and Agrawalla,
2000; Broad et al., 2002). Access and equity is-
sues also need to be explored in more detail.

4.5.1 Understanding Decision-Makers’
Perceptions of Climate Vulnerability
Much more needs to be known about how to
make decision makers aware of their possible
vulnerability from climate variability impacts
to water resources. Research on the influence of
climate science on water management in west-
ern Australia, for example, (Power et al., 2005)
suggests that water resource decision makers
can be persuaded to act on climate variability
information if a strategic program of research
in support of specific decisions (e.g., extended
drought) can be wedded to a dedicated, timely
risk communication program.

While we know, based on research in specific
applications, that managers who find climate
forecasts and projections to be reliable may be
more likely to use them, those most likely to use
weather and climate information are individu-
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als who have experienced weather and climate
problems in the recent past. The implication of
this finding is that simply delivering weather
and climate information to potential users
may be insufficient in those cases in which
the manager does not perceive climate to be a
hazard—at least in humid, water-rich regions of
the United States that we have studied®.

We also need to know more about how the fi-
nancial, regulatory, and management contexts
influence perceptions of usefulness (Yarnal et
al.,2006; Dow et al., 2007). Experience suggests
that individual responses, in the aggregate, may
have important impacts on one’s capacity to use,
access, and interpret information. Achieving
a better understanding of these factors and of
the informational needs of resource managers
will require more investigation of their working
environments and intimate understanding of
their organizational constraints, motivations,
and institutional rewards.

4.5.2 Possible Research Methodologies

Case studies increase understanding of how
decisions are made by giving specific examples
of decisions and lessons learned. A unique

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




strength offered by the case study approach
is that “...only when we confront specific
facts, the raw material on the basis of which
decisions are reached—not general theories
or hypotheses—do the limits of public policy
become apparent (Starling, 1989)”. In short,
case studies put a human face on environmental
decision making by capturing, even if only in a
temporal “snapshot”, the institutional, ethical,
economic, scientific, and other constraints and
factors that influence decisions.

4.5.3 Public Pressures, Social
Movements and Innovation

The extent to which public pressures can com-
pel innovation in decision-support development
and use is an important area of prospective
research. As has been discussed elsewhere
in this Product, knowledge networks—which
provide linkages between various individuals
and interest groups that allow close, ongoing
communication and information dissemination
among multiple sectors of society involved in
technological and policy innovations—can be
sources of non-hierarchical movement to impel
innovation (Sarewitz and Pielke, 2007; Jacobs,
2005). Such networks can allow continuous
feedback between academics, scientists, policy-
makers, and NGOs in at least two ways:

(1) by cooperating in seeking ways to foster
new initiatives, and (2) providing means of
encouraging common evaluative and other as-
sessment criteria to advance the effectiveness
of such initiatives.

Since the late 1980s, there has arisen an ex-
tensive collection of local, state (in the case of
the United States) and regional/sub-national
climate change-related activities in an array of
developed and developing nations. These ac-
tivities are wide-ranging and embrace activities
inspired by various policy goals, some of which
are only indirectly related to climate variability.
These activities include energy efficiency and
conservation programs; land use and trans-
portation planning; and regional assessment.
In some instances, these activities have been
enshrined in the “climate action plans” of so-
called Annex I nations to the UN Framework
Convention on Climate Change (UNCED, 1992;
Rabe, 2004).
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An excellent example of an important network
initiative is the International Council of Local
Environmental Initiatives, or ICLEI is a To-
ronto, Canada-based NGO representing local
governments engaged in sustainable develop-
ment efforts worldwide. Formed in 1990 at
the conclusion of the World Congress of Local
Governments involving 160 local governments,
it has completed studies of urban energy use
useful for gauging growth in energy production
and consumption in large cities in developing
countries (e.g., Dickinson, 2007; ICLEI, 2007).
ICLEI is helping to provide a framework of
cooperation to evaluate energy, transportation,
and related policies and, in the process, may
be fostering a form of “bottom-up” diffusion
of innovation processes that function across
jurisdictions—and even entire nation-states
(Feldman and Wilt, 1996; 1999). More research
is needed on how, and how effectively networks
actually function and whether their efforts can
shed light on the means by which the diffusion
of innovation can be improved and evaluated.

Another source of public pressure is social
movements for change—hardly unknown in
water policy (e.g., Donahue and Johnston, 1998).
Can public pressures through such movements
actually change the way decision makers look
at available sources of information? Given the
anecdotal evidence, much more research is
warranted. One of the most compelling recent
accounts of how public pressures can change
such perceptions is that by the historian Norris
Hundley on the gradual evolution on the part of
city leaders in Los Angeles, California, as well
as members of the public, water agencies, and
state and federal officials—toward diversion of
water from the Owens Valley.

After decades of efforts and pressures from
interested parties to, at first prevent and then
later, roll back, the amount of water taken from
the Owens River, the city of Los Angeles sought
an out-of-court settlement over diversion; in so
doing, they were able to study the reports of en-
vironmental degradation caused by the volumes
of water transferred, and question whether to
compensate the Valley for associated damages
(Hundley, 2001). While Hundley’s chronicling
of resistance has a familiar ring to students of
water policy, remarkably little research has been
done to draw lessons using the grounded theory

While uncertainty

is an inevitable

factor in regards to
climate variability and
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the communication
of uncertainty—as
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approach discussed earlier—about the impacts
of such social movements.

While uncertainty is an inevitable factor in
regards to climate variability and weather infor-
mation, the communication of uncertainty—as
our discussion has shown—can be significantly
improved. Better understanding of innovative
ways to communicate uncertainty to users
should draw on additional literatures from
the engineering, behavioral and social, and
natural science communities (e.g., NRC 2005;
NRC 2006). Research efforts are needed by
various professional communities involved in
the generation and dissemination of climate in-
formation to better establish how to define and
communicate climate variability risks clearly
and coherently and in ways that are meaning-
ful to water managers. Additional research is
needed to determine the most effective com-
munication, dissemination and evaluation tools
to deliver information on potential impacts of
climate variability, especially with regards to
such factors as further reducing uncertainties
associated with future sea-level rise, more reli-
able predictions of changes in frequency and in-
tensity of tropical and extra-tropical storms, and
how saltwater intrusion will impact freshwater
resources, and the frequency of drought. Much
can be learned from the growing experience of
RISAs and other decision-support partnerships
and networks.

Research on lessons from other resource man-
agement sectors on decision-support use and
decision maker/researcher collaboration would
be useful. While water issues are ubiquitous and
connect to many other resource areas, a great
deal of research has been done on the impedi-
ments to, and opportunities for, collaboration
in other resource areas such as energy, forests,
coastal zone and hydropower. This research
suggests that there is much that water manag-
ers and those who generate SI information on
climate variability could learn from this lit-
erature. Among the questions that need further
investigation are issues surrounding the fol-
lowing subject areas: (1) innovation (Are there
resource areas in which tool development and
use is proceeding at a faster pace than in water
management?); (2) organizational culture and
leadership (Are some organizations and agen-
cies more resistant to change, more hierarchical
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in their decision making, more formalized in
their decisional protocols than is the case in
water management?); and (3) collaborative style
(Are some organizations in certain resource
areas or science endeavors better at collaborat-
ing with stakeholder groups in the generation
of information tools, or other activities? [e.g.,
Kaufman, 1967; Bromberg, 2000]). Much can
also be learned about public expectations and
the expectations of user groups from their col-
laborations with such agencies that could be
valuable to the water sector.



5.1 INTRODUCTION

The future context for decision support for
seasonal-to-interannual (SI) climate forecast-
ing-related decisions in water resources and
other sectors will evolve in response to future
climate trends and events, advances in monitor-
ing, predicting and communicating informa-
tion about hydrologically-significant aspects
of climate, and social action. Climate-related
issues have a much higher profile among the
public, media, and policy makers than they
did even a few years ago. In water resources
and other sectors, climate is likely to be only
one of a number of factors affecting decision
making, and the extent to which it is given
priority will depend both on the experiences
associated with “focusing events” such as major
droughts, floods, hurricanes and heat waves,
and on how strong knowledge networks have
become (Pulwarty and Melis, 2001). The utility
of climate information will depend largely on
how salient, credible, valuable and legitimate it
is perceived to be. These qualities are imparted
through knowledge networks that can be fos-
tered and strengthened using decision-support
tools. Increasingly, climate forecasting and data
have become integrated with water resources
decisions at multiple levels, and some of the
lessons learned in the water sector can improve
the application of SI climate forecasts in other
climate sensitive sectors. Better integration of

Decision-Support Experiments and Evaluations using Seasonal to

Interannual Forecasts and Observational Data: A Focus on Water Resources

Looking Toward The Future

Convening Lead Authors: Helen Ingram, Univ. of Arizona; David

Feldman, Univ. of California, Irvine; Katharine L. Jacobs, Arizona

Water Institute; Nathan Mantua, Climate Impacts Group, Univ. of

Woashington

Lead Authors: Maria Carmen Lemos, Univ. of Michigan; Barbara

Morehouse, Univ. of Arizona

Contributing Authors: Nancy Beller-Simms, NOAA; Anne M.

