CCSP 5.3 March 7 2008

U.S. Climate Change Science Program

Synthesis and Assessment Product 5.3

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

Lead Agency:
National Oceanic and Atmospheric Administration

Contributing Agencies:

Environmental Protection Agency

National Aeronautics and Space Administration
National Science Foundation

U.S. Geological Survey

Note to Reviewers: This report has not yet undergone rigorous copy editing
and will do so prior to layout for publication

CCSP 5.3 Page 1 of 426 Public Review Draft



CCSP 5.3 March 7 2008

Table of Contents

PREFACE.. . ceeed
P.1 REPORT MOTIVATION AND GUIDANCE FOR USING THIS
SYNTHESIS AND ASSESSMENT REPORT..........cooviiiiinnnn, RS
P.2 BACKGROUND.. . T
P.3 FOCUS OF THIS SYNTHESIS AND ASSESSI\/IENT PRODUCT .8

0

P.4 THE SYNTHESIS AND ASSESSMENT WRITING TEAM......... 1

P.5 HOW THIS SYNTHESIS AND ASSESSMENT PRODUCT IS

ORGANIZED AND WHY ..ol 11
EXECUTIVE SUMMARY ... e e e e 15

ES.1 WHAT IS DECISION SUPPORT AND WHY IS IT

NECESSARY 7 ... 15

ES.2 CLIMATE AND HYDROLOGIC FORECASTS: THE BASIS

FOR MAKING INFORMED DECISIONS.........ccooiii 19

ES.3 DECISION-SUPPORT EXPERIMENTS IN THE WATER

RESOURCE SECTOR.. . 22

ES.4 MAKING DECISION SUPPORT INFORMATION USEFUL
USEABLE, AND RESPONSIVE TO DECISION-MAKER NEEDS......24
ES.5 LOOKING TOWARD THE FUTURE; RESEARCH

PRIORITIES.. Y4
ES.5.1 Key Themes .................................................................. 26
ES.5.2 Research PrioritieS.........oovuuuiiiiiiiiiiiii i e e 28
CHAPTER 1. THE CHANGING CONTEXT ... ottt e, 29
1.1 INTRODUCTION.. . 29
1.2 INCREASING STRESS AND COMPLEXITY IN WATER
RESOURCES. .. ...ttt et e e e e e e e e e e e aea 31
1.2.1 The Evolving Context: The Importance of Issue Frames........ 36
1.2.2 Climate Forecasting Innovations and Opportunities in Water
RESOUICES. .. ..t e et e 40
1.2.3 Organizational Dynamics and Innovation............................ 44
1.2.4 Decision Support, Knowledge Networks, Boundary
Organizations, and Boundary Objects.............cccooeviviiiiiiii e, 48
1.3 OUTLINE OF THE REPORT AND WHERE PROSPECTUS
QUESTIONS ARE ADDRESSED.........ccooviiiiiiiiiiiiieviiiene e e 00
CHAPTER 1 REFERENCES.........cooii i i e v eeinee e 22, D3

CHAPTER 2. ADESCRIPTION AND EVALUATION OF HYDROLOGIC
AND CLIMATE FORECAST AND DATA PRODUCTS THAT SUPPORT

DECISION-MAKING FOR WATER RESOURCE MANAGERS.................. 59
KEY FINDINGS. ... ..o 22000
2.1 INTRODUCTION. ... e e 00002

CCSP 5.3 Page 2 of 426 Public Review Draft



CCSP 5.3 March 7 2008

2.2 HYDROLOGIC AND WATER RESOURCES: MONITORING

AND PREDICTION.. : PPN o1 o
221 Predlctlon Approaches ..................................................... 67
2.2.2 Forecast Producers and Products.............cccoooeviiiinieninn e 70
2.2.3 Skill in SI Hydrologic and Water Resource Forecasts... ....85
2.3 CLIMATE DATA AND FORECAST PRODUCTS............... ...100
2.3.1 A Sampling of SI Climate Forecast Products of Interest to
Water Resource Managers.......ooveveieeiee i cvieen 100
2.3.2 Sources of Climate-Forecast Skill.........................o. il 108
2.4 IMPROVING WATER RESOURCES FORECAST SKILL AND
PRODUCTS.. e 2111
24.1 Improvmg SI Cllmate Forecast Use for Hydrologlc
PrediCtion.... ..o e e 112
2.4.2 Improving Initial Hydrologic Conditions for Hydrologic and
Water Resource FOrecasts...........covvviiviiiiiiiiii e 117
2.4.3 Calibration of Hydrologic Model Forecasts.................. ... 123

2.5 THE EVOLUTION OF PROTOTYPES TO PRODUCTS AND
THE ROLE OF EVALUATION IN PRODUCT DEVELOPMENT....126

2.5.1 Transitioning Prototypes to Products................ccoovvvveeennn. 127
2.5.2 Evaluation of Forecast Utility...............ccccoeeiiiiiiienn. oo 135
CHAPTER 2 REFERENCES.......cccoi i e e 140
CHAPTER 3. DECISION-SUPPORT EXPERIMENTS WITHIN THE
WATER RESOURCE MANAGEMENT SECTOR.......cciiiviiiiie e, 155
KEY FINDINGS.. PPN Lo 1)
31INTRODUCTION . cveereneen 157

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? ...t 159
3.2.1 Range and Attributes of Water Resource Decisions...... ... 160
3.2.2 Decision-support Needs of Water Managers for Climate
INFOrMAtioN. ... 173
3.2.3 How Does Climate Variability Affect Water
MaNAGEMENT?.....iiie i 176
3.2.4 Institutional Factors that Inhibit Information Use in
DeCisioN-SUPPOrt SYStEMS.......vveeiii e cee et e e, 198
3.2.5 Reliability and Trustworthiness as Problems in
Collaboration.............coeiiiii i 204

3.3 WHAT ARE THE CHALLENGES IN FOSTERING
COLLABORATION BETWEEN SCIENTISTS AND DECISION-
MAKERS?. ... 215
3.3.1 General Problems in Fostering Collaboration................ 215
3.3.2 Scientists Need to Communicate Better and
Decision-Makers Need a Better Understanding of
Uncertainty — It Is Embedded In Science.............c.cccoee v, 228

CCSP 5.3 Page 3 of 426 Public Review Draft



CCSP 5.3 March 7 2008

A SUMMARY ... 233
CHAPTER 3REFERENCES.........oi e 236

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

NEE DS . .. 260
KEY FINDINGS. ... 0. 201
4.1 INTRODUCTION............ .. 262

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

USER-ENGAGEMENT AND ACCESSIBILITY..........ceevt.et...... 264
4.2.1 Decision-Support Experiments on Seasonal to
Interannual Climate Variability................ccooiii i, 265
4.2.2 Organizational and Institutional Dimensions of
Decision-Support EXPeriments...........oovvveiiiiiineineennnn. .285

4.3 APPROACHES TO BUILDING USER KNOWLEDGE AND

ENHANCING CAPACITY BUILDING.........cciiiiiiiieaen, ...290
4.3.1 Boundary-Spanning Organizations as Intermediaries
Between Scientists and Decision Makers.............ccccooee oo, 290

4.3.2 Regional Integrated Science and Assessment Teams
(RISASs) — An Opportunity for Boundary Spanning, and a

Challenge... ..o e ..296
4.3.3 Developing Knowledge-Action Systems — a Climate
for Inclusive Management...............ccovvvveiiiiiinveeiee e 299
4.3.4 The Value of User-Driven Decision Support.................. 303
4.3.5 Pro-Active Leadership — Championing Change.............. 306
4.3.6 Funding and Long-Term Capacity Investments Must Be
Stable and Predictable...............ccoooiiiii 311
4.3.7 Adaptive Management for Water Resources Planning —
Implications for Decision SUPPOIt..........ccoovvviiniiiiniienene, 313
4.3.8 Integrated Water Resources Planning — Local Water
Supply and Adaptive Management.............coooevvvveeiineeeinnenn. 316
4.3.9 Measurable Indicators of Progress to Promote
Information Access and USE............ooovvvviiiiiieiiiiieciieeeen 323
4.3.10 MONItoring Progress. .. ......vveveiieeieeiieiiieee e 325
4.4 SUMMARY FINDINGS AND CONCLUSIONS..........c.cevve. 333
4.5 FUTURE RESEARCH NEEDS AND PRIORITIES............... 337
4.5.1 Understanding Decision-Makers’ Perceptions of Climate
Vulnerability...........coooiii i ...339
4.5.2 Possible Research Methodologies............cccooovvviiien oenn 340
4.5.3 Public Pressures, Social Movements and Innovation......341
CHAPTER 4 REFERENCES..........coiiiiii i, ....346
CHAPTER 5. LOOKING TOWARD THE FUTURE............cocvcv i, 364
51 INTRODUCTION. ...ttt i e e e e en 2. 30D
5.2 OVERARCHING THEMES AND FINDINGS.............c.ceaul, 366

CCSP 5.3 Page 4 of 426 Public Review Draft



CCSP 5.3 March 7 2008

5.2.1 The “Loading Dock Model” of Information Transfer is

UNWOIrKabIe. ...t 366
5.2.2 Decision Support is a Process Rather Than a Product......367
5.2.3 Equity May Not Be Served.............ccoovvviiiiiiiiiiee e, 369
5.2.4 Science Citizenship Plays an Important Role in Developing
Appropriate SOIULIONS..........cciiii e e 374
5.2.5 Trends and Reforms in Water Resources Provide New
PISPECHIVES. ... vt ettt e e et e e e 377
5.2.6 Useful Evaluation of Applications of Climate Variation
Forecasts Requires Innovative Approaches...............cccccceeeennes 380
5.3 RESEARCHPRIORITIES.....oi i 382
5.3.1 A Better Understanding of Vulnerability is Essential ........ 383
5.3.2 Improving Hydrologic and Climate Forecasts.................. 384
5.3.3Better Integration of Climate Information Into Decision
MAKING. ... 386
5.3.4 Better Balance Between Physical Science and Social
SCIBNCR. . et ittt et e e e e 389
5.3.5 Better Understanding of the Implications of Small-Scale,
Tailored Decision Support Tools Is Needed...................co.ee ... 391
5.3.6 Understand Impacts of Climate Variability and Change
ON Other RESOUICES. .. .. ivitiee et ee et 394

5.4 THE APPLICATION OF LESSONS LEARNED FROM THIS
PRODUCT TOOTHER SECTORS..........coiiiiiiiiiie 0. 395
CHAPTERSREFERENCES..........oi 399

APPENDIX A. TRANSITIONING NWS HYDROLOGIC RESEARCH INTO
OPERATIONS ... e e e e e e e e 408

APPENDIX B. HOW THE NATIONAL WEATHER SERVICE
PRIORITIZES THE DEVELOPMENT OF IMPROVED HYDROLOGIC

GLOSSARY AND ACRONYMS.....cciiiiii 0 419

ACRONYMS ... 424

CCSP 5.3 Page 5 of 426 Public Review Draft



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

CCSP 5.3 March 7, 2008

Preface

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.1 REPORT MOTIVATION AND GUIDANCE FOR USING THIS SYNTHESIS
AND ASSESSMENT REPORT

The core mission of the U.S. Climate Change Science Program (CCSP) is to “Facilitate
the creation and application of knowledge of the Earth’s global environment through
research, observations, decision support, and communication.” Toward accomplishing
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:
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1) Improve knowledge of the Earth's past and present climate and environment,
including its natural variability, 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 different 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 (CCSP 5.3) is one of three products to be

developed for the final goal.

