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ABSTRACT 

Assuring sufficient, high-quality water supplies for California over the next several decades will be a 

great challenge for water resource managers. Urban water needs are likely to grow while climate change, 

surface and groundwater pollution, infrastructure aging, and changing management priorities may decrease 

future supply and impact its reliability. Choosing an appropriate management response using standard 

methods will be extremely difficult and contentious as the scope and magnitude of these impacts are highly 

uncertain, and the large stakeholder community holds diverse views over desirable outcomes.  

New analytic methods based on quantitative scenario analysis hold promise to improve decision 

support for long-term water resource planners. These methods can more explicitly address and accommodate 

the substantial uncertainty about the future and help identify management strategies that balance the 

objectives of numerous stakeholders. This dissertation presents two analyses to demonstrate the utility of such 

methods for long-term water resource planning.  

This dissertation first documents the development and use of a model to generate quantitative 

scenarios of future water demand in California. The analysis reveals positive features of traditional scenario 

analysis and also highlights some of its major limitations. This work was used by the California Department 

of Water Resources in its California Water Plan Update 2005 as a first step toward a more comprehensive 

scenario approach for its long-term planning process.  

The dissertation next describes a new analytic method for decision making under deep uncertainty 

called Robust Decision Making (RDM). To demonstrate how RDM can be a valuable analytic tool for 

California long-term water planning, the dissertation applies the methodology to a stylized representation of 

the water supply and demand management challenge facing Southern California. The analysis demonstrates 

that greater urban water use efficiency in conjunction with an appropriate level of new supply may be more 

robust to uncertain future water needs than new supply alone. Finally, the analysis suggests that adaptive 
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strategies, coupled with urban efficiency, could significantly reduce the risk of constructing unnecessary 

infrastructure. 
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CH 1: INTRODUCTION 

1 Meeting California’s water needs in an uncertain future 

Assuring sufficient, high-quality water supplies for California over the next several decades will 

require significant planning and investment, and the stakes are high. Without appropriate preparation, 

California could suffer unprecedented economic impacts due to water shortages caused by higher than 

anticipated demand growth, unexpected supply declines, or both. Investment in the wrong mix of 

management responses, however, could also lead to unnecessarily high expenditures or unacceptable 

environmental impacts.  

Choosing among the countless combinations of feasible management responses will be profoundly 

difficult for California water resource planners. Many factors driving future California water supply and 

demand are highly uncertain. Future demographic patterns, for example, cannot be accurately predicted, yet 

they will significantly influence water need. Substantial changes in river hydrology due to long-term natural 

weather variability or human-induced climate change are also so uncertain that even technical experts are 

reluctant to explicitly characterize risk. Finally, planners must try to satisfy the objectives and values of a large 

and diverse set of stakeholders that demand increasing transparency and input into all aspects of California 

water resource decision making.  

These conditions make it difficult to use standard analytic decision-support methods to identify 

“optimal” management strategies, or those that maximize probability-weighted outcomes. First, such methods 

require that uncertain factors that influence the future be well characterized (assigned probability distribution 

functions). Much of the uncertainty about future supply and demand, however, is too great to uniquely 

characterize. Next, all relevant management options must been identified at the onset of the analysis, yet the 

number of potential strategies is large, precluding the quantitative analysis of all of them. Finally, there must 
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be agreement on how to value potential outcomes. The large number and diversity of interested stakeholders 

in California water issues ensures no single set of values or preferences. 

New analytic methods based on quantitative scenario analysis hold promise to improve decision 

support for long-term water resource planners. These methods can more explicitly address and accommodate 

the substantial uncertainty about the future and help identify management strategies that balance the 

objectives of numerous stakeholders.  

This dissertation presents two analyses to demonstrate the utility of such methods for long-term 

water resource planning. First, it documents the development and use of a model to generate quantitative 

scenarios of future water demand in California. This analysis was used by the California Department of Water 

Resources in its California Water Plan Update 2005 (DWR 2005c) as a first step toward a more 

comprehensive scenario approach for its long-term planning process. Next, this dissertation uses a new 

analytic decision-support method called Robust Decision Making in a stylized example analysis to identify 

robust water management strategies for Southern California.  