Waple, STG, Inc.

climate forecasting science into water resources
and other sectors will likely save and improve
lives, reduce damages from weather extremes,
and lower economic cost related to adapting to
continued climate variability.

Section 5.2 of this Chapter highlights a number
of overarching themes that need to be empha-
sized as important to understanding the overall
challenges facing decision support and its use.
Section 5.3 addresses research priorities that are
critical to progress. Section 5.4 discusses other
sectors that are likely to be affected by climate
variation that could profit from lessons in the
water resources sector.

5.2 OVERARCHING THEMES
AND FINDINGS

5.2.1 The “Loading Dock Model” of

Information Transfer is Unworkable

Only recently have climate scientists come to
realize that improving the skill and accuracy
of climate forecasting products does not nec-
essarily make them more useful or more likely
to be adopted (e.g., see Chapter 2, Box 2.4).
Skill is a necessary ingredient in perceived
forecast value, yet more forecast skill by itself
does not imply more forecast value. Lack of
forecast skill and/or accuracy may be one of
the impediments to forecast use, but there are
many other barriers to be overcome. Better

Only recently
have climate
scientists come

to realize that
improving the skill
and accuracy of
climate forecasting
products does not
necessarily make
them more useful
or more likely

to be adopted.

141




The US. Climate Change Science Program

As knowledge systems
have become better
understood, providing
decision support

has evolved into a
communications
process that links
scientists with users
rather than a one-
time exchange of
information products.

142

technical skill must be accompanied by better
communication and stronger linkages between
forecasters and potential users. In this Product,
we have stressed that forecasts flow through
knowledge networks and across disciplinary
and occupational boundaries. Thus, forecasts
need to support a range of activities including
research and applications, and be “end-to-end
useful”. End-to-end useful implies a broad
fabric of utility, created by multiple entities that
adopt forecasts for their own reasons and adapt
them to their own purposes by blending forecast
knowledge with local know-how, practices, and
other sources of information more familiar to
those participants. These network participants
then pass the blended information to other
participants who, in turn, engage in the same
process. By the end of the process of transfer,
translation and transformation of information,
forecast information may look very different
from what scientists initially envisioned.

Skill and accuracy are only two of the values
important to the use of climate knowledge;
others might include relevance, timeliness,
and credibility. Using climate information
and decision tools can have obvious economic
benefits, and these advantages can extend into
the political, organizational, and professional
realms as well. Salience is a product of framing
in the larger political community and the profes-
sional circles in which different decision makers
travel. Novel ideas are difficult for organiza-
tions to adopt, and therefore, such ideas become
more credible if they are consistent with, and
tempered by, already existing information chan-
nels and organizational routines.

5.2.2 Decision Support is a Process
Rather Than a Product

As knowledge systems have become better
understood, providing decision support has
evolved into a communications process that
links scientists with users rather than a one-
time exchange of information products. While
decision tools such as models, scenarios, and
other boundary objects that connect scientific
forecasters to various stakeholder groups can
be helpful, the notion of tools insufficiently
conveys the relational aspects of networks. Rel-
evance, credibility, and legitimacy are human
perceptions built through repeated interactions.
For this reason, decision support does not result
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in a product that can be shelved until needed
or reproduced for different audiences. Clearly,
lessons from decision-support experience are
portable from one area to another but only as
the differences in context are interpreted, un-
derstood, and taken into account.

Governments are not the only producers of
climate variability forecasts. Non-governmental
actors, including private businesses, play a criti-
cal role in knowledge networks, particularly in
tailoring climate forecast products to fit the
needs of particular sectors and user groups.
Nothing in this Product should suggest that
knowledge networks must be wholly or even
primarily developed in the public sector. Just
as numerous entreprencurs have taken National
Weather Service forecasts and applied them
to different sectors and user-group needs, SI
climate information transfer, translation and
transformation may become functions largely
provided by the private sector. However, as
argued in the following section, there is clearly
a role for the public sector because informa-
tion access is related to economic and social
outcomes that must be acknowledged.

Ensuring that information is accessible and rel-
evant will require paying greater attention to the
role of institutions in furthering the process of
decision support; particularly boundary span-
ning activities that bring together tool develop-
ers and users to exchange information, promote
communication, propose remedies to problems,
foster stakeholder engagement, and conjointly
develop decision-support systems to address
user needs. An important facet of boundary
spanning is that the exchange (including co-
production, transference, communication and
dissemination) of climate information to water
decision makers requires partnerships among
public and private sector entities. In short, to
avoid the Loading Dock Model previously dis-
cussed, efforts to further boundary-spanning
partnerships is essential to fostering a process of
decision support (NRC, 2007; Cash and Buizer,
2005; Sarewitz and Pielke, 2007).

5.2.3 Equity May Not Be Served

Information is power in global society and,
unless it is widely shared, the gaps between
the advantaged and the disadvantaged may
widen. Lack of resources is one of the causes of



poverty, and resources are required to tap into
knowledge networks. Unequal distribution of
knowledge can insulate decision making, facili-
tate elite capture of resources, and alienate dis-
enfranchised groups. In contrast, an approach
that is open, interactive and inclusive can go
a long way in supporting informed decisions
that, in turn, can yield better outcomes from
the perspective of fairness.

While United Nations Millennium Develop-
ment Goals attract attention to equity in poor
countries, the unequal availability of and ac-
cess to knowledge and technology, including
SI forecast products, exacerbates inequalities
within the United States. The case of agriculture
is especially important because of the high im-
pacts the agricultural sector has upon the long-
term quality of the general environment. The
dust bowl of the 1930s and its broad national
impact stand as a reminder of the consequences
of poorly informed and unsustainable practices.
Avoiding repetition of such top soil losses, de-
sertification increases, and social dislocations
is more likely if early warning of variations in
seasonal precipitation and runoff are available,
trusted, and credible. To build and maintain
networks in the agricultural sector, particularly
among smaller, less-advantaged farmers will
require greater efforts (Wiener, 2007).

The emergence of seasonal climate forecasting
initially raised great expectations of its potential
role to decrease the vulnerability of poor farm-
ers around the world to climate variability and
the development and dissemination of forecasts
have been justified in equity terms (Glantz,
1996; McPhaden et al., 2006). How-
ever, ten years of empirical research
on seasonal forecasting application and
effect on agriculture, disaster response
and water management have tempered
these expectations (Klopper, 1999;
Vogel, 2000; Valdivia et al., 2000; Let-
son et al., 2001; Hammer et al., 2001,
Lemos et al., 2002; Patt and Gwata,
2002; Broad et al., 2002; Archer, 2003;
Lusenso et al., 2003; Roncoli et al.,
2006; Bharwani et al., 2005; Meinke et
al., 2006; Klopper et al., 2006). Exam-
ples of SI climate forecast applications
show that not only are the most vulner-
able often unable to benefit, but in some
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situations may even be harmed (Broad et al.,
2002; Lemos et al., 2002; Patt and Gwata, 2002;
Roncoli et al., 2004). However, some users have
been able to benefit significantly from this new
information. For example, many Pacific island
nations respond to El Nifio forecasts and avoid
potential disasters from water shortages. Simi-
larly, agricultural producers in Australia have
been better able to cope with swings in their
commodity production associated with drought
and water managers. In the Southwest United
States, managers have been able to incorporate
seasonal-to-interannual climate forecasts into
their decision-making processes in order to
respond to crises—and this is also beginning
to occur in more water-rich regions such as the
Southeast United States that are currently fac-
ing prolonged drought (Hammer et al., 2001;
Hartmann et al., 2002; Pagano et al., 2002;
Georgia DNR, 2003). But, unless greater effort
is expended to rectify the differential impacts
of climate information in contexts where the
poor lack resources, SI climate forecasts will
not contribute to global equity.

There are several factors that help to explain
when and where equity goals are served in
SI climate forecasting and when they are not
(Lemos and Dilling, 2007). Understanding
existing levels of underlying inequities and
differential vulnerabilities is critical (Agrawala
et al., 2001). Forecasts are useful only when
recipients of information have sufficient deci-
sion space or options to be able to respond to
lower vulnerability and risk. Differential levels
in the ability to respond can create winners
and losers within the same policy context.
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For example, in Zimbabwe and northeastern
Brazil, news of poor rainfall forecasts for the
planting season influence bank managers who
systematically deny credit, especially to poor
farmers they perceive as high risk (Hammer et
al.,2001; Lemos et al., 2002). In Peru, a forecast
of El Nifio and the prospect of a weak season
gives fishing companies incentives to acceler-
ate seasonal layoffs of workers (Broad et al,
2002). Some users (bankers, businesses) who
were able to act based on forecasted outcomes
(positive or negative) benefited while those who
could not (farmers, fishermen), were harmed.
Financial, social and human resources to engage
forecast producers are often out of reach of the
poor (Lemos and Dilling, 2007). Even when
the information is available, differences in re-
sources, social status, and empowerment limit
hazard management options. As demonstrated
by Hurricane Katrina, for example, the poor
and minorities were reluctant to leave their
homes for fear of becoming victims of crime
and looting, and were simply not welcome as
immigrants fleeing from disaster (Hartmann et
al.,2002; Carbone and Dow, 2005; Subcommit-
tee on Disaster Reduction, 2005; Leatherman
and White, 2005).