This product directly addresses decision support experiments and evaluations that have
used seasonal 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 managers as
they plan for future investments in research related to forecasts and their role in decision

support.
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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 support: as one of its four core approaches to achieving its mission®.
The plan endorses the transfer of knowledge gained from science in a format that is
usable and understandable and which indicates levels of uncertainty and confidence.
CCSP expects that the resulting tools will promote the development 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 making on climate variability and change. Most of the
Synthesis and Assessment Products’ Prospectuses have outlined efforts to involve
decision makers including a broad group of stakeholders, policymakers, resource
managers, media, and the general public as either writers or have encouraged their
participation through special workshops/meetings. Inclusion of decision makers in the
Synthesis and Assessment reports 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 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”.

! The four core approaches of CCSP include science, observations, decision support, and communications.
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Finally, 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 discussions about decision-maker needs for scientific information on climate
variability and change, as well as future steps, including the completion of this product,
for research and assessment activities that are necessary for sound resource management,
adaptive planning, and policy formulation. The conference was well received as over 260
abstracts were submitted and approximately 700 individuals from the U.S. and abroad
attended. The audience included representatives from academia; governments at the state,
local and national levels; non-governmental organizations (NGO); decision makers,

including resource managers and policy developers; 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 Administration (NOAA) took
responsibility for this product. An interagency group comprised of representatives from
NOAA, National Aeronautic and Space Administration, Environmental Protection
Agency, U.S. Geological Survey and National Science Foundation wrote the Prospectus?
for this product and recommended that this synthesis and assessment 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,

% The Prospectus is posted on the Climate Change Science Program website at:
http://www.climatescience.gov.

Do Not Cite or Quote Page 8 of 426 Public Review Draft


http://www.climatescience.gov/

248

249

250

251

252

253

254
255

CCSP 5.3

March 7, 2008

transferable, and essential to other climate-sensitive resource management sectors. Water

resource management was chosen, 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 report authors

should address in this report. Table P.1 lists these questions and provides the location

within the Synthesis and Assessment Report where the authors addressed them.

Table P.1 Questions To Be Addressed in Synthesis and Assessment Product 5.3

Prospectus Question Report Location
where Question is
Addressed

What seasonal to interannual (e.g., probabilistic) forecast 2.1

information do decisionmakers need to manage water resources?

What are the seasonal to interannual forecast/data products 2.2

currently available and how does a product evolve from a scientific

prototype to an operational product?

What is the level of confidence of the product within the science 2.2

community and within the decision making community, who

establishes these confidence levels and how are they determined?

How do forecasters convey information on climate variability and 2.3

how is the relative skill and level of confidence of the results

communicated to resource managers?

What is the role of probabilistic forecast information in the context | 2.3

of 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 2.5

be 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 3.2

could play?

How does climate variability influence water resource 3.2

management?

What are the obstacles and challenges decision makers face in 3.2

translating climate

forecasts and hydrology information into integrated resource

management?

What are the barriers that exist in convincing decision makers to 3.2

consider using risk-based hydrology information (including climate

forecasts)?

What challenges do tool developers have in finding out the needs of | 3.3

decision makers?

How much involvement do practitioners have in product 4.1

development?

What are the measurable indicators of progress in terms of access to | 4.3

information and its effective uses?

Do Not Cite or Quote Page 9 of 426
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Identify critical components, mechanisms, and pathways that have | 4.4
led to successful utilization of climate information by water
managers.

Discuss options for (a) improving the use of existing forecasts/data | 4.4 and 5
products and (b) identify other user needs and challenges in order to
prioritize research for improving forecasts and products.

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

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 social 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
demonstrated 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.

The author team for this Product was constituted as a Federal Advisory Committee in
accordance with the Federal Advisory 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

Do Not Cite or Quote Page 10 of 426 Public Review Draft



276

277

278

279

280

281

282

283

284

285

286

CCSP 5.3 March 7, 2008

the beginning of each Chapter, is provided on page 3 of this report. The Editorial Staff
reviewed the scientific and technical input and managed the assembly, formatting and

preparation of the Report.

P.5 HOW THIS SYNTHESIS AND ASSESSMENT PRODUCT IS ORGANIZED
AND WHY

In discussions of how water resource management decisions are made within a climate
context the author team identified several major influences. Figure P.1 portrays the
different contexts that the authors of this product identified in which climate variation

and change information is considered.
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Multiple and Interacting Contexts for Interpretation
and Use of Seasonal to Interannual Forecasts
and Observational Data

Broad Agenda

of Public Issues Knowledge Netwarks

Public Perceptions

of Events
Media Portrayal Non Governmental
of Issues Organizations

Cultural Images Researchers and

and Values Experts
Public Perceptions Stakeholders
of Risks
Informal Interaction Subnational
Government
Water Agencies
, Boundary Organizations
Climate Forecast (RISAs, Regional Agencies)

Agencies

Figure P.1 Contexts for interpretation and use of seasonal forecasts and observational data. The layers of
the circle are described in the text below. Several organizations and approaches span multiple contexts,
indicated by the arrows.

The innermost circle contains federal climate and water related agencies, which provide
the initial climate forecasts and climate and water resource operational data. As described
in Chapter 2, climate forecasts are generally produced by national centers at larger scales
in terms of space and time and are meant to serve a broad-range of uses. On the other
hand, hydrologic forecasts are generally produced by regional and local agencies and

tend to focus on water supplies.
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The intermediate circle represents the context in which the forecasts and data are received
and interpreted. The same forecast in two different locations would be interpreted
according to the conditions and prevailing values of those locations. Factors such as the
public’s perceptions of risk, cultural images and values, and even the media portrayal of
the event all influence the policy and decision makers’ actions in response to these
forecasts and data. Chapters 3, 4 and 5 discuss the conditions necessary for uptake of new
information, and the knowledge-to-action networks that exist to provide information
dissemination to individuals and interest groups, equity implications of receiving and
using this information, and nature of science citizenship in participation of science-based

decision making.

The outer circle encompasses the attentive public and the interested actors for whom
climate information is of regular concern. Within the interested public are stakeholder
groups and entities concerned with climate in state and regional governmental entities.
Informal interaction and cooperation, as well as more formalized boundary organizations
are depicted as arrows going both inward and outward. This level of intermediate context
is described in Chapters 3 and 4. Decision support experiments within the water resource
management sector are also described in Chapters 3 and 4, as well as the barriers and
opportunities for better integrating these experiments into decision making. Chapter 5
discusses the lessons learned within decision support experiments and research areas that

are critical for progress.
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Finally, some terms used in this Report may be unfamiliar to those not trained in the

physical or social sciences; a glossary and list of acronyms is included at the end of this

Report.
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Executive Summary

Convening Lead Author: Helen Ingram, Univ. of Arizona

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

Denise Fort, Univ. of New Mexico

Contributing Author: Nancy Beller-Simms, NOAA

Editor: Anne M. Waple, STG, Inc.

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 report focuses on the connection between the scientific ability to predict
climate (on seasonal scales) and the opportunity to incorporate 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 understanding in our management of critical resources —
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arguably the most important of which, is water. It is important to note, however, that
while the focus of this report was on the water resources management sector, the findings
within this Synthesis and Assessment Product may be directly transferred to other

sectors.

The ability to predict many aspects of climate and hydrologic variability on seasonal to
interannual time scales is a significant success in earth systems science. Connecting the
improved understanding of this variability to water resources 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 decision making introduces
complications that call upon the skills not only of 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
development 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 very

encouraging.
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Linkages between climate and hydrologic scientists are getting stronger as they now more
frequently collaborate to create forecast products. A number of complex factors influence
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. There is currently 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 makers. With experience
it became clear that climate scientists very 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 process 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
important effects. Currently there is a disconnect between agency-led operational

forecasts and experimental hydrologic forecasts being carried out in universities.
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However, as shown by the experiments highlighted in this Product, it is possible to
develop decision-support tools, processes and institutions that are relevant to different
geographical scales and are sufficiently flexible to serve a diversity of users. Such tools
and processes can reveal commonalities of interests and shared vulnerabilities that are
otherwise obscure. Well designed tools, institutions and processes can clarify necessary
trade-offs of short term and long term gains and losses to potentially competing values

associated with water allocation and management.

Evidence suggests that many of the most successful 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 information is finding its way to users, it is important to recognize that straight-
forward, 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 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 new innovations.

The building of knowledge networks is a valuable way to provide decision support and
pursue strategies to put knowledge to use. Knowledge networks require widespread
sustained human efforts that persist through time. Collaboration and adaptive
management efforts among resource managers and forecast producers with different

missions show that mutual learning informed by climate information can occur between
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scientists with different disciplinary backgrounds and between scientists and managers.
The benefits of such linkages and relationships are much greater than the costs incurred
to create and maintain them, however, the incentives for these associations are often
neglected or discouraged. It is commonly the case that collaborations across
organizational, professional, disciplinary and other boundaries are not given high priority;
incentives and reward structures need to change to take advantage of this opportunity. 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, generally 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 hydrologic data and forecast products currently
available for use by decision-makers in the water resources sector. However, the use of
official seasonal to interannual (S1) climate and hydrologic forecasts generated by federal
agencies remains limited in this sector. Forecast skill, while recognized as just one of the
barriers to the use of seasonal to interannual 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
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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:

e 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;

e Increased accuracy in Sl climate forecasts; and,

e Improved bias corrections in existing forecast.