2 California long-term water planners face a difficult challenge 

The California Department of Water Resources (DWR) leads the state’s strategic water planning and 

publishes the California Water Plan (publication B-160) approximately every five years to specifications 

detailed in the California Water Code. Over the past three and a half decades, the Water Plan has evolved 

from a comprehensive plan to expand infrastructure to capture, store, and convey water from surplus to 

deficit regions (DWR 1957) to a more comprehensive guide to water resource management (DWR 2005c).1  

Although the objectives of the Water Plan have increased dramatically over the years, each edition 

strives to guide the development of water supplies throughout the state to meet urban and agricultural needs 

                                                      
1 Much of this transformation is due to new legal requirements, public comments on the 1998 Water Plan (DWR 
1998), and the new expanded public participation in the California Water Plan Update 2005. 
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while preserving select aquatic ecosystems. Appropriately considering how future water demand and supply 

might change in the future is a key element of this task. 

2.1 Water demand is likely to increase, but by how much? 
Future urban water demand will be shaped by population and economic growth, changes in urban 

development, and advances in water use practices and technologies. These factors, however, are very difficult 

to predict. For example, the most recent population forecast by the California Department of Finance  

(DOF) suggests that California’s population will increase by 14 million people from 2000 to 2030 (34.0 

million to 48.1 million) (DOF 2004). In contrast, the prior population forecast (DOF 2001) predicted that 

the population would increase by 18.2 million people to 52.1 million in 2030 – an increase of 30% more 

people than the current estimate. 

The $20 billion per year California agricultural sector2 currently receives about 80% of the state’s 

non-environmental water supply. Even modest changes in agricultural water use, thus, will significantly 

impact water availability for all other uses throughout the state. Changes in agricultural water use will depend 

upon land-use decisions, changes in irrigation methods and techniques, and water availability, all of which are 

difficult to predict. Conversion of agricultural land to urban use reduces water demand significantly, but 

predicting land use patterns 25 years in the future is guesswork at best. Furthermore, planting decisions by 

farmers are heavily influenced by global agricultural markets and thus cannot be credibly predicted decades in 

the future. 

Finally, public demand and legal requirements for more comprehensive riparian and aquatic 

environmental protection has increased pressure for greater environmental water allocation in recent years. 

Accurately predicting future environmental water allocations, however, remains difficult, as they will depend 

upon public sentiment, political conditions, other water needs, and the overall available water supply.  
                                                      
2 The total value of agricultural production in 2001 was $20.5 billion (Brunke et al. 2004). 
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2.2 How much water will be available in the future to meet needs? 
California’s future water supply is extremely uncertain. Precipitation, the source of almost all of its 

water supply, is highly variable month-to-month and year-to-year. Although California’s existing water system 

is designed to accommodate much of this variability, the effects of multi-year droughts, like those experienced 

in the past several decades, would likely curtail the state’s ability to meet all of its water needs (DWR 2002b). 

Predicting the timing and severity of future drought conditions is virtually impossible, especially because 

future hydrologic conditions may be different than those experienced in the past. 

There is substantial uncertainty about how California’s water supply might be impacted by climatic 

changes over the coming decades. Human-induced climate change is expected to lead to warmer temperatures 

over California and thus higher snow levels, although changes in precipitation are highly uncertain. A recent 

scientific review of the potential impact of climate change on California water supply reliability suggests that 

climate change will likely lead to “[a]n earlier start to spring snowmelt, [a]n increase winter runoff as a 

fraction of total runoff, [and] [a]n increase in winter flood frequency (Dracup et al. 2005).” The magnitudes 

and regional heterogeneity of these effects, however, are difficult to forecast. Quantitative assessments to date 

do not agree, as they all depend significantly on modeling assumptions and chosen approaches. 

Infrastructure failure due to an earthquake, sabotage, or simple facility aging could also reduce supply 

to portions of the state for extended periods of time (Mount and Twiss 2005). For example, in June 2004, the 

Upper Jones Tract Levee broke, flooding a 19-square mile tract of land in the San Francisco Bay-Delta region. 

This event disrupted the state’s water delivery system and led to an estimated $90 million in overall damages 

(DWR 2004b; Snow 2004). Predicting when and where such events will occur or even assessing the 

likelihood of future events is extremely difficult.  
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Finally, the use of some surface and groundwater supplies may become unhealthful or uneconomical 

due to urban and agricultural pollution, yet the future severity of these problems is uncertain (DWR 2005c; 

SWRCB 2003).  