Native American farmers who are unable to
move their farming enterprises as do agribusi-
nesses, and cannot lease their water rights
strategically to avoid planting during droughts,
are disadvantaged because of their small deci-
sion space or lack of alternatives. Moreover,
poorer groups often distrust experts who are
in possession of risk information because the
latter are often viewed as elitist; focused more
on probabilities rather than on the consequences
of disaster; or unable to communicate in terms
comprehensible to the average person (Jasanoff,
1987; Covello et al., 1990). However, other re-
search has found that resources, while desirable,
are not an absolute constraint to poor people’s
ability to benefit from seasonal forecast use. In
these cases, farmers have been able to success-
fully use seasonal climate forecasts by making
small adjustments to their decision-making
process (Eakin, 2000; Patt et al., 2005; Roncoli
et al., 2006).

A more positive future in terms of redressing
inequity and reducing poverty can take place
if application policies and programs create al-
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ternative types of resources, such as sustained
relationships with information providers and
web-based tools that can be easily tailored to
specific applications; promotion of inclusion-
ary dissemination practices; and paying atten-
tion to the context of information applications
(Valdivia et al., 2000; Archer, 2003; Ziervogel
and Calder, 2003; Roncoli et al., 2006). Ex-
amples in the literature show that those who
benefit from SI climate forecasts usually have
the means to attend meetings or to access in-
formation through the media (at least through
the radio). For example, small farmers in Tamil
Nadu, India (Huda et al., 2004) and Zimbabwe
(Patt and Gwata, 2002) benefited from climate
information through a close relationship with
forecast “brokers” who spent considerable
effort in sustaining communication and provid-
ing expert knowledge to farmers. However, the
number of farmers targeted in these projects
was very limited. For any real impact, such
efforts will need to be scaled up and sustained
beyond research projects.

Equitable communication and access are critical
to fairness with respect to potential benefit from
forecast information, but such qualities often do
not exist. Factors such as levels of education,
access to electronic media such as the Inter-
net, and expert knowledge critically affect the
ability of different groups to take advantage of
seasonal forecasts (Lemos and Dilling, 2007).
While the adoption of participatory processes
of communication and dissemination can defray
some of these constraints, the number of posi-
tive cases documented is small (e.g., Patt e al.,
2005; Roncoli et al., 2006; O’Brien and Vogel,
2003). Also, because forecasts are mostly dis-
seminated in the language of probabilities, they
may be difficult to assimilate by those who do
not generally think probabilistically nor inter-
pret probabilities easily, or those whose fram-
ing of environmental issues is formed through
experience with extreme events (Nicholls,
1999; Yarnal et al., 2006; Dow et al., 2007,
Weingert et al., 2000). In a situation where pri-
vate enterprise is important for participants in
knowledge networks, serving the poor may not
be profitable, and for that reason they become
marginalized.

! Researchers in the India case and researchers and
extension agents in the Zimbabwe case.



Fostering inclusive, equitable access, therefore,
will require a combination of organizational
practices that empower employees, and engage
agency clients, outside stakeholder groups, and
the general public through providing training
and outreach in tool use, and the infusion of
trust in communication of risks. The latter will
require use of public forums and other vehicles
that provide opportunities for open, clear,
jargon-free information as well as opportunity
for discussion and public reaction (Freudenburg
and Rursch, 1994; Papadakis, 1996; Jasanoff,
1987; Covello et al., 1990; NRC, 1989). If cli-
mate science applications are to more clearly
put vulnerable poor people on an equal footing
or to go further toward reducing inequality,
decision support must target the vulnerable poor
specifically. Specific training and a concerted
effort to “fit” the available information to local
decision-making patterns and culture can be
a first step to enhance its relevance. Seasonal
forecast producers and policy makers need to
be aware of the broader sociopolitical context
and the institutional opportunities and con-
straints presented by seasonal forecast use and
understand potential users and their decision
environment. A better fit between product and
client can avoid situations in which forecast use
may harm those it could help. Finally, as some
of the most successful examples show, seasonal
forecasting applications should strive to be more
transparent, inclusionary, and interactive as a
means to counter power imbalances.

5.2.4 Science Citizenship Plays an
Important Role in Developing
Appropriate Solutions

Some scholars observe that a new paradigm
in science is emerging, one that emphasizes
science-society collaboration and production of
knowledge tailored more closely to society’s de-
cision-making needs (Gibbons, 1999; Nowotny
et al., 2001; Jasanoff, 2004a). The philosophy
is that, through mobilizing both academic
and pragmatic knowledge and experience,
better solutions may be produced for pressing
problems. Concerns about climate impacts on
water resource management are among the most
pressing problems that require close collabora-
tion between scientists and decision makers.
Examples of projects that are actively pursuing
collaborative science to address climate-related
water resource problems include the Sustain-
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ability of Semi-Arid Hydrology and Riparian
Area (SAHRA) project <http://www.sahra.
arizona.edu>, funded by the National Science
Foundation (NSF) and located at the University
of Arizona and the NSF-funded Decision Cen-
ter for a Desert City, located at Arizona State
University <http://dcdc.asu.edu>. The regional
focus of NOA A’s Regional Integrated Sciences
and Assessments (RISA) program is likewise
providing opportunities for collaborations be-
tween scientists and citizens to address climate
impacts and information needs in different
sectors, including water resource management.
An examination of the Climate Assessment
for the Southwest (CLIMAS), one of the RISA
projects, provided insight into some of the ways
in which co-production of science and policy is
being pursued in a structured research setting
(Lemos and Morehouse, 2005).

Collaborative efforts to produce knowledge
for policy applications not only expand the
envelope of the scientific enterprise, but also
change the terms of the relationship between
scientists and citizens. This emergence of new
forms of science/society interactions has been
documented from various perspectives, includ-
ing the place of local, counter-scientific, and
non-scientific knowledge (Eden, 1996; Fischer,
2000), links with democracy and democratic
ideals (Jasanoff, 1996; Harding, 2000; Durodié,
2003), and environmental governance and
decision making (Jasanoff and Wynne, 1998;
Bickstrand, 2003; Brunner ef al., 2005). These
types of collaboration present opportunities to
bridge the gaps between abstract scientific con-
ceptualizations and knowledge needs generated
by a grounded understanding of the nature and
intensity of actual and potential risks, and the
specific vulnerabilities experienced by different
populations at different times and in different
places. As we are coming to understand, sea-
sonal and interannual variations of past climate
may be misleading about future variation, and
a heightened awareness and increased observa-
tion on the part of citizens in particular contexts
is warranted. Moreover, engaged citizens may
well come to think more deeply about the lon-
ger-term environmental impacts of both human
activities and the variable climate.

Unlike the more traditional “pipeline” struc-
ture of knowledge transfer uni-directionally
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from scientists to citizens, multi-directional
processes involving coproduction of science
and policy may take a more circuitous form,
one that requires experimentation and iteration
(Lemos and Morehouse, 2005; Jasanoff and
Wynne, 1998). This model of science-society
interaction has a close affinity to concepts of
adaptive management and adaptive governance
(Pulwarty and Melis, 2001; Gunderson, 1999;
Holling, 1978; Brunner et al., 2005), for both
of these concepts are founded on notions that
institutional and organizational learning can
be facilitated through careful experimentation
with different decision and policy options. Such
experimentation is ideally based on best avail-
able knowledge but allows for changes based on
lessons learned, emergence of new knowledge,
and/or changing conditions in the physical or
social realms. The experiments described in this
Product offer examples of adaptive management
and adaptive governance in practice.

Less extensively documented, but no less es-
sential to bringing science to bear effectively
on climate-related water resource management
challenges is the notion of science citizenship
(Jasanoff, 2004b), whereby the fruits of collabo-
ration between scientists and citizens produces
capacity to bring science-informed knowledge
into processes of democratic deliberation,
including network building, participation in
policy-making, influencing policy interpreta-
tion and implementation processes, and even
voting in elections. Science citizenship might,
for example, involve participating in delibera-
tions about how best to avert or mitigate the
impacts of climate variability and change on
populations, economic sectors, and natural
systems vulnerable to reduced access to water.
Indeed, water is fundamental to life and liveli-
hood, and, as noted above, climate impacts
research has revealed that deleterious effects
of water shortages are unequally experienced;
poorer and more marginalized segments of pop-
ulations often suffer the most (Lemos, 2008).
Innovative drought planning processes require
precisely these kinds of input, as does planning
for long-term reductions in water availability
due to reduced snowpack. Issues such as these
require substantial evaluation of how alternative
solutions are likely to affect different entities
at different times and in different places. For
example, substantial reduction in snowpack,
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together with earlier snowmelt and longer pe-
riods before the onset of the following winter,
will likely require serious examination of social
values and practices as well as of economic ac-
tivities throughout a given watershed and water
delivery area. As these examples demonstrate,
science citizenship clearly has a crucial role
to play in building bridges between science
and societal values in water resource manage-
ment. It is likely that this will occur primarily
through the types of knowledge networks and
knowledge-to-action networks discussed earlier
in this Chapter.