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.
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Other barriers to the use of Sl climate forecasts in water resources management have
been identified and those that relate to institutional issues and aspects of current forecast

products are discussed in chapters 3 and 4 of this report.

Pathways for expanding the use and improving 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 US. These efforts include:

e 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;

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

e 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,

e 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
producing the official climate and hydrologic forecast and data products for the US, 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
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research funding agencies through programs like the National Oceanic and Atmospheric
Administration’s RISA, SARP, TRACS and CPPA and the World Climate Research
Programme’s 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 sustaining and expanding federal support for programs focused on improving the
skill in forecasts, increasing the access to data and forecast products, 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 constraints that limit tool
use are:

e The range and complexity of water resources decisions. This is compounded by
the numerous organizations responsible for making these decisions, and the
shared responsibility for implementing them.

e Inflexible policies and organizational rules that inhibit innovation. Government
agencies historically have been reluctant to change practices; in part because of

value differences, risk aversion, fragmentation and sharing of authority. This
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conservatism impacts how decisions are made as well as whether to use newer,
scientifically generated information, including Sl forecasts and observational data.

e 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.

e Lack of appreciation of the magnitude of potential vulnerability to climate
impacts. Communication of the risks differs among scientific, political, and mass
media elites — each systematically selecting aspects of these issues that are most
salient to their conception of risk, and thus, socially constructing and

communicating its aspects most salient to a particular perspective.

Decision-support systems are not often well integrated into planning and management
activities, making it difficult to realize the full benefits of these tools. Because use of
many climate products requires special training or access to data that are not easily
available, decision-support products may not equitably reach all audiences. Moreover,
over-specialization and narrow disciplinary perspectives make it difficult for information
providers, decision-makers, and the public to communicate with one another. Three

lessons stem from this:
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Decision-makers need to understand the types of predictions that can be made,
and the tradeoffs between longer-term predictions of information at the local or
regional scale on the 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 temporal scale of problems the former
manage.

Scientists should aim to generate findings that are accessible and viewed as

useful, accurate 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

decision-makers and scientists. They illustrate how to identify user needs, overcome

communication barriers, and operationalize forecast tools. They also demonstrate how

user participation can be incorporated in tool development.

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

The effective integration of SI climate information in decisions requires long-term
collaborative 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.
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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 wed national production of data and
technologies to ensure efficient, 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 in
boundary spanning — the effort to translate tools to a variety of audiences —
requires considerable organizational skills.

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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ES.5 LOOKING TOWARD THE FUTURE; RESEARCH PRIORITIES
A few central themes emerge from this report, which are summarized here. Then some

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. Such improvements
must be accompanied by better communication and stronger linkages between forecasters
and potential users. In this report we have stressed that forecasts flow through knowledge
networks 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.”

2) Decision-Support is a Process Rather Than a Product.
As knowledge systems have come to be better understood, providing decision support has
come to be understood not only as information products but instead 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.
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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 decision making needs. Concerns about climate impacts on water resource
management are among the most pressing problems that require close collaboration

between scientists and decision makers.

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

Since the 1980s — some researchers suggest — 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 ascendancy 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 planning units;
program management via spatial and managerial flexibility, collaboration, participation,
and sound, peer-reviewed science; and, embracing of ecological, economic, and equity

considerations

6) Useful Evaluation of Applications of Climate Variation Forecasts Requires Innovative

Approaches.
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There can be little argument that Sl forecast applications must be evaluated just as are
most other programs that involve substantial public expenditures. This report also

illustrates many of the difficulties of using standard evaluation techniques.

ES.5.2 Research Priorities
As a result of the findings in this report, we suggest that a number of research priorities
should constitute the focus of attention for the foreseeable future. These priorities are:
e Improved vulnerability assessment
e Improved climate and hydrologic forecasts
e Enhanced monitoring to better link climate and hydrologic forecasts
e Better integration of SI climate science into decision making
e Better balance between physical science and social science research related to the
use of scientific information in decision making
e Better understanding of the implications of small-scale, specially-tailored tools,
and
e Sustained long-term scientist-decision-maker interactions and collaborations and

development of science citizenship.
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Chapter 1. The Changing Context

Convening Lead Author: Helen Ingram, Univ. of Arizona

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

Denise Fort, Univ. of New Mexico

Contributing Author: Nancy Beller-Simms, NOAA

Edited by: Anne M. Waple, STG Inc.

1.1 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), “The Future is Drying Up” (The New York Times, October 21,
2007), coupled with the realities of less available water, have helped to alert decision
makers, from U.S. governors and mayors to individual farmers, that climate information
is crucial in future planning. The past quarter-century has also seen significant advances
in the ability to monitor and predict important aspects of seasonal to interannual
variations in climate, especially those associated with variations of the El Nifio Southern
Oscillation (ENSO) cycle. Predictions of climate variability on seasonal to interannual

time scales are now routine and operational, and consideration of these forecasts in
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making decisions has become more commonplace. Some water resources decision
makers have already begun to use seasonal, interseasonal, and even longer-time scale -
climate forecasts and observational data in assessing future options, while others are just
beginning to realize the potential of these resources. This report is meant to show how
climate and hydrologic forecast and observational data are being used, or neglected, by

water resources decision makers and suggests future pathways for increased use.

The Climate Change Science Program (CCSP) included a chapter in their 2003 Strategic
Plan that described the critical role of decision support in climate science; it was included
because previous assessment analyses and case studies had highlighted the importance of
assuring that climate information and data would be used by decision makers and not be
produced in a vacuum. Since that time, there has been an increase in interest and research
in decision support science including for organizations using seasonal to interannual
forecasts and observational data in future planning. Five years since the release of the
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®.” (2008 Our
Changing Planet) As a result, CCSP has charged this author group to produce a Synthesis
and Assessment report that directly addresses decision support experiments and

evaluations in the water resources sector.

The authors of this product have concentrated their efforts on discussing seasonal to

interannual forecasts and data products, though in some cases, longer-range forecasts are

! 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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discussed because they have simply become a part of the decision making process and
separating them would cloud the examples given. We have provided a range of domestic
case study examples, referred to as “experiments and/or evaluations”, but have provided

some international examples, where appropriate.

1.2 INCREASING STRESS AND COMPLEXITY IN WATER RESOURCES
Under conditions of global warming and with an ever-accelerating demand for abundant
water supplies, the management of water may become increasingly politically charged
throughout the world in the coming century. Emerging challenges in water quantity,
quality, pricing, and seasonal climate fluctuations may all increase as the demand
continues to rise. Though it may well be the case that the total volume of water on the
planet is sufficient for societies’ 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 the use to which it is put, the value given by society to
natural systems, and the changing laws that govern management of the resource.
Accordingly, the impact of climate on water resource management and the needs of
people 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 that may

have to move because their potable water supply has disappeared.

In the U.S., water resource decisions are made at multiple levels of government and
increasingly by the private sector. There is no national water policy, but rather a

patchwork of policies, amended by degree over decades. “Water” is
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controlled/guided/governed by a gamut of Federal agencies overseeing various aspects
from quality (U.S. Environmental Protection Agency [EPA]) to quantity (U.S. Geological
Survey [USGS], Bureau of Land Management [BLM]). 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 report is to reflect the
diverse models under which water is managed and the diverse character of decisions that
comprise water management. To illustrate: the term “water management” encompasses
decisions by a municipal water entity about when to impose outdoor water restrictions;
decisions by a federal agency about how to operate a storage facility; decisions by the
Congress about funding of recovery efforts for an endangered species; and decisions by a

state government about water purchases necessary to ensure compact compliance.

These types of decisions may be based on multiple factors, such as cost, climate (past
trends and future forecasts), community preferences, political advantage, strategic
concerns for future water decisions, etc. Further, water reflects many different values
including economic, security, opportunity, environmental quality, lifestyle, and a sense of
place (Blatter and Ingram, 2005). Information about climate variability can be expected
to affect some of these decisions and moderate some of these values; for others it may be

of remote interest or viewed as entirely irrelevant.

The rapidly-closing gap between usable supplies and rising demand is being narrowed by

a myriad of factors, some of the most important include:
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e Demand for water is increasing with population growth in terms of potable
drinking water, agricultural/food requirements, energy needs, etc.

e Recreational and environmental interests in rivers have received greater
representation in the political processes, with attendant success in protecting
stream waters.

e Groundwater development enabled the expansion of western agriculture and is the
basis for the development of several urban regions. As groundwater reserves are
mined, pressure increases on other water sources.

e Water quality is a problem that persists, despite decades of regulations and

planning.

Most well-documented of these pressures is population growth, which is occurring in the
U.S. as a whole, and especially in the sunbelt states where water resources are also
among the scarcest. Because water sources were developed and rights created in much
earlier time periods, new uses must search for additional supplies. Las Vegas, Nevada 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 growth of cities, such as Atlanta,
combined with growing environmental concerns that require water to sustain habitat, and

poor management, have all lead to serious shortages.
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Recreational and environmental interests also have a direct stake in how waters are
managed. For example, fishing and boating have increased with importance as the

economic basis of our economy has changed.

Groundwater mining is a wild card in national water policy. Water resource allocation is
generally a matter of state, not federal control, and each state has different policies with
respect to groundwater. Some have no regulation; others permit mining (also referred to
as groundwater overdrafting). Because groundwater is not visible, it was less likely to be
regulated than surface water use. The effects of groundwater mining become evident

when regions must search for alternative sources of water.

These increasing demands for water are not likely to be met with the development of
major additional sources of water supply, although some additional storage likely will be
developed. The nation engaged in an extended period of construction (cite USGS on
dams and reservoirs) in which most of the appropriate sites for construction were utilized.
Further, as rivers are fully appropriated, or over appropriated, there is no longer “surplus”
water available for development. Environmental and recreational issues are implicated in

further development of rivers, making these alternatives more susceptible to challenge.

In response to these challenges, jurisdictions are developing alternatives such as water
reuse utilizing groundwater storage and recovery, which avoids reservoir siting issues;
conservation and improved efficiency, which has contributed to steady declines in per

capita consumption; desalinization of water, and conjunctive management of ground and
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surface water. Pipelines, which have been used for decades, are suggested as the solution

to one region’s water shortages, only to be met by resistance from the area of origin.