2.3 Water planners must meet diverse objectives 
There is general agreement that without new water management strategies, current supply will be 

insufficient to reliably meet demand in all areas of the state in the coming decades (DWR 2005c). 

California water resource managers must also meet other diverse and often conflicting objectives. In addition 

to assuring water supply reliability and quality as demands grow, they must continue to support a vibrant 

agricultural sector and work toward restoring many of the state’s rivers, steams, and other aquatic habitats.3 

On the regional scale, objectives are more specific and include stabilizing and restoring the San Francisco Bay-

Delta ecosystem, reducing the vulnerability of Southern California to import disruptions from Northern 

California and the Colorado River, and cleaning up contaminated groundwater basins. Furthermore, 

management decisions must be made in a complex and highly constrained institutional framework. 

Complicating this balancing act, decision makers, stakeholders, and water users also do not value the 

outcomes of the water management strategies the same. Some insist that urban water reliability is the most 

important objective, while others argue that assuring sufficient supply to expand the agricultural sector is 

more critical. Even others believe that the health of aquatic ecosystems should be valued above all other 

objectives. Finally, there is disagreement over who should pay for any system enhancements, and who should 

bear the risks of such management actions. 

                                                      
3 See California Assembly Bills 672 and 857. 
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2.4 Many water management options exist 
California water resource managers have many different management options available to meet these 

objectives. Urban and agricultural efficiency investments along with demand management programs can 

improve reliability by moderating demand growth and thus reducing the amount of water that will need to be 

supplied to consumers. Broader implementation of market-based policies such as tiered water pricing,4 water 

transfers,5 and conservation offsets6 can lead to more efficient use of water. Engineering solutions such as the 

construction of new surface reservoirs and conveyance facilities, groundwater recharge, desalination, and 

recycled municipal wastewater can also increase the supply of water to meet future demand. Finally, improved 

operational flexibility can improve the system’s resilience to unforeseen events or hydrologic conditions. 

No single management action alone can meet all of the state’s goals in a cost effective way. Instead, a 

management strategy comprised of a portfolio of actions will be required. Although such a portfolio approach 

is now embraced by the state and regional water planners (e.g. DWR (2005c) and MWD (2004)), balancing 

all the potential strategies remains difficult. Each management action has a unique set of costs and benefits, 

and often these are not well known and will depend upon uncertain future conditions. Some management 

actions will also impact the efficacy of others.7  

                                                      
4 A tiered water pricing scheme specifies that the price of a unit of water charged to individual users will vary with the 
user’s consumption. For example, a user facing an increasing block rate scheme will pay a lower fee per unit for the first 
block of water than for the next. Such a scheme enables a water provider to charge a higher marginal water rate to large 
water users (thus depressing their demand) while assuring that low-water users (who often have lower incomes) do not 
face these high rates.   
5 Facilitating the transfer of water supplies from low to high value use can increase the total economic benefit of a water 
resource.  
6 Conservation offset programs enable water users to meet conservation obligations by financing the conservation of 
other users that would not have otherwise implemented such conservation. Such arrangements can lead to lower cost and 
economically more efficient conservation expenditures. 
7 For example, increasing freshwater exports from the San Francisco Bay-Delta to Southern California will likely hinder 
efforts to improve the health of its ecosystems. 
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2.5 A new decision making approach is needed 
The Public Review Draft of the California Water Plan Update 2005 (hereafter 2005 CWP) (DWR 

2005c) explicitly acknowledges that there exists significant uncertainty about the future and that multiple and 

competing objectives of state-wide water management must be seriously addressed. As a first step to 

evaluating the impacts of future uncertainty on management strategies, the DWR has adopted a scenario 

analysis approach. As a start to this approach, the Water Plan staff and Advisory Committee developed three 

narrative scenarios of water demand: Current Trends, More Resource Efficient, and More Resource Intensive. 

These scenarios were designed to reflect some of the potential variation in plausible future water management 

conditions.  