5.2.5 Trends and Reforms in Water
Resources Provide New Perspectives
As noted in Chapters 1 and 4, since the 1980s
a “new paradigm” or frame for federal water
planning has developed that appears to reflect
the ascendancy of an environmental protection
ethic among the general public. The new para-
digm emphasizes greater stakeholder participa-
tion in decision making; 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 sound, peer-reviewed science; and an
embrace of ecological, economic, and equity
considerations (Hartig et al., 1992; Landre and
Knuth, 1993; Cortner and Moote, 1994; Water
in the West, 1998; McGinnis, 1995; Miller et.
al., 1996; Cody, 1999; Bormann et al., 1994;
Lee, 1993).

This “adaptive management” paradigm results
in a number of climate-related SI climate infor-
mation needs, including questions pertaining
to the following: what are the decision-support
needs related to managing in-stream flows/
low flows? and, what changes to water qual-
ity, runoff and streamflow will occur in the
future, and how will these changes affect
water uses among future generations unable to
influence the current causes of these changes?
The most dramatic change in decision support
that emerges from the adaptive management
paradigm is the need for real-time monitoring
and ongoing assessment of the effectiveness of
management practices, and the possibility that
outcomes recommended by decision-support
tools be iterative, incremental and reversible if
they prove unresponsive to critical groups, in-



effective in managing problems, or both. What
makes these questions particularly challenging
is that they are interdisciplinary in nature?.

Because so many of the actions necessary to
implement either adaptive management or in-
tegrated water resources management rest with
private actors who own either land or property
rights, the importance of public involvement
can not be overemphasized. At the same time,
the difficulties of implementing these new para-
digm approaches should not be overlooked. The
fragmented patchwork of jurisdictions involved
and the inflexibility of laws and other institu-
tions present formidable obstacles that will
require both greater efforts and investments if
they are to be overcome.

Another significant innovation in U.S. water
resources management that affects climate
information use is occurring in the local water
supply sector, as discussed in Chapter 4, the
growing use of integrated water resource plan-
ning (or IWRP) as an alternative to conventional
supply-side approaches for meeting future de-
mands. IWRP is gaining acceptance in chroni-
cally water-short regions such as the South-
west and portions of the Midwest—including
Southern California, Kansas, Southern Nevada,
and New Mexico (Beecher, 1995; Warren et
al., 1995; Fiske and Dong, 1995; Wade, 2001).
IWRP supports the use of multiple sources of
water integration of quality and quantity issues
and information like that of SI climate and wa-
ter supply forecasts as well as feedback from
experience and experiments.

IWRP’s goal is to “balance water supply
and demand management considerations by

2 Underscored by the fact that scholars concur adap-

tive management entails a broad range of processes to
avoid environmental harm by imposing modest changes
on the environment, acknowledging uncertainties
in predicting impacts of human activities on natural
processes, and embracing social learning (i.e., learning
by experiment). In general, it is characterized by four
major strategies: (1) managing resources by learning,
especially about mistakes, in an effort to make policy
improvements, (2) modifying policies in the light of
experience—and permitting such modifications to be
introduced in “mid-course”, (3) allowing revelation of
critical knowledge heretofore missing, as feedback to
improve decisions, and (4) incorporating outcomes in
future decisions through a consensus-based approach
that allows government agencies and non-governmental
organizations (NGOs) to conjointly agree on solutions
(Bormann et. al., 1993; Lee, 1993; Definitions of Adap-
tive Management, 2000).
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identifying feasible planning alternatives that
meet the test of least cost without sacrificing
other policy goals (Beecher, 1995)”. This can
be variously achieved through depleted aqui-
fer recharge, seasonal groundwater recharge,
conservation incentives, adopting growth
management strategies, wastewater reuse, and
applying least-cost planning principles to large
investor-owned water utilities. The latter may
encourage IWRP by demonstrating the relative
efficiency of efforts to reduce demand as op-
posed to building more supply infrastructure.
A particularly challenging alternative is the
need to enhance regional planning among water
utilities in order to capitalize on the resources of
every water user, eliminate unnecessary dupli-
cation of effort, and avoid the cost of building
new facilities for water supply (Atwater and
Blomquist, 2002).

In some cases, short-term, least-cost planning
may increase long-term project costs, espe-
cially when environmental impacts, resource
depletion, and energy and maintenance costs
are included. The significance of least-cost
planning is that it underscores the importance
of long- and short-term costs (in this case, of
water) as an influence on the value of certain
kinds of information for decisions. The most
dramatic change in decision support that emerg-
es from the adaptive management paradigm is
the need for real-time monitoring and ongoing
assessment of the effectiveness of management
practices, and the possibility that outcomes
recommended by decision-support tools be
iterative, incremental and reversible if they
prove unresponsive to critical groups, ineffec-
tive in managing problems, or both. Models and
forecasts that predict water availability under
different climate scenarios can be especially
useful to least-cost planning and make more
credible efforts to reducing demand. Specific
questions IWRP raises for decision-support-
generated climate information include: how
precise must climate information be to enhance
long-term planning? How might predicted
climate change provide an incentive for IWRP
strategies? And, what climate information is
needed to optimize decisions on water pricing,
re-use, shifting from surface to groundwater
use, and conservation?

In some cases, short-
term, least-cost
planning may increase
long-term project
costs, especially
when environmental
impacts, resource
depletion, and energy
and maintenance
costs are included.
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5.2.6 Useful Evaluation of Applications
of Climate Variation Forecasts
Requires Innovative Approaches

There can be little argument that SI climate
and hydrologic forecast applications must be
evaluated just as are most other programs that
involve substantial public expenditures. This
Product has evidenced many of the difficulties
in using standard evaluation techniques. While
there have been some program evaluations,
mostly from the vantage point of assessing the
influence of RISAs on federal climate science
policy (e.g., McNie et al., 2007; Cash et al.,
20006), there has been little formal, systematic,
standardized evaluation as to whether seasonal-
to-interannual climate and hydrologic forecast
applications are optimally designed to learn
from experience and incorporate user feedback.
Evaluation works best on programs with a
substantial history so that it is possible to com-
pare present conditions with those that existed
some years ago. The effort to promote the use
of SI climate forecasts is relatively new and
has been a moving target, with new elements
being regularly introduced, making it difficult
to determine what features of those federal pro-
grams charged with collaborating with decision
makers in the development, use, application,
and evaluation of climate forecasts have which
consequences. As the effort to promote greater
use of SI climate and hydrologic forecasts ac-
celerates in the future, it is important to foster
developments that facilitate evaluation. It is
imperative that those promoting forecast use
have a clear implementation chain
with credible rationales or incen-
tives for participants to take desired
actions. Setting clear goals and
priorities for allocation of resources
among different elements is essential
to any evaluation of program ac-
complishments (NRC, 2007). It is
especially difficult to measure the
accomplishment of some types of
goals that are important to adaptive
management, such as organizational
learning. For this reason, we believe
that consistent monitoring and regu-
lar evaluation of processes and tools
at different time and spatial scales
will be required in order to assess
progress.
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An NRC panel addressing a closely related
challenge for standard evaluation recommended
that the need for evaluation should be addressed
primarily through monitoring (NRC, 2007).
The language of that report seems entirely
applicable here:

“Monitoring requires the identification of
process measures that could be recorded
on a regular (for instance, annual) basis
and of useful output or outcome measures
that are plausibly related to the eventual
effects of interest and can be feasibly and
reliably recorded on a similar regular basis.
Over time, the metrics can be refined and
improved on the basis of research, although
it is important to maintain some consis-
tency over extended periods with regard
to at least some of the key metrics that are
developed and used”.

There are signals of network building and col-
laborative forecaster/user interaction and col-
laboration that can be monitored. Meetings
and workshops held, new contacts made, new
organizations involved in information diffu-
sion, websites, list serves, newsletters and re-
ports targeted to new audiences are but a few
of the many activities that are indicative of net-
work creation activity.