The most appealing water management solutions, then, are the most modest. Water
conservation, which may rely on incentives or regulation, often is the least expensive way
of meeting demand. Water pricing has been heralded by generations of economists as the
means of ensuring that water choices are wisely made. Transfers of water from one use to
another, commonly from agricultural to urban uses in the western U.S., are becoming
more common as a means of adjusting to changing economic realities. However, these
modest solutions that have lead to more efficient water allocation have also reduced

flexibility to adapt to climate variation and change.

The mosaic of water use may be viewed through another lens, which is the relative
flexibility of each demand. Municipal and industrial demands can be moderated through
conservation or temporary restrictions on use, but these demands are relatively fixed. In
contrast, agricultural uses, which still comprise the largest users by volume, can be
restricted in times of drought. The increasing connection between water and energy may
limit this flexibility. For example, greater reliance on biofuels both increase competition
for scarce water supplies and divert irrigated agriculture from the production of food to
the production of oilseeds such as soybeans, corn, rapeseed, sunflower seed, and
sugarcane among other crops. While parts of China and India have already breached the
limit of sustainable water use, without the added strain of trying to grow significant

quantities of biofuels, to a lesser but still serious extent, the reliance upon growing corn
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for ethanol has changed the pattern of agricultural water use also in the U.S (Whiteley et

al., 2008).

Rationalization of U.S. policies concerning water has been a goal for many decades.
Emergent issues of increased climate variability and change may be the agents of
transformation for U.S. water policies as many regions of the country are forced to

examine the long term sustainability of water related management decisions.

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
support sciences often look at the “issue frame” or the factors influencing the decision
makers including the general frame of mind of society at the time. A common
denominator for conceptualizing 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 report,
an issue frame can be considered a tool that allows us to understand the importance of a
problem (Weick, 1995). Thus, salience is important part of framing. It is fair to categorize
most water resources decisions in previous decades as low salience issues, the kind that
do not attract much public notice. This low visibility is associated with the widespread
perception that the adequate delivery of acceptable water is within the realm of experts
and that an adequate understanding and contribution 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 is understood that considerable variations in

water supply and quality can occur, but it is accepted that the water resources
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establishment knows 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 sustained droughts in diverse sections of the United States, have disturbed the
public perception of well-being. Such events raise awareness of the vulnerability of
society to flood, drought, and degradation of water quality. Such extreme events come in
addition to mounting evidence in professional journals and the popular press that water
quantity and quality, fundamental components of ecological sustainability in many
geographical areas, are threatened. The February 2007 Intergovernmental Panel on
Climate Change, Working Group 1, report reinforced the high probability of significant
future climate change and more extreme climate variation affecting many sectors,
including water resources. The report received high press coverage and generated
increased concern among the public and policy makers. Instead of being 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, global warming has been an emerging issue-frame for water

resources management.
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A Genealogy of Climate-Related Scientific
Discoveries, Natural and Cultural Events
that have Raised U.S. Public Awareness
Since 1970

1993 Midwest

: = 985
1972 Major EI Nifio raises public Hole in U.S. floods
concem and spurs research; ozone layer

collapse of Peruvian fisheries discovered _-‘ ( net

1982 Major El Nifio
strongest to date

1988

Western
U.S. drought

1984-1985
Africa drought/famine
(Ethiopia)

. U.S. subnational efforts to
comply with the Kyoto Protocol

B U s. Legislation/Hearing/ [l Media
Other Actions N

Il conferences [l international Activities/Agreements

[ Natural Event [ Scientific Discoveries and Assessments

1994 LeeD
green building
rating system
developed

1998 Hurricane . . 2000 Mozambigue floods

Mitch, Honduras

el [l 2001 New Zealand agrees to take first "climate
ot refugees" from Tuvalu Island in the Pacific

Late 1990s until

present drought in

Midwest

1997-98
El Nifio -

strongest of the

century

. 2002 Northemn section
of the Larsen B ice shelf
(Antarctica) shattered
and separated from

the continent

. 2003 China floods

1999-2003

Wildfires in

1998 temperature
reconstruction for
the last millennium
published by Mann
et al. (became
known as the T
Hockey Stick) Aw i b y
2006 Evangelical Climate
Initiative (ECI) released a

1997 First mass- statement — “Climate Change

market hybrid car- An Evangelical Call to Action”
Toyota Prius . 2005 Caribbean coral bleaching
released

. 2004 Rising temperatures in Shishmaref,
Alaska resulted in melling of the
permafrost on which the village was built
severe erosion of the shore, residents
voted to relocate. Move has yet to take
place (2007)

2003 European heat
wave (causes tens of
thousands of deaths) -
this was followed

by another one in 2006

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
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. U.S. subnational efforts to
comply with the Kyoto Protocol
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. International Activities/Agreements
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atmospheric gases after
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A Genealogy of Climate-Related Policy
Events that have Raised U.S. Public
Awareness Since 1970
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] sew"?;m{g . 1992 UN Conference on
Conference Environment & Development
(Rio de Janeiro)
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e 3, Ve Low Dimarnatory

(Halon 1211 or Freon 12B1)
and similar chloroflucrocarbons
banned in most counlries as
part of the Montreal Protocol on
ozone depleting substances

1979 First World
Climate Conference
(FWCC) in Geneva
led to organization

of World Climate
Research Programme

1987
IPCC Established

Bl Us. Legislation/Hearing/Other Actions

[ scientific Discoveries and Assessments

1996
First Climate
Outlook
Forum in
Africa

1990 Global
Change Research
Program Act
establishment of
U.S. Global Change
Research Program
(USGCRP)

1996 Second IPCC I
Assessment issued -
“The balance of
evidence suggests
a discemible
human influence on

global climate” . 1997 Kyoto

Protocol negotiated
(ratified in 2005)

1988 Montreal Protocol

1988 Toronto Meeting
on the Atmosphere

1988 Gore-Hansen
climate hearing

2000 u.s. National
Assessment

2004 Arctic Climate Impacts
Synthesis Report - Impacts of a
Warming Arctic

e L

2005 EU emissions trading
began to help members meet
commitments to the Kyoto Protocol
Emission trading is market based

2005 Seven Northeast states’
governors launch regional
greenhouse gas initiative

2007 Release of
IPCC reports

2007 us Conference
of Mayors Climate Protection
Agreement

2007 Massachusetts et al. v
EPA—recognizes EPA as the
authority to regulate
greenhouse gases under the
Clean Air Act

. 2006 National Integrated Drought

Information System (NIDIS) Bill

signed after a number of severe
western droughts

2004 califoria Air Resources Board

approves regulation requiring reduced

greenhouse gas emissions from vehicles

2006 Stern Review on the
Economics of Climate Change

2006

Governor Schwarzenegger/
California Legislature pass Global
Warming Solutions Act - caps
state’s greenhouse gas emissions
at 1990 levels by 2020

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

Along with higher 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 new reports and passage of climate-related

agreements and legislation. See Figure 1.2. As is the case with most high salience issues,

politicians must compete with one another for status as policy leaders facilitating
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governmental and private actions to reduce societal vulnerability to climate related
variability, although water has up until now taken a back seat to energy in terms of
salience. Higher visibility of climate and water variability has put pressure on water
managers to behave proactively to respond to expected negative effects of climate
variability and change (Hartmann, et al., 2002; Carbone and Dow, 2005). Specifically, in
the case of water managers in the U.S., perception of risk has been found as 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 predictions do occur (Minsky, 1980). The emergent issue frame water resource
management is that new knowledge (about climate change and variability) is being
created that warrants management changes. Information and knowledge about climate
variability experienced over the recent historical past is no longer as valuable as once it
was, and new knowledge must be sought and put to use (Milly et al., 2008).
Organizational 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 achieved the important innovation of
being able to predict aspects of future climate variations one to a few seasons in advance
with better skill than can be achieved by simply using historical averages for those
seasons. This is a scientific advance fundamentally new in human history (NRC SARP

Report, 2007).
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898

899  BOX1.1: Seasonal to Interannual Climate Forecasts

900  Weather forecasts seek to predict the exact state of the atmosphere for a specific time and place at lead-
901 times ranging from nowcasts (e.g. severe weather warnings) out to a maximum of two weeks. The accuracy
902 of weather forecasts depends crucially on observations that can be used to accurately characterize the initial
903 state of the atmosphere. In contrast, seasonal to interannual climate forecasts seek to predict the statistics of
904  the atmosphere for a region over a specified window of time, typically from one month to a few seasons in
905  advance.

907  The accuracy of climate forecasts depend crucially on observations of the slowly varying boundary

908 conditions on the atmosphere, including upper ocean temperatures, snow cover, and soil moisture. Climate
909 forecasts can also address the expected probabilities for extreme events (floods, freezes, blizzards,

910 hurricanes, etc.), and for the expected range of climate variability. Much of the skill in seasonal to

911 interannual climate forecasts for the U.S. derives from an ability to monitor and accurately predict the
912  future evolution of ENSO, however the actual skill demonstrated is not yet high As a general principal, all
913 climate forecasts are probabilistic. They are probabilistic both in the future state of ENSO and in the

914  consequences of ENSO for remotely influenced regions like the US. For example, a typical ENSO-related
915  climate forecast for the Pacific Northwest region of the U.S. might be presented as follows:

916

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

924  Atlead times of a few decades to centuries, climate change scenarios are based on scenarios for changes in
925  the emissions and concentrations of atmospheric greenhouse gases and aerosols that are important for the
926  Earth’s energy budget. Climate change scenarios do not require real-time observations needed to accurately
927 initialize the atmosphere or slowly-evolving boundary conditions (upper ocean temperatures, Snow cover,

928  etc).
929 *xAAEND BOX**r***
930

931 Itis important to emphasize that seasonal to interannual climate forecasting skill is still
932  quite limited, and varies considerably depending on lead time, geographic scale, target
933  region, time of year, status of the ENSO cycle, and many other issues that are the subject
934  of chapter 2. Even so, the potential usefulness of this new scientific capability is

935 enormous, particularly in the water resources sector, and this potential is being harvested
936  through a variety of experiments and evaluations, some of which appear in this product.
937  For instance, reservoir management changes in the Columbia River Basin in response to
938  seasonal to interannual climate forecast information have the potential to generate an

939  average of $150 million per year more hydropower with little or no loss to other
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management objectives (Hamlet et al., 2002). Table 1.1 illuminates the potential of Sl

climate forecasts to affect a wide range of water related decisions, potentially providing

great economic, security, environmental quality, and other gains.