For the next Water Plan Update, DWR proposes to evaluate each of these and possibly other demand 

scenarios against a small set of alternative hydrologic conditions and response packages. The method for 

evaluating the performance of the response packages in each scenario has not yet been determined. There is, 

however, a general recognition that existing models and conventional analytic approaches cannot adequately 

explore the implications of the large uncertainties about future conditions and do not provide sufficient 

guidance on strategies that will lead to reasonable balances across different management objectives. Ongoing 

DWR-sponsored workshops are exploring new tools and methods to employ in the upcoming analysis for the 

next update.8 

3 Standard decision analysis for long-term water resource planning 

Water resource planning is a classic example of “long-term policy analysis,” as the water management 

options under consideration in the near-term are significantly influenced by events that occur in the distant 

future (Lempert et al. 2003). Quantitative analysis is often used to support such complex decision making by 

                                                      
8 For up-to-date information on California Water Plan activities, see www.waterplan.water.ca.gov. 
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objectively evaluating how management strategies might perform in the future so that decision makers can 

choose among them.  

Water resources management has a long history of using standard decision theory to optimally design 

infrastructure, to weigh the benefits and costs of various management responses, and to guide long-term 

planning. One of the first uses of formal benefit-cost analysis, for example, was to evaluate the large water 

resource projects in the 1930s (Stokey and Zeckhauser 1978). Analysts at the DWR, U.S. Bureau of 

Reclamation, and other water management agencies all currently use quantitative analysis to help forecast the 

impacts of alternative management strategies and characterize the uncertainty underlying the performance of 

these strategies. 

Much of this analysis is based largely on standard decision theory (Raiffa 1970; Savage 1954; von 

Neumann and Morgenstern 1944). The basic components of standard decision theory include (1) the 

identification of policy options, (2) an assessment of the likelihoods of the possible states of the world, (3) the 

estimation of the outcomes of each policy in each possible future state, and (4) the assignment of decision 

maker preferences over the outcomes.  

This approach has several key requirements for it to provide unambiguous guidance on policy 

selection. First, all relevant policies need to be specified at the onset of the analysis. For many complex, long-

term public policy choices, however, the range of possible policies is often extensive and the most promising 

policies may not be obvious. Depending upon the complexity of the system under evaluation, the number of 

considered policies may also be limited by computational resources and analysis time. For example, the 2005 

CWP describes 25 different possible management actions or responses that could be implemented to prepare 

for the future water needs. These responses could be enacted to different extents, in different locations, and 

using different designs, leading to thousands of distinct combinations of possible responses. There may also be 

disagreement by stakeholders on what actions are worthy of consideration. As a result, it is likely that some 
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decision makers and stakeholders will not be confident that the set of policies considered includes the best 

policy.  

Second, any uncertainty related to the decision problem must be uniquely characterized – that is, 

assigned one or a few probability distributions. This can be problematic for long-term water resource 

planning, as much of the uncertainty afflicting these long-term policy decisions is not well understood. 

Analyses that include poorly justified probability assessments risks being viewed with skepticism by other 

analysts, decision makers, and stakeholders. Uncertainty may not be well characterized if, for example, two or 

more credible analysts do not agree on a single probability distribution for an important parameter of the 

decision problem. Alternatively, a particular analyst may not have enough information to justify any single 

characterization of uncertainty. This uncertainty is often referred to as ambiguity (Savage 1954) and is not 

explicitly treated by standard theory (Camerer and Weber 1992).  

Finally, a single set of preferences over outcomes must be specified. When there is only one decision 

maker this condition can often be met (although it can be difficult when there are multiple ways to evaluate a 

policy’s performance). For public policy decisions that impact many different constituencies, there often are 

numerous decision makers and stakeholders providing input to the decision making process. In cases of such 

group decision making, it may not be possible to agree on a single utility function, and the optimal policy is 

unlikely to be the same across different sets of preferences. The literature on multi-attribute decision making 

offers many techniques and heuristics to overcome these challenges, but even these methods require 

substantial judgments by the analyst which if not agreed upon by all interested parties could reduce the 

credibility of the decision analysis (Keeney and Raiffa 1993).  

4 Alternative methods for decision making under deep uncertainty 

Decision theorists have always recognized decision theory’s limitations when applied to complicated 

real-life policy problems. In the middle of the 20th century, however, decision scientists and policy analysts 
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began to worry that the theory’s reliance upon known or subjective probability assessments may limit its 

relevance for many deeply uncertain9 policy problems. Conditions of future economic development, oil 

prices, international relations, war and peace, for example, were rightfully believed to be so uncertain that no 

single prediction would adequately provide a basis for long-term decision analysis.  