5.3 RESEARCH PRIORITIES

As a result of the findings in this Product, we
suggest that a number of research priorities
should constitute the focus of attention for the
foreseeable future: (1) improved vulnerability
assessment, (2) improved climate and hydro-
logic forecasts, (3) enhanced monitoring and
modeling to better link climate and hydrologic
forecasts, (4) identification of pathways for
better integration of SI climate science into
decision making, (5) better balance between
physical science and social science research
related to the use of scientific information in
decision making, (6) better understanding and
support for small-scale, specially-tailored tools,
and (7) significant funding for sustained long-
term scientist/decision-maker interactions and
collaborations. The following discussion iden-
tifies each priority in detail, and recommends
ways to implement them.



5.3.1 A Better Understanding

of Vulnerability is Essential

Case studies of the use of decision-support tools
in water resources planning and management
suggest that the research and policy-making
communities need a far more comprehensive
picture of the vulnerability of water and related
resources to climate variability. This assess-
ment must account for vulnerability along
several dimensions.

As we have seen, there are many forms of cli-
mate vulnerability—ranging from social and
physical vulnerability to ecological fragmen-
tation, economic dislocation, and even orga-
nizational change and turmoil. Vulnerability
may also range across numerous temporal and
spatial scales. Spatially, it can affect highly lo-
calized resources or spread over large regions.
Temporally, vulnerability can be manifested
as an extreme and/or rapid onset problem that
lasts briefly, but imposes considerable impact
on society (e.g., intense tropical storms) or as a
prolonged or slow-onset event, such as drought,
which may produce numerous impacts for lon-
ger time periods.

In order to encompass these widely varying
dimensions of vulnerability, we also need more
research on how decision makers perceive the
risks from climate variability and, thus, what
variables incline them to respond proactively
to threats and potential hazards. As in so many
other aspects of decision-support information
use, previous research indicates that merely
delivering weather and climate information
to potential users may be insufficient in those
cases in which the manager does not perceive
climate variability to be a hazard—for example,
in humid, water rich regions of the United States
that we have studied (Yarnal et al., 2006; Dow
et al., 2007). Are there institutional incentives
to using risk information, or—conversely—
not using it? In what decisional contexts (e.g.,
protracted drought, sudden onset flooding haz-
ards) are water managers most likely—or least
likely—to be susceptible to employing climate
variability hazard potential information?

More research is needed on the relationship
of perceived vulnerability and the credibility
of different sources of information including
disinformation. What is the relationship of
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sources of funding, and locus of researchers
such as government or private enterprise, and
discounting of information?

5.3.2 Improving Hydrologic

and Climate Forecasts

Within the hydrologic systems, accurate mea-
sures and assimilation of the initial state are
crucial for making skillful hydrologic forecasts;
therefore, a sustained high-quality monitoring
system tracking stream flow, soil moisture,
snowpack, and evaporation, together with tools
for real-time data assimilation, are fundamental
to the hydrologic forecasting effort. In addition,
watersheds with sparse monitoring networks, or
relatively short historical data series, are also
prone to large forecast errors due to a lack of
historical and real-time data and information
about its hydrologic state.

Monitoring and assimilation are also essential
for climate forecasting, as well as exercises
of hindcasting to compare present experience
with the historical record. Moreover, monitor-
ing is critical for adaptive and integrated water
resources management, and for the more ef-
fective adoption of strategies currently widely
embraced by natural resources planners and
managers.

On going improvements in the skill of climate
forecasting will continue to provide another
important avenue for improving the skill in
SI hydrologic and water supply forecasts. For
many river basins and in many seasons, the
single greatest source of hydrologic forecast
error is unknown precipitation after the forecast
issue date. Thus, improvements in hydrologic
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forecasting are directly linked with improve-
ments in forecasts for precipitation and tem-
perature.

In addition, support for coordinated efforts to
standardize and quantify the skill in hydrologic
forecasts is needed. While there is a strong
culture and tradition of forecast evaluation
in meteorology and climatology, this sort of
retrospective analysis of the skill of seasonal
hydrologic forecasts has historically not been
commonly disseminated. Hydrologic forecasts
have historically tended to be more often de-
terministic than probabilistic with products
focused on water supplies (e.g., stream flow,
reservoir inflows). In operational settings, sea-
sonal hydrologic forecasts have generally been
taken with a grain of salt, in part because of
limited quantitative assurance of how accurate
they can be expected to be. In contrast, op-
erational climate forecasts and many of today’s
experimental and newer operational hydrologic
forecasts are probabilistic, and contain quantita-
tive estimates for the forecast uncertainty.

New efforts are needed to extend “forecasts of
opportunity” beyond those years when anoma-
lous El Niflo-Southern Oscillation (ENSO)
conditions are underway. At present, the skill
available from combining SI climate forecasts
with hydrologic models is limited when all
years are considered, but can provide useful
guidance in years having anomalous ENSO
conditions. During years with substantial ENSO
effects, the climate forecasts have high enough
skill for temperatures, and mixed skill for pre-
cipitation, so that hydrologic forecasts for some
seasons and some basins provide measurable
improvements over approaches that do not take
advantage of ENSO information. In contrast, in
years where the state of ENSO is near neutral,
most of the skill in U.S. climate forecasts is due
to decadal temperature trends, and this situa-
tion leads to substantially more limited skill in
hydrologic forecasts. In order to improve this
situation, additional sources of climate and
hydrologic predictability must be exploited;
these sources likely include other patterns of
ocean temperature change, sea ice, land cover,
and soil moisture conditions.

Linkages between climate and hydrologic scien-
tists are getting stronger as they collaboratively
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create forecast products. A great many complex
factors influence the rate at which seasonal
water supply forecasts and climate forecast-
driven hydrologic forecasts are improving in
terms of skill level. Mismatches between needs
and information resources continue to occur at
multiple levels and scales. There is currently
substantial tension between providing tools
at the space and time scales useful for water
resources decisions and ensuring that they are
also scientifically defensible, accurate, reliable,
and timely. Further research is needed to iden-
tify ways to resolve this tension.

5.3.3 Better Integration of Climate
Information into Decision Making

It cannot be expected that information that
promises to lower costs or improve benefits for
organizations or groups will simply be incor-
porated into decisions. Scholarly research on
collaboration among organizations indicates
that straightforward models of information
transfer are not operative in situations where
a common language between organizations
has not been adopted, or more challenging,
when organizations must transform their own
perspectives and information channels to adjust
to new information. It is often the case that
organizations are path dependent, and will con-
tinue with decision routines even when they are
suboptimal. The many case examples provided
in this Product indicate the importance of fram-
ing issues; framing climate dependent natural
resources issues that emphasize the sources of
uncertainty and variability of climate and the
need for adaptive action helps in integrating
forecasting information. What is needed are
not more case studies, however, but better case
investigations employing grounded theory ap-
proaches to discerning general characteristics
of decision-making contexts and their factors
that impede, or provide better opportunities
for collaboration with scientists and other tool
developers. The construction of knowledge
networks in which information is viewed as
relevant, credible, and trusted is essential, and
much can be learned from emerging experi-
ences in climate-information networks being
formed among local governments, environmen-
tal organizations, scientists, and others world-
wide to exchange information and experiences,
influence national policy-making agendas, and
leverage international organization resources



on climate variability and water resources—as
well as other resource—vulnerability.

Potential barriers to information use that must

be further explored include: the cultural and
organizational context and circumstances of
scientists and decision makers; the decision
space allowed to decision makers and their real
range of choice; opportunities to develop—
and capacity to exercise—science citizenship;
impediments to innovation within institutions;
and solutions to information overload and the
numerous conflicting sources of already avail-
able information. As our case studies have
shown, there is often a relatively narrow range
of realistic options open to decision makers
given their roles, responsibilities, and the ex-
pectations placed upon them.

There are also vast differences in water laws and
state-level scientific and regulatory institutions
designed to manage aquifers and stream-flows
in the United States and information can be
both transparent and yet opaque simultaneously.
While scientific products can be precise, accu-
rate, and lucid, they may still be inaccessible to
those who most need them because of propri-
etary issues restricting access except to those
who can pay, or due to agency size or resource
base. Larger agencies and organizations, and
wealthier users, can better access information
in part because scientific information that is
restricted in its dissemination tends to drive up
information costs (Pfaff ez al., 1999; Broad and
Agrawalla, 2000; Broad et al., 2002; Hartmann,
2001). Access and equity issues also need to be
explored in more detail. Every facet of tool use
juncture needs to be explored.

Priority in research should be toward focused,
solution-oriented, interdisciplinary projects
that involve sufficient numbers and varieties
of kinds of knowledge. To this end, NOAA’s
Sectoral Applications Research Program is
designed to support these types of interactions
between research and development of decision-
support tools. Although this program is small,
it is vital for providing knowledge on impacts,
adaptation, and vulnerability and should be
supported especially as federal agencies are
contemplating a larger role in adaptation and
vulnerability assessments and in light of pend-
ing legislation by Congress.
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Regional Integrated Science Assessments are

regarded as a successful model of effective
knowledge-to-action networks because they
have developed interdisciplinary teams of sci-
entists working as (and/or between) forecasts
producers while being actively engaged with
resource managers. The RISAs have been
proposed as a potentially important component
of a National Climate Service (NCS), wherein
the NCS engages in observations, modeling,
and research nested in global, national, and
regional scales with a user-centric orientation
(Figure 1 of Miles et al., 2006). The potential
for further development of the RISAs and other
boundary spanning organizations that facilitate
knowledge-to-action networks deserves study.
While these programs are small in size, they are
the most successful long-term efforts by the fed-
eral government to integrate climate science in
sectors and regions across the United States.