Table 1.1 Examples of Water Resource Decisions Related to seasonal to interannual Climate Forecasts

Decision/topic | Agency/organization Activities affected Climate Forecast
responsible information relevance
Dam and e US Army Corps of Distribution of inflows e Total reservoir
reservoir Engineers and outflows for: inflow
management e USD.O.l., Bureau of e  Agriculture e Long-range
and reservoir Reclamation e public supply precipitation
allocation e Tennessee Valley e industry e Long-range
Authority e  power temperature
e FERC and its licensed ¢ flood control e Flow data
projects e navigation e Snow melt data
e Federal power e instream flow e Flood forecasts
marketing agencies maintenance e Shiftsin
e State, local, regional e protecting “phase™ in

water management
entities and utilities,
irrigation districts

reserved waters
for resources/
other needs

decadal cycles

Irrigation/water
allocation for
agriculture/aqua
culture

Federal, state and
regional facility
operators
Irrigation districts
Agricultural
cooperatives
Farmers

How much water and
when and where to
allocate it.

e Long/short-
range
precipitation

e Long-range
temperature

Ecosystem
protection/ecosy
stem services

Federal and state resource
agencies, e.g.,

US D.O.l., Fish and
Wildlife Service
US D.O.A,, Forest
Service, USD.O.I.,
Park Service, US.
D.O.l., BLM, US
D.O.C., NMFS, etc.
State, regional and
watershed- based
protected areas

NGOs, e.g.,

Nature Conservancy,
Local and regional
land trusts

e Instream flow
management

e Riverine/riparian
management

o Wildlife
management

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

Besides the potential applications suggested in Table 1.1, there are other overarching

opportunities for use of seasonal to interannual 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 (see

chapters 3 and 4) and could gain considerable traction through fostering continuous

feedback from forecasts to changes in practice and improved performance. Adaptive
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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. Integrated Water Resources Management is based around the concepts
of flexibility and adaptability, using measures that can be easily reversed or are robust to
changing circumstances (IPCC Report, 2007 3.6.5). Such potential flexibility and
adaptability extends not just to water agencies, but also to the citizenry generally.
Advances in climate forecast skill and their application provides an opportunity to convey
to the public, all of whom use water in one way or another, a deeper understanding than
currently exists about the relationship of climate variability to increased risk,
vulnerability, and uncertainty related to water that now tends to be perceived in static
terms. In addition, more finely tuning water management to real time climate prediction

allows for cutting down the lead time for response to climate variation.

1.2.3 Organizational Dynamics and Innovation

The flow of information among agencies and actors in a complex organizational field like
climate forecasting and water resources is not at all like water itself that is ruled by
gravity and flows downhill. Even as skill levels of climate and hydrologic forecasts have
improved, resistance to their use in water resources management both exists and persists
(O’Conner 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, practices and the like (Carlisle, 2004; Feldman et al.,

2006). The same specialization that makes organizations effective in delivery of
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organizational goals can make them resistant to innovation (Weber, 1947). Creating a
product or service requires differences in experience, terminologies, tools, and incentives
that are embedded in a specific organization. Because knowledge takes investment such
as time, resources, and opportunity costs, it constitutes a kind of “stake”, and significant
costs are associated with giving it up and acquiring new knowledge (Carlisle, 2002).
Further, if the kind of knowledge that needs to be coordinated across boundaries may be
so different in kind that a bridge of a common language must be created that allows
translation to take place. Finally, the sort of demands made by sharing information across
boundaries may be so novel that a fundamental readjustment is needed that challenges the

organization to rethink what it knows and how.

Figure 1.3, adapted from Carlisle (2004) portrays the different level, challenge, or gap
that must be filled for sharing knowledge across boundaries, and helps convey the
challenge of innovation through information sharing across different organizations, levels
of government, and public and private actors. At the lowest level of the inverted triangle
information transfer is relatively simple such as exists between different climate
forecasters located in different organizations. Forecasters have common knowledge and
know each others’ levels of expertise and respect it 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, availability of
storage and retrieval technologies and other information processing challenges.
Unfortunately, agencies prefer their own terminology and trust information that comes

from inside the organization more than information from outside, the adoption of
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seasonal to interannual climate forecast information in the water resource sector hardly

ever fits this simple transfer profile.

At the second or translation level of managing information, shared meanings or
resolution of discrepancy of meaning are necessary. This level of information sharing
probably typifies the relationships between climate forecasters and water resource
forecasters who have long predicted water futures using data such as snowpack, soil
moisture, basin and watershed models and the like. This involves a large expenditure of
effort that has to be justified within the organization and may well encounter resistance
unless offset by some considerable pay off. A common lexicon may need to be invented
with common definitions. Effort must be expended to develop shared methodologies,
create cross-organizational teams, engage in strategies such as collocation of offices, and
employ individuals who can act as translators or brokers. Sometimes translation requires
making tacit knowledge explicit, and translation becomes more difficult when
information is related to practices that may be very different on either side of boundaries.
This level of information sharing probably typifies the relationships between climate
forecasters and water resource forecasters who have long predicted water futures using

data such as snowpack, soil moisture, basin and watershed models and the like.

The third or transformation level of managing information requires considerable change
in the ways in which organizations presently process and use information, such as
moving toward co-production of knowledge with outside organizations, interests and

entities. These costs negatively impact the willingness of organizations to make such
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transformational changes and help to explain why organizations continue to follow “path
dependent” or business-as-usual practices despite evidence that innovation would be
beneficial. For instance, the very large challenges presented to climate forecasters to
involve users in the production of climate products explains why they continue to follow
what has been termed the “loading dock” model, or simply putting forecasts out with
little notion of whether or not they will be picked up (Cash et al., 2006). Knowledge at
this level is a transformed mixture of knowledge that is determined to still be of value and

the knowledge that is of consequence given new insight on climate variability.

Knowledge at this third level must be created collaboratively rather than delivered and
must be salient, credible and legitimate to all engaged actors. Salience or decision
relevance is changing, as the context for decisions is changing as discussed above.
However, information is likely to be more salient if it comes from known and trusted
sources (NRC, 1984, 1989, 2002; Sarp Report, 2006). Credibility is not just credibility of
scientists, but also to users. Information is more credible if it recognizes and treats
multiple perspectives. Legitimacy relates to even handedness and the absence of narrow
organizational or political agendas (Cash et al., 2003; NRC SARP Report, 2006). Almost
all of the important applications of seasonal to interannual climate forecasts involve

information management at level three.
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Type of Boundaries
and Processes of
Sharing Information

b P,
7

Increasing Increasing
Uncertainty Uncertainty
(Novelty) (Novelty)

Transformation

Forecast
User

Forecast

Translation
Producer (

Transfer

Certainty Certainty

Figure 1.3 Illustration of the processes of information sharing. At the tip of the triangle forecast producers
and forecast users are sharing a common syntax and framework 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 triangle). Finally, information will need to be transformed
in order for knowledge to be accessible to very different parties. Adapted from Carlile, 2003.

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

A recent National Academy of Sciences Report (2006) observes that decision support is
widely used but definitions vary. Following the lead of this report, decision support is
defined here as creating conditions that foster the appropriate use of information. This
definition presumes that the climate scientists who generate seasonal to interannual
climate forecasts often do not know what information they could provide to water
resources managers that the managers would find useful, and that water managers do not

necessarily know how they could use seasonal to interannual climate forecasts and related
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information (NAS, 2006). 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 (NRC 1989, 1996, 1999, 2005, 2006).

Decision support involves engaging effective two-way communication between the
producers and users of climate information (Jacobs et al., 2005; 2006; Lemos and
Morehouse, 2005; NRC, 1999, 2006) rather than just the development of tools and
products that may also be useful though less fundamental. This conception of decision
support brings into focus human relationships 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 network is built through such
human interactions across organizational boundaries and creating and conveying
information that is end to end 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 that otherwise available. Among such
mechanisms are boundary organizations that play an intermediary role between different
organizations, specializations, disciplines, practices, and functions including science and
policy (Cash, 2001; Clark et al., 2002; Guston, 2001) These organizations can play a
variety of roles in decision support that include convening, collaboration, mediation and

the production of boundary objects. A boundary object is a prototype, model or other

Do Not Cite or Quote Page 49 of 426 Public Review Draft



1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

CCSP 5.3 March 7, 2008

artifact upon which collaboration can occur across different kinds of boundaries during
which such collaboration participants may come to appreciate the contribution of other
kinds of knowledge, perspectives, expertise or practice and how it may augment, help or
modify their own knowledge (Star,1989). A fish ladder is a kind of boundary object since
it is an add-on to a dam structure and must be part of structural design. At the same time

it serves fish species and needs the insight of biologists for it to work.

1.3 OUTLINE OF THE REPORT AND WHERE PROSPECTUS QUESTIONS
ARE ADDRESSED

This Chapter addresses what types of seasonal interannual forecasts related decisions are
made in the water community and what role could such forecasts play. It describes the
general contextual opportunities and limitations to innovations such as the use of seasonal

to interannual forecast information would entail.

Chapter 2 answers the gquestion: what are seasonal and interannual forecast products and
how do they evolve from a scientific prototype to an operational product? It also
addresses the issue of skill and the impediments to progress in improving skill, and the
steps that are taken to ensure that a product is needed and will be used in decision
support. It describes the level of confidence about seasonal to interannual forecast

products in the science and decision-making communities.

Chapter 3 focuses on the obstacles, impediments, and challenges in fostering close

collaboration between scientists and decision makers in terms of theory and observation.
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The real world barriers encountered in translation of climate variation forecasting
information is explained by a theoretically grounded body of knowledge on 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 finding out and serving the needs of
decision makers? It emphasizes the importance of reliability and trust. It suggests how

decision support could leverage scientific and technological advances.

Chapter 4 provides examples of a range of decision support experiments in the context of
seasonal and interannual forecast information. It describes the limitations 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 an overview of this report, especially identifying overarching themes.
It suggests the kinds of research and action needed to improve progress in this area.
Finally, it addresses how the knowledge gained in water resources might be useful to

other sectors.