4.1 Scenario planning 
To help decision makers better understand the consequences of their decisions in a deeply uncertain 

future, policy analysts at RAND and elsewhere pioneered the use of scenarios. In the 1950s, for example, 

RAND researchers used scenarios to help guide U.S. military planning, as analysts had little confidence in 

their ability to predict the details of the next U.S. military engagement (see DeWeerd (1967) and Nichiporuk 

(2005) for an early and recent example). In the 1960s, Herman Kahn (also from RAND), further developed 

scenario planning and introduced it to the business community and public (Kahn 1967; Kahn et al. 1976). 

Pierre Wack, Peter Schwartz, and Kees van der Heijden, all who worked in the Group Planning department 

of the Royal Dutch/Shell international oil company, later demonstrated remarkable success using scenarios to 

prepare for changes in the oil industry during the 1980s, further popularizing the practice of scenario 

planning (see Wack (1985a; 1985b), Schwartz (1991), and van der Heijden (1996)). 

In scenario planning, groups of analysts, decision makers, and informed observers work together to 

create several plausible stories of how the future may evolve. The resulting narrative descriptions of the future 

can then help decision makers craft policies and make decisions that would be successful across the 

unpredictable future. As stated by van der Heijden (1996), “… the first objective of scenario planning [is] the 

generation of projects and decisions that are more robust under a variety of alternative futures.”  

                                                      
9 As defined by Lempert et al. (2003), “[d]eep uncertainty exists when analysts do not know, or the parties to a decision 
cannot agree on, (1) the appropriate models to describe the interactions among a system’s variables, (2) the probability 
distributions to represent uncertainty about key variables and parameters in the models, and/or (3) how to value the 
desirability of alternative outcome.” This dissertation also refers to this condition as containing poorly-characterized 
uncertainty. 
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4.2 Quantitative scenario analysis methods 
Although Kahn, Wack, and Schwartz originally conceived of scenarios as rich narrative stories, 

modern scenario analysis often uses computer models to quantify specific futures that correspond to the 

scenarios.10 This can help analysts and decision makers better assess the outcomes of alternative policies in 

those scenarios.  

Other quantitative methods to address poorly characterized uncertainty have also been developed (see 

Smithson (1989) for an overview). In particular, in the 1980s researchers at RAND launched an evaluation of 

how to better use models for long-term planning that had generally failed to accurately predict the future. 

This effort spurred several research efforts to develop an updated normative approach to decision-support for 

problems with poorly characterized uncertainty. Davis and colleagues focused primarily on military planning 

problems with their Exploratory Analysis and Capabilities Based Planning approaches (Davis and Hillestad 

2002). Bankes developed Exploratory Modeling (Bankes 1993), and Lempert, Popper, and Bankes developed 

Robust Decision Making (Lempert et al. 2005; Lempert et al. 2003) to provide a general quantitative 

methodology for prediction-based decision analysis. 

Central to these new approaches is the claim that uncertainty inherent to many long-term policy 

problems is too great to uniquely characterize as required by standard decision theory. Until recently, analysts’ 

main option for improving such decision making under uncertainty was to improve prediction capabilities 

through better models, improved theory, or more accurate and comprehensive data. Continual advances in 

computing power, however, increasingly enables analysts to explicitly evaluate how policies will perform 

across not just the most likely futures (as often is done) but across many hundreds to thousands of plausible 

future states. This improved capability now enables an alternative or complimentary research approach – 

                                                      
10 A narrative scenario is not intended to describe the future with significant precision. When scenarios are quantified, 
the precision of the computer model employed is often preserved. Thus there could be many distinct quantifications of 
any particular narrative scenario. 
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accepting the existing uncertainty and focusing on the design and implementation of better policies that are 

relatively insensitive to the uncertainty (Lempert et al. 2003). 

This dissertation focuses on one such method, Robust Decision Making (RDM). RDM is a 

systematic, analytic method for identifying new and innovative policies that are robust, or have the potential 

to achieve multiple objectives over a broad range of possible futures. RDM builds upon many concepts of 

Assumption Based Planning (Dewar 2002) which seeks to improve the robustness and adaptivity of strategic 

plans by reducing avoidable surprise and risk. 