5.3.4 Better Balance Between

Physical Science and Social Science
Throughout this Product, the absence of sys-
tematic research on applications of climate
variation forecasting information has required
analysis to be based on numerous case study
materials often written for a different purpose,
upon the accumulated knowledge and wisdom
of authors, and logical inference. The dearth
of hard data in this area attests to the very
small research effort afforded the study of use-
inspired social science questions. Five years ago
a social science review panel recommended that
NOA A should readjust its research priorities by
additional investment in a wide variety of use-
inspired social science projects (Anderson et al.,
2003). What was once the Human Dimensions
of Climate Change Program within NOAA
now exists only in the Sectoral Applications
Research Program. Managers whose responsi-
bilities may be affected by climate variability
need detailed understanding of relevant social,
economic, organizational and behavioral
systems—as well as the ethical dilemmas faced
in using, or not using information; including
public trust, perceived competence, social sta-
bility and community well-being, and perceived
social equity in information access, provision,
and benefit. Much more needs to be known
about the economic and other factors that shape
demands for water, roads, and land conversion
for residential and commercial development,

Priority in
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and shape social and economic resilience in
face of climate variability.

A recent NRC Report (2007) set out five re-
search topics that have direct relevance to mak-
ing climate science information better serve
the needs of various sectors: human influences
on vulnerability to climate; communications
processes; science produced in partnership
with users; information overload; and innova-
tions at the individual and organizational level
necessary to make use of climate information.
The last research topic is the particular charge
of NOAA’s Sectoral Applications Research
Program and is of great relevance to the subject
of this Product. However, the lack of use of
theoretically-infused social science research is
a clear impediment to making investments in
physical sciences useful and used. Committed
leadership that is poised to take advantage of
opportunities is fundamental to future innova-
tion, yet not nearly enough research has been
done on the necessary conditions for recruit-
ment, promotion and rewarding leadership in
public organizations, particularly as that lead-
ership serves in networks involving multiple
agencies, both public and private, at different
organizational levels.

5.3.5 Better Understanding of the
Implications of Small-Scale, Tailored
Decision-Support Tools is Needed
While there is almost universal agreement that
specially tailored, small scale forecast tools are
needed, concern is growing that the implica-
tions of such tools for trustworthiness, quality
control, and ensuring an appropriate balance
between proprietary versus public domain con-
trols have not been sufficiently explored.

There is a growing push for smaller scale
products that are tailored to specific users but
are expensive, as well as private sector tailored
products (e.g., “Weatherbug” and many reser-
voir operations proprietary forecasts have re-
strictions on how they share data with NOA A);
this also generates issues related to trustworthi-
ness of information and quality control. What
are the implications of this push for proprietary
versus public domain controls and access?
This problem is well-documented in policy
studies of risk-based information in the fields
of food labeling, toxic pollutants, medical and

Chapter 5

pharmaceutical information, and other public
disclosure or “right-to-know” programs, but has
not been sufficiently explored in the context of
climate forecasting tool development.

Related to this issue of custom-tailoring forecast
information is the fact that future progress in
making climatic forecasts useful depends upon
advancing our understanding of the incorpora-
tion of available knowledge into decisions in
water related sectors, since there are already
many useful applications of climate variation
and change forecasts at present skill levels. Here,
the issue is tailoring information to the ¢ype of
user. Research related to specific river systems,
and/or sectors such as energy production, flood
plain and estuary planning and urban areas is
important. Customizable products rather than
generic services are the most needed by deci-
sion makers. The uptake of information is more
likely when the form of information provided
is compatible with existing practice. It makes
sense to identify decision-support experiments
where concerted efforts are made to incorpo-
rate climate information into decision making.
Such experimentation feeds into a culture of
innovation within agencies that is important to
foster at a time when historically conservative
institutions are evolving more slowly than the
pace of change in the natural and social systems,
and where, in those instances when evolution is
taking place relatively quickly—there are few
analogues that can be used as reference points
for how to accommodate these changes and en-
sure that organizations can adapt to stress—an
important role of visionary leadership (Bennis,
2003; Tichy and Bennis, 2007)

Given the diversity of challenges facing deci-
sion makers, the varied needs and aspirations
of stakeholders, and the diverse array of deci-
sion-making authorities, there is little hope of
providing comprehensive climate services or a
“one-stop-shop” information system to support
the decision-making or risk-assessment needs
of a wide audience of users. Development of
products to help nongovernmental communi-
ties and groups develop their own capacity and
conduct their own assessments is essential for
future applications of climate information.

A seasonal hydrologic forecasting and appli-
cations testbed program would facilitate the



rapid development of better decision-support
tools for water resources planning. Testbeds, as
described in Chapter 2, are intermediate activi-
ties, a hybrid mix of research and operations,
serving as a conduit between the operational,
academic and research communities. A testbed
activity may have its own resources to develop
a realistic operational environment. However,
the testbed would not have real-time operational
responsibilities and instead, would be focused
on introducing new ideas and data to the exist-
ing system and analyzing the results through
experimentation and demonstration. The old
and new system may be run in parallel and the
differences quantified (a good example of this
concept is the INFORM program tested in vari-
ous reservoir operations in California described
in Chapter 4). Other cases that demonstrate
aspects of this same parallelism are the use of
paleoclimate data in the Southwest (tree ring
data being compared to current hydrology) and
the South Florida WMD (using decade-scale
data together with current flow and precipita-
tion information). The operational system may
even be deconstructed to identify the greatest
sources of error, and these findings can serve
as the motivation to drive new research to find
solutions to operations-relevant problems. The
solutions are designed to be directly integrated
into the mock-operational system and therefore
should be much easier to directly transfer to
actual production. While NOA A has many tes-
tbeds currently in operation, including testbeds
focused on: Hydrometeorology (floods), Haz-
ardous Weather (thunderstorms and tornadoes),
Aviation Weather (turbulence and icing for
airplanes), Climate (EI Nifio, seasonal precipita-
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tion and temperature) and Hurricanes, a testbed
for seasonal stream flow forecasting does not
exist. Generally, satisfaction with testbeds has
been high, with the experience rewarding for
operational and research participants alike.

5.4 THE APPLICATION OF
LESSONS LEARNED FROM THIS
REPORT TO OTHER SECTORS

Research shows the close interrelationships
among climate change, deep sustained drought,
beetle infestations, high fuel load levels, for-
est fire activity, and the secondary impacts of
fire activity including soil erosion, decreases
in recharge, and increases in water pollution.
Serious concern about the risks faced by com-
munities in wildland-urban interface areas as
well as about the long-term viability of the
nation’s forests is warranted. It is important to
know more about climate-influenced changes
in marine environments that have significant
implications for the health of fisheries and for
saltwater ecosystems. Potential changes in the
frequency and severity of extreme events such
as tropical storms, floods, droughts, and strong
wind episodes threaten urban and rural areas
alike and need to be better understood. Rising
temperatures, especially at night, are already
driving up energy use and contributing to urban
heat island effects. They also pose alarming
potential for heat wave-related deaths such as
those experienced in Europe a few years ago.
The poor and the elderly suffer most from such
stresses. Clearly, climate conditions affect ev-
eryone’s daily life.

Some of the lessons learned and described in
this Product from the water sector are directly
transferable to other sectors. The experiments
described in Chapters 2, 3, and 4 are just as
relevant to water resource managers as they
are to farmers, energy planners or city plan-
ners. Of the overarching lessons described in
this Chapter, perhaps the most important to
all sectors is that the climate forecast delivery
system in the past, where climatologists and me-
teorologists produced forecasts and other data
in a vacuum, can be improved. This Product
reiterates in each chapter that the Loading Dock
Model of information transfer (see Chapter 2,
Box 2.4) is unworkable. Fortunately, this Prod-
uct highlights experiments where interaction

Research

shows the close
interrelationships
among climate
change, deep
sustained drought,
beetle infestations,
high fuel load levels,
forest fire activity,
and the secondary
impacts of fire
activity including soil
erosion, decreases
in recharge, and
increases in water
pollution.
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Decision support is a
process rather than a
product. Accordingly,
communication is
key to delivering

and using climate
products.
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between producers and users is successful. A
note of caution is warranted, however, against
supposing that lessons from one sector are
directly transferable to others. Contexts vary
widely in the severity of problems, the level
of forecasting skill available, and the extent to
which networks do not exist or are already built
and only need to be engaged. Rather than dif-
fusion of model practices, we suggest judicious
attention to a wide variety of insights suggested
in the case studies and continued support for
experimentation.