The Prospectus for this study contained a series of questions that the Climate Change

Science Program Office directed this group to answer within this product. Table 1.2

summarizes the questions and where they are addresses in the report.
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Table 1.2 Questions To Be Addressed in Synthesis and Assessment Product 5.3

Prospectus Question Report Location
where Question is
Addressed
What seasonal to interannual (e.g., probabilistic) forecast 2.1
information do decision makers need to manage water resources?
What are the seasonal to interannual forecast/data products 2.2
currently available and how does a product evolve from a scientific
prototype to an operational product?
What is the level of confidence of the product within the science 2.2
community and within the decision making community, who
establishes these confidence levels and how are they determined?
How do forecasters convey information on climate variability and 2.3
how is the relative skill and level of confidence of the results
communicated to resource managers?
What is the role of probabilistic forecast information in the context 2.3
of 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 2.5
be 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 3.2
could play?
How does climate variability influence water resource 3.2
management?
What are the obstacles and challenges decision makers face in 3.2
translating climate
forecasts and hydrology information into integrated resource
management?
What are the barriers that exist in convincing decision makers to 3.2
consider using risk-based hydrology information (including climate
forecasts)?
What challenges do tool developers have in finding out the needs of 3.3
decision makers?
How much involvement do practitioners have in product 4.1
development?
What are the measurable indicators of progress in terms of access to 4.3
information and its effective uses?
Identify critical components, mechanisms, and pathways that have 4.4
led to successful utilization of climate information by water
managers.
Discuss options for (a) improving the use of existing forecasts/data 4.4 and5
products and (b) identify other user needs and challenges in order to
prioritize research for improving forecasts and products.
Discuss how these findings can be transferred to other sectors. 5
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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. However, the use of
official seasonal to interannual (SI) climate and hydrologic forecasts generated by federal
agencies remains limited in the water resources sector. Forecast skill, while recognized 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:

e 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;

e Increased accuracy in Sl climate forecasts; and,

e Improved bias corrections in existing forecast.

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.
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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 relate to institutional issues and aspects of current forecast

products are discussed in chapters 3 and 4 of this report.

Pathways for expanding the use and improving 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:
e 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;
e Additional efforts to explicitly and quantitatively link SI climate forecast
information with SI hydrologic and water supply forecasting efforts;
e 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,

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

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
GEWEX, NOAA’s RISA, SARP, TRACS and 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 fostering sustained interactions between forecast

producers and consumers.

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, Sankarasubramanian and Lall 2003) to improve hydrologic and
water resources forecasts. Efforts to incorporate Sl climate forecasts into water resources

forecasts have been prompted in part by our growing understanding of the effects of
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global-scale climate phenomena, like EI Nifio Southern Oscillation (ENSO), on U.S.
climate, and the expectation that Sl 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 variables like temperature and
precipitation can be forecasted seasons in advance, hydrologic and water-supply forecasts

can also be made skillfully well before the end, or even beginning, of the water year1.

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 Sl forecasts and data for decision-support in the
water resources sector, we frame this chapter around key forecast and data products that
contribute towards improved hydrologic and water supply forecasts. As a result, this
product does not contain a comprehensive review and assessment of the entire national Sl
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 mentioned as a barrier. It is also well established that an accurate forecast is, in
and of itself, not sufficient to make it useful or usable for decision-making in

management applications (see Table 2.1). Chapters 3 and 4 provide extensive reviews,

! 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
accumulation, melt, and runoff periods in many parts of the US.
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case studies, and analyses that provide insights into pathways for lowering or overcoming

barriers to the use of Sl climate forecasts in water resources decision-making.

It is almost impossible to discuss the perceived value of forecasts without also discussing
issues 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
deterministic 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 measures of skill vary with different perspectives. For example,
Hartmann et al., (2002) argue that forecast performance criteria based on “hitting” or
“missing” associated observations offer users 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

measures of water supply like seasonal runoff volume.

Forecast skill remains a primary concern among many forecast producers and users. Skill
in hydrologic forecast systems derives from various sources, including the quality of the
simulation models used in forecasting, the ability to estimate the initial hydrologic state
of the system, and the ability to skillfully predict the statistics of future weather over the
course of the forecast period. Despite the significant resources expended to improve Sl

climate forecasts over the past 15 years, few water resource related agencies have been
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making quantitative use of climate forecast information in their water supply forecasting

efforts (Pulwarty and Redmond 1997; Callahan et al., 1999).

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™).

c. The nature of what a forecast is, and what is being forecast (e.g., types of El Nifio and La Nifia impacts,
non-ENSO events, what are “normal” conditions?).

d. Nonweather/climate factors are deemed to be more important (e.g., uncertainty in other arenas, such as
freshwater and ocean ecology [for salmon productivity]).

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).

I. 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.

In Section 2.2 of this chapter, we review hydrologic data and forecasts products. Section
2.3 provides a parallel discussion of the climate data and forecast products that support
hydrologic and water supply forecasting efforts in the United States. In Section 2.4, we
provide a more detailed discussion of pathways for improving the skill and utility in

hydrologic and climate forecasts and data products.

Section 2.5 contains a brief review of operational considerations and efforts to improve
the utility of forecast and data products through efforts to improve the forecast evaluation

and development process. These efforts include cases in which forecast providers and
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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 that

utilize climate forecasts to directly inform hydrologic and water resources forecasts.

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 two U.S. programs have been very relevant to hydrologic prediction: the NOAA Climate
Prediction Program for the Americas (CPPA) and NOAA predecessors GEWEX Continental-scale
International Project (GCIP) and 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 Applications 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 (PPAI) 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 not well funded in comparison to 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.

end BOX 2.1

2.2 HYDROLOGIC AND WATER RESOURCES: MONITORING AND

PREDICTION
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The uses of hydrologic monitoring and prediction products, and specifically those that are
relevant for water, hazard and energy management 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 Sl lead times, climate and hydrologic
forecast applications span a wide range that includes the management of water, fisheries,
hydropower and agricultural production, navigation and recreation. Table 2.1 lists aspects

of forecast products at these time scales that are relevant to decision-makers.
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Figure 2.1 The correspondence of climate and hydrologic forecast lead time to user sectors in which
forecast benefits are realized (from HRL-NWS). The focus of this product is on climate and hydrologic
forecasts with lead times greater than 2 weeks and up to approximately one year.

Source: HRL-NWS

2.2.1 Prediction Approaches
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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 objective 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, requires subjective weighting of results from the other

approaches. These types of approaches are discussed in Box 2.2.

BOX 2.2: Forecast Approaches

Dynamical: Computer models designed to represent the physical features of the oceans, atmosphere and
land surface, 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 characteristics (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 100~200 km 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 10 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 describing 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 commonly 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

Do Not Cite or Quote Page 68 of 426 Public Review Draft



1598

CCSP 5.3 March 7, 2008

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 Institue for Climate and
Society (IRI) 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.

end BOX 2.2

Table 2.1 Aspects of forecast products that are relevant to users

Forecast Product Aspect

Description / Examples

Forecast product variables

Precipitation, temperature, humidity, windspeed, atmospheric
pressure

Forecast product spatial resolution

Grid cell longitude by latitude, climate division

Domain

Watershed, river basin, regional, national, global

Product time step (temporal resolution)

Hourly, sub-daily, daily, monthly, seasonal

Range of product lead times

1 to 15 days, 1 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., 2 hours for a medium range
forecast, one day for a monthly to seasonal forecast

Existence of historical climatology

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

Deterministic or probabilistic

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.

Availability of skill / accuracy information

Published or otherwise available information about the
performance of forecasts is not always available, particularly for
forecasts that are steadily evolving. In 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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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 sophistication 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.

2.2.2 Forecast Producers and Products

Hydrologic forecasts are produced by many federal, regional, state, and local agencies, as
well as by private sector companies such as utilities. In contrast 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 hydro-climatology, institutional traditions
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 Sl lead times are the NOAA

National Weather Service (NWS) and the U.S. Department of Agriculture,(USDA)
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National Resource Conservation Service (NRCS) National Water and Climate Center
(NWCC). The NWCC’s four forecasters produce statistical forecasts of summer runoff
volume in the western U.S. using multiple linear regression to estimate future streamflow
from current observed snow water equivalent, accumulated water year precipitation,
streamflow, and in some locations, using ENSO indicators such as the Nifio3.4 index
(Garen, 1992; Ref: Pagano and Garen, 2005). Snowmelt runoff is critical for a wide
variety of uses (water supply, irrigation, navigation, recreation, hydropower,
environmental flows) in the relatively dry summer season. The regression approach has
been central in the NRCS since the mid-1930s, before which similar snow-survey based
forecasting 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 both 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 (Figure
2.3). Until 2006, the NWCC'’s forecasts were released once a month, near the first of the
month, for summer flow periods such as April through July or April through September.
In 2006, the NWCC began to develop automated daily updates to these forecasts, and the
daily product is likely to become more prevalent as development and testing matures. The
NWCC also has begun to explore the use of physically-based hydrologic models as a

basis for forecasting, but this effort has barely begun.

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
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the subjective consensus type described earlier, meaning that 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.
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Figure 2.2 Example of NRCS tabular summer runoff (streamflow) volume forecast summary, showing
median (“most probable™) forecasts and probabilistic 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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The NWS surface water supply forecast program began in the 1940s in the Colorado
Basin. It has since expanded to include seasonal forecasts (of volume runoff during the
spring—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 U.S. 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).
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Spring and Summer
Streamflow Forecasts
as of April 1, 2007
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Figure 2.3 Example of NRCS spatial summer runoff (April-September streamflow) volume forecast
summary, showing median runoff forecasts as an anomaly (percent of average).
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The streamflow prediction services of the RFCs have a national presence, and as such are
able to leverage a number of common technological elements, including models,
databases and software for handling meteorological and hydrological 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
developed 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 (initialization)
period leading up to the forecast start date to estimate current hydrologic conditions, and
then uses an ensemble of historical meteorological sequences as model inputs (e.g.,
temperature and precipitation) to simulate hydrology in the future (or forecast) period.
Until several years ago, the RFC dissemination of ESP-based forecasts for streamflows at
Sl 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 aggressively implemented for basins across the United States (Figure

2.4) at lead times from short to SI (McEnery et al., 2005).
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AHPFS Expansion Areas
freas Completed Throwgh FY 2005 (1,376 Forecast Peints)
Areas Cowvered hy FY 2006 Hational AHPS (306 Nevr Forecast Points)

Figure 2.4 Areas covered by the NWS Advanced Hydrologic Prediction Service (AHPS) initiative
(McEnery et al., 2005).

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 applications that became operational in 2008
provides forecast users with a number of avenues for exploring the RFC water supply
forecasts. For example, Figure 2.5 shows (in clockwise order from top left) (a) a western
U.S. depiction of the median water supply outlook for the RFC forecast basins, (b) a
progression of forecasts (median and bounds) during the water year together with flow
normals and observed 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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Figure 2.5 A graphical forecast product from the NWS River Forecast Centers, showing a forecast of
summer (April—July) period streamflow on the Colorado River, Colorado-Arizona. These figures were
obtained from http://www.nwrfc.noaa.gov/westernwater.

The provision of a service which assists hydrologic forecast users in either customizing a
selection of ESP traces to reflect, perhaps, the users interest in 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 using the CPC seasonal climate outlooks as a basis for adjusting the
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precipitation and temperature forcings used in climatological ESP, but found that the
CPC outlook anomalies were generally too small to produce a distinct forecast from the
climatological ESP (Hartmann et al., 2002). In some RFCs, NWS statistical water supply
forecasts have also provided perspective (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 following the forecast date would contain other than 100% 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 10-year period; this example is also part of the suite of
forecast products that the western RFC designed to improve the communication of
forecast performance and provide verification information. 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 verification tools, and is in the process of disbursing them throughout the RFC
organization (NWS, 2005, “River Forecast Verification Plan”). The existence in digitized
form of the retrospective archive of seasonal forecasts is critical for the verification of
forecast skill. The 10-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
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1746  in forecast communication relative to the services that were available previously. Future
1747  development priorities include a climate change scenario application, which would

1748 leverage climate change scenarios from IPCC or similar to produce inputs for future
1749  water supply planning exercises. In addition, forecast calibration procedures (e.g., Seo et
1750 al., 2006; Wood and Schaake, 2008) are being developed for the ensemble forecasts to
1751  remove forecast biases. The current NOAA/NWS web service Internet web address is:
1752  (http://www.nwrfc.noaa.gov/westernwater)

1753
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1755  Figure 2.6 Comparing ESP and statistical forecasts from the NRCS and NWS for a recent 10-year period.
1756  The forecasts are for summer (April—July) period streamflow on the Gunnison River, Colorado.

1757

1758 A contrast to these probabilistic forecasts is the deterministic 5-week forecast of lake
1759  elevation in Lake Lanier, GA, produced by the U.S. Army Corps of Engineers (USACE)
1760  based on probabilistic inflow forecasts from the NWS southeastern RFC. Given that the
1761 lake is a managed system and the forecast has a subseasonal lead time, the single-valued
1762  outlook may be justified by the planned management strategy. In such a case, the lake
1763 level is a constraint that requires transferring uncertainty in lake inflows to a different

1764  variable in the reservoir system, such as lake outflow. Alternatively, the deterministic
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depiction may result from an effort to simplify probabilistic information in the

communication of the lake outlook to the public.
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Figure 2.7 A deterministic 5-week forecast of reservoir levels in Lake Lanier, Georgia, produced by
USACE. http://water.sam.usace.army.mil/lanfc.htm.

2.2.2.2 State and Regional

Regionally-focused agencies such as the U.S. Bureau of Reclamation (USBR), the
Bonneville Power Administration (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 2.7 shows an example of an Sl
lead forecast of lake levels produced by GLERL. GLERL was among the first major
public agency to incorporate climate forecast information into operational forecasts
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 generating synthetic ensemble inputs
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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, which helps manage and market power from the
Columbia River reservoir system, is both a consumer and producer of hydrologic forecast
products. The BPA generates their own ENSO-state conditioned ESP forecasts of
reservoir 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 Management District (SFWMD) predicts
lake (e.g., 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.
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1802  Figure 2.7 Probabilistic forecasts of future lake levels disseminated by GLERL (from:
1803  nhttp://www.glerl.noaa.gov/wr/ahps/curfcst/).

1804

1805 2.2.2.3 Local

1806  Atan even smaller scale, some local agencies and private utilities may also produce
1807  forecasts or at least derive applications-targeted forecasts from the more general climate
1808  or hydrology forecasts generated at larger agencies or centers. Seattle Public Utilities
1809  (SPU; see CASE STUDY IN Chapter 4) for example, operates a number of reservoirs for
1810  use primarily in municipal water supply. SPU makes Sl reservoir inflow forecasts using
1811  statistical methods based on observed conditions in their watersheds (i.e., snow and

1812  accumulated precipitation), and on the current ENSO state, in addition to consulting the
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NWRFC volume runoff forecasts. The SPU forecasts are made and used internally rather

than disseminated 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 Integrated Forecast and Reservoir
Management (INFORM) project housed at the Hydrologic Research Center (HRC),
which produces not only streamflow forecasts in the state of California, but also reservoir
system forecasts; this project is discussed at greater length in Chapter 4 (Georgakakos et
al., 2005). At the University of Washington and Princeton University, approximately five
years ago, researchers launched an effort to produce operational hydrologic and
streamflow predictions using distributed land surface models that were developed by an
interagency effort called the Land Data Assimilation System (LDAS) project (Mitchell et
al., 2004; Wood and Lettenmaier, 2006); Figure 2.8 shows an example that is based on
the use of CPC climate outlooks. In addition to generating Sl streamflow forecasts in the
western and eastern United States, the project also generates forecasts for land surface
variables such as runoff, soil moisture, and snow water equivalent. These forecasts, like
the NWS ESP predictions, are also physically-based, dynamical and objective. The effort
is supported primarily by NOAA, and like the INFORM project collaborates with public
forecast agencies 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 efforts into the public agencies, a topic discussed briefly in Section 2.1.
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Runoff (RO} Forecasts (April 1, 2007)
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Figure 2.8 Ensemble median forecasts of monthly runoff from an experimental hydrologic model based on
CPC climate outlooks. The hydrologic prediction project has run operationally since 2004 at the University
of Washington, and has a partner effort at Princeton University. Other variables, not shown, include soil
moisture, snow water equivalent and streamflow. This map was obtained from
http://cses.washington.edu/cig/fpt/waterfc/weststreamflowfc.shtml.
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2.2.3 Skill in SI 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 descriptions 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 seasonality of the hydrologic cycle,
predictability associated with large-scale climate teleconnections, and persistence of
anomalies in hydrologic initial conditions. Evapotranspiration, runoff (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 forecast
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 U.S., 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
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arrive. ENSO, in particular, is strongly synchronized with the annual cycle, so that, in
many instances, the first signs of an impending warm (EI Nifio) 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 U.S. climate, in winter. This advanced 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 moisture, as estimated indirectly from streamflow. Finally, the unpredictable, random
component of variability remains to limit the skill of all real-world forecasts. The
unpredictable component reflects a mix of uncertainties and errors in the observations
used to initialize forecast models, and errors in the models, and the chaotic complexities

in forecast model dynamics and in the real world.

Many studies have shown that the single greatest source of forecast error is unknown
precipitation after the forecast issue date. Schaake and Peck (1985) estimate that for the
1947-1984 forecasts for inflow to Lake Powell, almost 80% 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% of the forecast error. Forecasts can perform

poorly specifically in years with extreme spring precipitation (e.g., 1983 above), or

Do Not Cite or Quote Page 86 of 426 Public Review Draft



1888

1889

1890

1891

1892

1893

1894

1895

1896

1897
1898

1899

1900

1901

CCSP 5.3 March 7, 2008

generally, they can do poorly if spring precipitation is normally a significant component
of the annual cycle. For example, in California, the bulk of the moisture falls from
January-March and rarely does it rain in spring, meaning that April 1 forecasts of spring-
summer streamflow are generally very accurate. In comparison (see Figure 2.9), in
eastern Wyoming and the front range of Colorado, April-through-June is the wettest time
of year and by April 1 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.

MEAN April-June FRACTION OF ANNUAL PRECIPITATION

45'N -

30°N

Annual Fraction

Figure 2.9 Mean percentages of annual precipitation that fall from April through June, 1971-2000 (based
on 4-km PRISM climatologies). This figure was obtained from http://www.prism.oregonstate.edu/.

Pagano et al. (2004) discovered that the second greatest factor influencing skill is how

much influence snowmelt has on the hydrology of the basin and how warm it is during
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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 snowmelt 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 interspersed with snow-producing winter storms. Most of the
runoff occurs during the winter and it is possible for a large snowpack in February to be
wasted away by March rains. For the forecaster, attempting to predict April-to-July
streamflow is difficult to anticipate, particularly the quantity of water is going to “escape”

before the target season begins.

Some element of forecast accuracy depends on the variability of the river itself. It would
be easy to incur a 100% forecast error on, for example, the San Francisco River in
Arizona, whose observations vary between 17% of average to over 750% of average. It
would be much more difficult to do so on a river such as the Stehekin River in
Washington, where the streamflow ranges only between 60% and 150% of average. A
user may be interested in this aspect of accuracy (e.g., percent of normal error), but most
forecasters use skill scores (e.g., correlation) that would normalize for this effect and
make the results from these two basins more comparable. As noted by Hartmann et al.
(2002), consumers of forecast information may be more interested in measures of

forecast skill other than correlations.
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2.2.3.1 Skill of current seasonal hydrologic and water-supply forecasts

As previously indicated, hydrologic and streamflow forecasts that extend to a 9 -month
lead time are made for western U.S. rivers, primarily during the winter and spring,
whereas in other parts of the United States, where seasonality of precipitation is less
pronounced, the forecasts either link to CPC drought products, are qualitative (the NWS
Southeastern RFC, for instance, provides water supply related briefings from their
website) or in other regards are less amenable to skill evaluation. For this reason, the
following discussion of water supply forecast skill focused mostly on western U.S.
streamflow forecasting, and in particular water supply (i.e., runoff volume) forecasts, for

which most published material relating to Sl forecasts exists.

In the western U.S., the skill of operational forecasts generally improves progressively
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 snowpack, 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 is shown in Figure 2.10. The flow rates that are judged to have a 50% 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-July
forecast has little skill, measured by the regression coefficient of determination (r2 or
correlation squared), with only about 10% of historical variance captured by the forecast
equations. By about April 1, the forecast equations predict about 45% of the historical

variance, and at the end of the season, the variance explained is about 80%. This measure
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1948  of skill does not reach 100% because the observations available for use as predictors do
1949  not fully explain the observed hydrologic variation.
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1952  Figure 2.10 Recent operational NWCC forecasts of April-July 2007 streamflow volume in Birch Creek at
1953 Swift Dam near Valier, showing daily median-forecast values of percentages of long-term average

1954  streamflow total for summer 2007 (blue) and the long-term estimates of correlation-based forecast skill
1955  corresponding to each day of the year. (Figure obtained from the National Water and Climate Center
1956  (NWCC) -- http://www.wcc.nrcs.usda.gov/).