This Report has emphasized that decision sup-
port is a process rather than a product. Accord-
ingly, we have learned that communication is
key to delivering and using climate products.
One example where communication techniques
are being used to relay relevant climate forecast
and other relavent information can be found
in the Climate Assessment for the Southwest
(RISA) project where RISA staff are working
with the University of Arizona Cooperative
Extension to produce a newsletter that contains
official and non-official forecasts and other
information useful to a variety of decision mak-
ers in that area, particularly farmers <http://
www.climas.arizona.edu/forecasts/swoutlook.
html>.

Equity is an issue that arises in other sectors
as well. Emergency managers preparing for an
ENSO-influenced season already understand
that while some have access to information and
evacuation routes, others, notably the elderly
and those with financial difficulties, might
not have the same access. To compound this
problem, information may also not be in a lan-
guage understood by all citizens. While these
managers already realize the importance of
climate forecast information, improved climate
forecast and data delivery and/or understanding
will certainly help in assuring that the response
to a potential climate disaster is performed eq-
uitably for all of their residents (Beller-Simms,
2004).

Finally, science citizenship is and will be
increasingly important in all sectors. Science
citizenship clearly has a crucial role to play in
building bridges between science and societal
values in all resource management arenas
and increased collaboration and production
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of knowledge between scientists and decision
makers. The use of SI and climate forecasts
and observational data will continue to be in-
creasingly important in assuring that resource-
management decisions bridge the gap between
climate science, and the implementation of
scientific understanding in our management of
critical resources.
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(Adapted from the National Weather Service Instruction 10-103, June, 2007, available at:
<http://www.weather.gov/directives/sym/pd0 1001 003curr.pdf>).

Because of the operational nature of the National
Weather Service’s mission, transition of research
into operations is of particular importance. Transi-
tion of all major NOA A research into operations is
monitored by the NOA A Transition Board. Within
the National Weather Service (NWS), two struc-
tured processes are followed to transition research
into operations, in coordination with the NOAA
Transition Board. The Operations and Service
Improvement Process (OSIP) is used to guide all
projects, including non-hydrology projects, through
field deployment within the Advanced Weather In-
teractive System (AWIPS). A similar process called
Hydrologic Operations and Service Improvement
Process (HOSIP), with nearly identical stages and
processes as OSIP, is used exclusively for the hy-
drology projects. For those hydrology projects that
will be part of AWIPS, HOSIP manages the first
two stages of hydrologic projects, and, upon ap-
proval, they are moved to OSIP. The OSIP process
is described below.

Table A.l
Service Improvement Process, OSIP.

The Operations and Service Improvement Process con-
sists of five stages (Table A.l). In order for a project to
advance from one stage to the next, it must pass a review
process (a “gate”) which determines that the requirements
for each gate are met and that the typical gate questions
are satisfactorily answered.

Each gate requires that the project be properly docu-

mented up to that point. The first stage, Collection and

Validation of Need or Opportunity, allows people who

have a need, an idea, or an opportunity (including people

external to the NWS) to hold discussions with an OSIP

Submitting Authority to explore the merits of that idea,

and to have that idea evaluated. For this evaluation, the

working team prepares two documents:

1. A Statement of Need or Opportunity Form, which
describes the Need or Opportunity for consideration,
and

2. The OSIP Project Plan, which identifies what is to
be done next and what resources will be needed. For

National Weather Service Transition of Research to Operations: Operational and

Major Activity

Typical Decision Point (Gate) Questions

| Collection and Validation of Need or Is this valid for the Weather Service? What is to be
Opportunity done next and who will do it?
Are the concept and high level requirements ad-
2 Concept Exploration and Definition equately defined or is research needed? What is to be
done next and who will do it?
. . What solutions are feasible, which is best? What is to
3 Applied Research and Analysis be done next and who will do it?
Does developed solution meet requirements? Is there
4 Operational Development funding for deployment and subsequent activities?
What is to be done next and who will do it?
5 Braallor Hlitan, A Aczass i::r\:tes);—How well did the solution meet the require-
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Hydrology projects, the Statement of Need requires the
endorsement of a field office.

The Concept Exploration and Definition stage requires the

preparation of the following documents:

1. The Exploratory Research Results Document which,
as required for research projects, documents the results
from exploratory research to determine effectiveness,
use, or concept for associated need or opportunity, and
documents the availability of already-developed solu-
tions that will meet the Statement of Need;

2. The Concept of Operations and Operational Require-
ments Document, which describes how the system
operates from the perspective of the user in terms that
define the system capabilities required to satisfy the
need; and

3. Anupdated OSIP Project Plan.

During the Applied Research and Analysis stage, the team
conducts applied research, development, and analysis; identi-
fies possible solutions; defines and documents the technical
requirements; prepares a Business Case Analysis (BCA) to
present a detailed comparison of the potential alternative so-
lutions, with the recommendation of the working team as to
which alternative is preferred. The BCA is a critical element
in demonstrating to NWS, NOA A, and Department of Com-
merce management that a program is a prudent investment
and will support and enhance the ability of the NWS to meet
current and planned demand for its products and services.

This stage requires the preparation of four documents:

1. The Applied Research Evaluation, which documents
how the research was carried out, how the processes
were validated, and the algorithm description for op-
erational implementation;

2. The Technical Requirements document, which states
what the operational system must explicitly address;

3. The Business case, which collects the business case
analysis that describes how the system will be used;
and

4.  Anupdated OSIP Project Plan.
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During the Operational Development stage, the team per-
forms the operational development activities summarized
in the approved Project Plan as described in the Operational
Development Plan. The purpose of this stage is to fully
implement the previously selected solution, to verify that the
solution meets the operational and technical requirements,
to conduct preparations to deploy the solution to operations,
and to carry out the actions stated in the Training Plan. Dur-
ing this stage, the team prepares:

1. The Deployment Decision Document, which summa-
rizes the results of the development and verification
activities and presents the results of preparations for
deployment, support, and training;

2. The Deployment, Maintenance and Assessment Plan,
which is the plan for the final OSIP stage; and

3. An updated OSIP Project Plan and other documenta-
tion as needed.

During the final stage, Deploy, Maintain and Assess, the
team performs the deployment activities summarized in
the approved Project Plan as described in the Deployment,
Assessment, and Lifecycle Support Plan. The primary
purpose of this stage is to fully deploy the developed and
verified solution.
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(Adapted from Mary Mulluski’s Hydrologic Services Division [HSD] Requirements Process: How to Solicit,
Collect, Refine, and Integrate Formal Ideas into Funded Projects, NWS internal presentation, 2008.)

There are three sources of requirements toward the ¢  Biennial National Hydrologic Program Manager’s

development of improved hydrologic forecasts at Conference (HPM)
the National Weather Service: internal and external <«  Training classes, workshops, and customer satisfac-
forecast improvements, and Web page information tion surveys

improvement. All improvements are coordinated by
the National Weather Service Hydrologic Services A flow diagram of the internal hydrologic forecast pro-
Division (HSD). cess is shown in Figure B.1.

The internal hydrologic forecast improvement re- The external requirements for hydrologic forecast im-
quirements at the National Weather Service are a  provements are the results of:

result of one of more of these sources: *  Congressional mandates

*  HSD routine support *  Office of Inspector General (OIG) requirements

*  Proposed research and research-to-operations ¢  National Research Council (NRC) recommenda-
projects by annual planning teams, with the tions

participation of HSD, the Office of Hydrologic + NOAA Coordination
Development (OHD), River Forecast Center <«  Biennial customer satisfaction surveys
and Weather Forecast Offices
employees

* Teams chartered to address

Intemnal Requirements

g, HE) Suppir, piiely plivvang b, ch Foigicreh i gl ) v Wi
Specific tOpiCS [suroe citen el ofice). mmﬁmmmmmmmmmmm
bisneial FiAoral HPW conference, irsnin clsses, morkshops, cusiomer sadstaction arery
e The result of service assess-

gions of improved forecast re-

ments
* Solicitation by the National
Weather Service (NWS) Re-
¥

quirements to services leaders Tre——

e Semi-annual Hydrologists-in- A 5‘,‘,':',;';' Eﬁ'::l::ﬂ:: "
charge (HIC), Advanced Hydro- . oy
logic Prediction Service (AHPS) m — -
Review Committee (ARC), iﬂﬂl ..T;LL’;"E.’& h e R far
and HSD Chiefs coordination Subaat i smal
meetings

*  Monthly hydro program leader |§‘?E‘r'>"p'£'c::." e b Formal des databant. ik 1 Coss

Goal aber Cong Goal ader

calls

*  Monthly ARC calls Figure B.l Hydrologic forecast improvement: internal requirements process.
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Annual meetings, quarterly
meetings on the subcommittee
on hydrology, quarterly meet-
ings of the Satellite Telemetry
Information Working Group
of the Advisory Committee on
Water Information (ACWI)
NOAA/USGS quarterly meet-
ings (consistently for over 30
years)

Local, regional and national
outreach such as the Nation-
al Safety Council, National
Association of Flood Plain
Managers, (NASFPM), Na-
tional Hydrologic Warning
Council (NHWC) and associ-
ated ALERT (Automated Local
Evaluation in Real Time) user
group conferences, Internation-
al Association of Emergency
Managers, (IAEM), Ameri-
can Geophysical Union (AGU),
American Meteorological Soci-
ety (AMS)

Local and regional user fo-
rums (e.g., briefing to the Dela-
ware River Basin Commission
(DRBC), and Susquehanna River
Basin Commission (SRBC))
Federal Emergency Manage-
ment Agency (FEMA) National
Flood conference and coordina-
tion meetings with FEMA and
regional headquarters
Hurricane conferences, annual
NWS partners meeting, NOAA
constituent meetings

A flow diagram of the external hy-
drologic forecast process is shown
in Figure B.2.

A fundamental part of the overall ser-
vice of issuing hydrologic forecasts is
the communication of those forecasts
to the users, and the Web is an impor-
tant part of that communication process. The requirement
process for Web page improvements would arise from:
Requests arising from user feedback on the web
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External Requirements Process
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Figure B.3 Web-page improvement process.

Direct contact with national partners/customers
Local NWS offices and NWS regions input

Customer satisfaction survey

*  Corporate Board Mandate

e Chief Information Office Mandate

Figure B.3 shows the flow diagram for the web-page im-

provement requirement process.
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adaptive capacity

an ability of people to mitigate or reduce the
potential for harm, or their vulnerability to various
hazards that can cause them harm, by taking action
to reduce exposure or sensitivity, both before and
after the hazardous event

adaptive management

approach to water resource management that
emphasizes stakeholder participation in decisions;
commitment to environmentally sound, socially
just outcomes; reliance upon drainage basins as
planning units; program management via spatial and
managerial flexibility, collaboration, participation,
and sound, peer-reviewed science; and embracing
ecological, economic, and equity considerations

boundary object

a prototype, model or other artifact through which
collaboration can occur across different kinds of
boundaries

boundary organizations

entities that perform translation and mediation
functions between producers (i.e., scientists) and
users (i.e., policy makers) of information which
include: convening forums to discuss information
needs, providing training, assessing problems
in communication, and tailoring information for
specific applications; individuals within these
organizations who lead these activities are often
termed “integrators”

boundary spanning

the effort to translate tools to a variety of audiences
—it is usually an organization or group of people
that translates scientific or difficult language to
audiences so that they can use it in the future (for
planning, etc.)

conjunctive use

the conjoint use of surface and groundwater supplies
within a region to supply various uses and permit
comprehensive management of both sources; this
requires co-management of a stream or system
of streams and an aquifer system to meet several
objectives such as conserving water supplies,
preventing saltwater intrusion into aquifers, and
preventing contamination resulting from one supply
source polluting another

Interannual Forecasts and Observational Data: A Focus on Water Resources

decision maker

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

decision-support experiments

practical exercises where scientists and decision makers
explicitly set out to use decision—support tools—such
as climate forecasts, hydrological forecasts, efc.—to aid
in making decisions in order to address the impacts
of climate variability and change upon various water
issues

deterministic forecast
a single-valued prediction for a weather phenomenon

disaggregation

similar to downscaling, but in the temporal dimension;
e.g., seasonal climate forecasts may need to be translated
into daily or subdaily temperature and precipitation inputs
for a given application

downscaling

the process of bridging the spatial scale gap between the
climate forecast resolution and the application’s climate
input resolution, if they are not the same; if the climate
forecasts are from climate models, for instance, they are
likely to be at a grid resolution of several hundred km,
whereas the application may require climate information
at a point (e.g., station location)

dynamical forecasts
physics-based forecasts that are developed from
conservation equations

ensemble streamflow prediction (ESP)

a method for prediction that uses an ensemble of
historical meteorological sequences as model inputs (e.g.,
temperature and precipitation) to simulate hydrology in
the future (or forecast) period

hindcasts

the simulated forecasts for periods in the past using
present day tools and monitoring systems; hindcasts are
often used to evaluate the potential skill of present day
forecast systems
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integrated water resource planning

efforts to manage water by balancing supply and demand
considerations through identifying feasible alternatives
that meet the test of least cost without sacrificing other
policy goals—such as depleted aquifer recharge, seasonal
groundwater recharge, conservation, growth management
strategies, and wastewater reuse

knowledge-to-action networks

the interaction among scientists and decision makers that
results in decision-support system development; it begins
with basic research, continues through development
of information products, and concludes with end use
application of information products; what makes this process
a “system” is that scientists and users discuss what is needed
as well as what can be provided; learn from one another’s
perspectives; and try to understand one another’s roles and
professional constraints

Loading Dock model

issuing forecasts with little notion of whether they will be
used by other organizations—they are organizations that
provide information to the public—but provide what they
think are relevant for decision making without consulting
the user to see if the information is useful

objective hybrid forecasts

forecast that uses some combination of objective forecast
tools (typically, a combination of dynamical and statistical
approaches)

physical vulnerability

the hazard posed to, for example, water resources and water
resource systems by exposure to harmful natural or harmful
technological events such as pollution, flooding, sea-level
rise, or temperature change

predictand
a target variable used in statistics-based methods of
forecasting

probabilistic forecast

a forecast that summarizes the results in terms of statistics of
the forecast ensemble and presents the probabilistic forecast
in terms of selected statistics, like probabilities of being more
or less than normal

sensitivity

the degree to which people and the things they value can be
harmed by exposure to a 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 state-of-
the-art infrastructure
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social vulnerability

the social factors (e.g., level of income, knowledge,
institutional capacity, disaster experience) that affect a
system’s sensitivity to exposure to a hazardous event, and
that also influences its capacity to respond and adapt to
exposure

statistical forecasts
objective forecasts based on empirically determined
relationships between observed predictors and predictands

subjective consensus forecasts

forecasts in which expert judgment is subjectively
applied to modify or combine outputs from other forecast
approaches

water year or hydrologic year

October 1st through September 30th; this reflects the
natural cycle in many hydrologic parameters such as the
seasonal cycle of evaporative demand, and of the snow
accumulation, melt, and runoff periods in many parts of
the United States
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ACRONYMS AND ABBREVIATIONS

ACCAP

ACF

AHPS
AMO
CALFED
CDWR

CEFA

CFS
CLIMAS

Cvp
DO
DOE
DOI
DRBC
DSS
ENSO
ESA
ESP
FEMA

FERC
GCM
ICLEI

ICPRB

INFORM

Jc
IPCC

IWRP
KAF
NCEP

GFS
MDBA
MLR
MOS
NCRFC

Alaska Center for Climate Assessment
and Policy
Apalachicola—Chattahoochee—

Flint river basin compact

Advanced Hydrologic Prediction System
Atlantic Multidecadal Oscillation
California Bay—Delta Program
California Department of Water
Resources

Center for Ecological and Fire
Applications

Climate Forecast System (see NCEP)
Climate Assessment for the Southwest
Project

Central Valley (California) Project
dissolved oxygen

U.S. Department of Energy

U.S. Department of the Interior
Delaware River Basin Commission
decision support system

El Nifio—Southern Oscillation
Endangered Species Act

Ensemble Streamflow Prediction
Federal Emergency Management
Agency

Federal Energy Regulatory Commission
General Circulation Model
International Council of Local
Environmental Initiatives

Interstate Commission on the Potomac
River Basin

Integrated Forecast and Reservoir
Management project

International Joint Commission
United Nations Intergovernmental
Panel on Climate Change

integrated water resource planning
thousand acre feet

National Center for Environmental
Predictions

Global Forecast System (see NCEP)
Murray—Darling Basin Agreement
Multiple Linear Regression

Model Output Statistics

North Central River Forecast Center

NGOs
NIFC

NRC
NSAW

NWS
NYCDEP

OASIS

ORNL
PDO
PET
RGWM
RISAs

SARP

SECC
SFWMD

SI
SPU
SRBC

SST
SWE
SwWP
TOGA
TRACS

TVA
USACE
USGS
WMA
WRC
WSE

non-governmental organizations
National Interagency Fire Center,
Boise, Idaho

National Research Council
National Seasonal Assessment
Workshop

National Weather Service

New York City Department of
Environmental Protection

A systems model used for
reconstructing daily river flows
Oak Ridge National Laboratory
Pacific Decadal Oscillation
potential evapotranspiration
Regional Groundwater Model
Regional Integrated Science
Assessment teams

Sectoral Applications Research
Program

Southeast Climate Consortium
South Florida Water
Management District

Seasonal to Interannual

Seattle Public Utilities
Susquehanna River Basin
Commission

sea surface temperature

snow water equivalent

State Water Project (California)
Tropical Ocean—Global Atmosphere
Transition of Research Applications
to Climate Services program
Tennessee Valley Authority

U.S. Army Corps of Engineers
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