1957

1958  Comparisons of “hindcasts”—seasonal flow estimates generated by applying the

1959  operational forecast equations to a few decades (lengths of records differ from site to site)
1960 of historical input variables at each location with observed flows provide estimates of the
1961  expected skill of current operational forecasts. The actual skill of the forecast equations
1962 that are operationally used at as many as 226 western stream gages are illustrated in

1963  Figure 2.11, in which skill is measured by correlation of hindcast median with observed
1964  values.

1965
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The symbols in the various panels of Figure 2.11 become larger and bluer in hue as the
hindcast dates approach the start of the April-July seasons being forecasted. They begin
with largely unskillful beginnings each year in the January 1 forecast; by April 1 the
forecasts are highly skillful by the correlation measures (predicting as much as 80% of
the year-to-year fluctuations) for most of the California, Nevada, and Idaho rivers and

many stations in Utah and Colorado.
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HISTORICAL CORRELATION SKILLS
FOR APRIL-JULY FLOW VOLUMES
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Figure 2.11 Skills of forecast equations used operationally by NRCS, California Department of Water
Resources, and Los Angeles Department of Water and Power, for predicting April-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.

The general increases in skill and thus in numbers of stations with high (correlation) skill

scores as the April 1 start of the forecast period approaches is shown in Figure 2.12.
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Figure 2.12 Percentages of stations with various correlation skill scores in the various panels (forecast
dates) of Figure 2.11.

A question not addressed in this report relates to the probabilistic skill of the forecasts.
That is, how reliable are the confidence limits around the median forecasts that are
provided by the published forecast quantiles (10th and 90th percentiles, for example). In
a reliable forecast, the frequencies with which the observations fall between various sets
of confidence bounds matches the probability interval set by those bounds. That is, 80%
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 U.S. operational streamflow forecasts, Franz et al. (2003) evaluated
Colorado River basin ESP forecasts using a number of probabilistic measures and found

reliability deficiencies for many of the streamflow locations considered.
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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, antecedent runoff
influences. IPCC projections of global and regional warming, with its expected strong
effects on western U.S. snowpacks (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 perform 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
voiced in the literature (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

comprehensively explored.

The maps shown in Figure 2.13 are based on hydrologic simulations of a physically-
based hydrologic model, the Variable Infiltration 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
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where snowpack contributes strong predictability and also making antecedent 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
snowpacks. Overall, the average skill declines by about 2% (out of a historical average of
35%) for the January-March volumes and by about 4% out of a historical average of 53%
for April-July. More importantly, though, are the declines in skill at grid cells where
historical skills are greatest, nearly halving the occurrence of high-end (>0.8) January-to-

March skills and reducing high-end April-to-July skills by about 15% (Figure 2.14).
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CHANGES IN CONTRIBUTIONS OF FORECAST SKILL
FOR SEASONAL RUNOFF IN RESPONSE TO +2°C WARMING

JANUARY-MARCH RUNOFF FROM DECEMBER PREDICTORS
R G
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2029

2030 Figure 2.13 Potential contributions of antecedent snowpack conditions, runoff, and Nifio 3.4 sea-surface
2031  temperatures to seasonal forecast skills in hydrologic simulations under historical, 1950-99, meteorological
2032  conditions (left panels) and under those same conditions but with a +2°C uniform warming imposed.

2033  (Dettinger, 2007)

2034

2035
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Figure 2.14 Distributions of overall fractions of variance predicted, in Fig. 2.13, of January-March
(curves) and April-July (histograms) runoff volumes under historical (black) and +2°C warmer conditions.
(Dettinger, 2007)

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 runoff are more strongly reduced for the April-to-July runoff volumes, with
reductions from an average contribution of 24% 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% to 18.2% under
the imposed warmer conditions. The relative declines in the contributions from snowpack
and antecedent runoff make antecedent runoff (or, more directly, soil moisture, for which
antecedent runoff is serving as a proxy here) a more important predictor to monitor in the

future.
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It is worth noting that the changes in skill contributions illustrated in Figure 2.13 are best-
case scenarios. The skills shown are skills that would be provided by a complete
recalibration of forecast equations to the new (imposed) warmer conditions, based on 50
years of runoff history. In reality, the runoff and forecast conditions 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.

2.2.3.3 Skill of climate forecast-driven hydrologic forecasts

The extent to which the ability to forecast United States 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 U.S. 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 (1979-1999); and (2) by hindcast

climate-model-derived 6-month-lead climate forecasts.
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The Wood et al. (2005) assessment quantified and reinforced an important aspect of the
hydrologic forecasting community’s intuition about the current levels of hydrologic
forecast skill using long-lead climate forecasts generated from various sources. The
analysis first underscored the conclusions that, depending on the season, knowledge of
initial hydrologic conditions conveys substantial forecast skill. A second finding was that
the additional skill available from incorporating current (at the time) long-lead climate
model forecasts into hydrologic prediction is limited when all years are considered, but
can improve streamflow forecasts relative to climatological 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 et al., 2006). During El Nifio
years, however, the climate forecasts have high enough 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 that assessment concluded “climate model forecasts presently suffer from
a general lack of skill, [but] there may be locations, times of year and conditions (e.g.,
during EI Nifio or La Nifia) for which they improve hydrologic forecasts relative to ESP”
(Wood et al., 2005). However, their conclusion was that improvements to hydrologic

forecasts based on other forms of climate forecasts, e.g., statistical or hybrid methods that
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are not completely reliant on a single climate model may prove more useful in the near

term, presumably until pure climate-model forecasts have improved considerably.

2.3 CLIMATE DATA AND FORECAST PRODUCTS

2.3.1 A Sampling of SI Climate Forecast Products of Interest to Water Resource
Managers

At Sl lead times, a wide array of dynamical prediction products exists. A representative
sample of SI climate forecast products is listed in Appendix A.1. 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 interfaces of the model components.

At NCEP, the dynamical tool, CFS, is complemented by a number of statistical forecast
tools, three of which, Screening Multiple 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 2.15). While the consolidated

forecast exceeds the skill of the individual tools, the official seasonal forecast from CPC
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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 materials 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, that are posted online at:

(http://www.cpc.ncep.noaa.gov/products/predictions/90day/tools/briefing/).
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Figure 2.15 CPC objective consolidation forecast for precipitation and temperature for the three month
period Aug-Sep-Oct 2007, made June 2007 (lead 2 months). Figure obtained from
http://www.cpc.ncep.noaa.gov.
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The resulting official forecast briefing has CPC’s primary presentation of climate forecast
information each month. Forecast products are accessible directly from CPC’s root level
home page in the form of maps of the probability anomalies for precipitation and
temperature in three categories, or “terciles”, representing below-normal, normal and
above-normal values; a two-category scheme (above and below normal) is also available.
This framework is used for the longer lead outlooks (Figure 2.16). The seasonal forecasts
are also available in the form of maps of climate anomalies in degrees Celsius for
temperature and inches for precipitation (Figure 2.17). The forecasts are released
monthly, have a time-step of three months, and have a spatial unit of the climate division
(Figure 2.18). For users desiring more information about the probabilistic forecast than is
given in the map products, a probability of exceedence (POE) plot, with associated
parametric information, is also available for each climate division (Figure 2.19). The
POE plot shows the shift of the forecast probability distribution from the climatological

distribution for each lead-time of the forecast.
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Figure 2.15 NCEP CPC seasonal outlook for precipitation also shown as a tercile probability map. Figure

obtained from

http://www.cpc.ncep.noaa.gov/products/predictions/multi_season/13_seasonal_outlooks/color/page2.gif.
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Figure 2.16 The NCEP CPC seasonal outlook for precipitation from Figure 2.18, but shown as an anomaly

in inches of total precipitation for the 3-month target period. Figure obtained from

http://www.cpc.ncep.noaa.gov/products/predictions/long_range/poe_index.php?lead=3&var=p
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Figure 2.17 The CPC climate division spatial unit on which the official seasonal forecasts are based.

Figure obtained from

http://www.cpc.ncep.noaa.gov/products/predictions/long_range/poe_index.php?lead=3&var=p.
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Figure 2.18 The NCEP CPC seasonal outlook for precipitation from Figure 2.17 but shown as an anomaly
in inches of total precipitation for the 3-month target period.
http://www.cpc.ncep.noaa.gov/products/predictions/long_range/poe_graph_index.php?lead=3&climdiv=75

&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-focused framework for exhibiting their results. A larger number of centers

run dynamical forecast tools, and the NOAA Climate Diagnostics 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. The
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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, from dynamical models. Using these model outputs, ECPC also
generates forecasts for derived variables that target wildfire management — e.g., soil
moisture, 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
similar efforts in the form of the Hazards Assessment, a short to medium range map
summary of hazards related 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 3-month outlook period.

The foregoing is a brief survey of climate forecast products from major centers in the
United States, and as such is far from a comprehensive presentation of the available
sources. It does, however, provide examples from which the following observations about
the general nature of climate prediction in the U.S. may be drawn. First, that operational
Sl climate forecasting is conducted at a relatively small number of federally-funded
centers, and 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 and surface pressure) that are of general
interest to many sectors. Forecasts are nearly always probabilistic, and the major products

attempt to convey the inherent uncertainty via maps or data detailing forecast
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probabilities, although deterministic reductions (such as forecast variable anomalies) are

also available.

2.3.2 Sources of Climate-Forecast Skill

Much as with hydrologic forecasts, the skill of forecasts of climate variables (notably,
temperature and precipitation) varies from region to region, varies with forecast season
and lead time, is limited by the chaotic and uncertain character of the climate system, and
derives from a variety of sources. While initial conditions are an important source for
skill in SI hydrologic forecasts, the initial conditions of an atmospheric forecast are
effectively forgotten after about 8-10 days and have no influence on Sl climate forecast
skill (Molteni et al., 1996). Sl forecasts are actually forecasts of those variations of the
climate system that reflect predictable changes in boundary conditions, like sea-surface
temperatures (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 CO2 that influence the greenhouse effect, or slowly evolving changes
in ocean circulation that can alter SSTs and thereby change the boundary conditions for
the atmosphere. Not all possible sources of Sl 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;
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Liu et al., 2004), and soil moisture and vegetation regimes (e.g., Koster and Suarez, 1995,

2000; 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
evolution 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. (1994), in their explanation of the advent of the first operational long-lead
forecasts from the NOAA Climate Prediction Center, stated that “while some
extratropical processes probably develop independently of the Tropics..., much 