RDM is particularly useful when the standard decision making method can not easily be applied 

because (1) the complete set of policies is not known at the onset of the analysis, (2) uncertainties about the 

future and impact of policies are too great to be uniquely characterized, or (3) there is disagreement among 

decision makers and/or stakeholders over how to value the potential outcomes of policies.   

A key difference between RDM and standard decision analysis is that RDM avoids assigning 

probability distributions to poorly characterized uncertain model parameters at the onset of the analysis. 

Instead, models (sometimes called scenario generators) are used to evaluate the performance of leading 

strategies against large ensembles of possible future states, generated by exercising the simulation model across 

wide ranges of plausible values for the uncertain model parameters. RDM then seeks to identify policies 

whose performance is robust, or insensitive to the key uncertainties and different weightings of outcome 

measures.  

To increase the robustness of such policies, RDM uses computer visualization and statistical and 

data-mining techniques to identify key scenarios which represent major vulnerabilities of these policies to the 

uncertain future. By examining scenarios in which leading strategies perform poorly, the analysts and decision 

makers together can identify new ways to make strategies more robust. The new, expanded set of strategies is 

then evaluated across the possible future states and the process repeats. In the end, RDM presents the 
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remaining uncertainty and differential policy performance to the decision makers in a way that facilitates their 

own application of values and beliefs about the remaining uncertainty and performance tradeoffs in order to 

make a final policy choice.  

RDM appears to have desirable features and properties leading to its success for many challenging 

problems, and it has been applied to many policy applications and in many settings including: 

Climate change (Lempert et al. 2004; Lempert and Schlesinger 2000; Lempert et al. 
1996; Lempert et al. 2000) 
Global sustainable development (Lempert et al. 2005; Lempert et al. 2003) 
Higher education funding and enrollment planning (Park and Lempert 1998) 
Science and technology planning (Lempert and Bonomo 1998) 
Military planning (Bigelow and Davis 2003; Brooks et al. 1999; Davis and Hillestad 
2002; Dewar et al. 2000) 

 
Unlike standard decision theory, much of the foundation of RDM lies not in formally proved 

theorems, but in hypotheses about what information will prove most useful to decision makers. The analytic 

techniques used have been shown to be useful but have not yet been proven to be superior to alternatives. 

This dissertation does not seek to resolve all these issues. Researchers at RAND, including the author, are 

engaged in on-going research toward this end.11 

RDM is particularly well suited for the challenges facing California water resources planners. RDM 

can help navigate through the expansive set of potential policies and identify a manageable set of strategies to 

evaluate that are robust across the uncertain future and thus hedge against important contingencies. These 

management strategies are also more likely to be agreeable to people who have divergent views on key 

elements of uncertainty, such as the likely impacts of climate change on California water resources. Finally, 

the models used for RDM can be designed to be less complex in order to be transparent, run quickly, and 

support the analysis of a wide range of plausible futures, thus enabling the decision makers and stakeholders 

                                                      
11 See www.rand.org/ise/projects/improvingdecisions for more information on a National Science Foundation (NSF) 
supported research project exploring analytic methods for improving decision making under deep uncertainty. 
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to actively participate in the analysis process. For California water resource planning, this is clearly a desirable 

attribute.  

5 Objectives and outline 

This dissertation has two main objectives. The first is to motivate the need for new quantitative 

scenario-based planning and decision making methods for California water resource management. The second 

is to demonstrate the benefits of such methods for water resource planning, and in particular in California 

water resources planning.  

The dissertation begins with a description of California’s water resources and management (Chapter 

2). The chapter describes the natural hydrologic cycle, looks back at historical state-wide water planning, 

reviews current water resources management, and describes current supply and use. It then describes the 

management challenges facing California and identifies the leading management options under consideration.  

To facilitate later discussion of scenario analysis and RDM, Chapter 3 reviews standard decision 

theory and describes its key requirements. It discusses problems with applying standard decision theory to 

policy problems that are deeply uncertain, have numerous policy options, or involve multiple stakeholders 

and decision makers with divergent preferences. It argues that many of the long-term water resource 

management challenges share these characteristics and thus require new methods.  

Chapter 4 describes the narrative scenario planning method generally attributed to Peter Schwartz 

(1991), and describes how it is being used in the California Water Plan process. It describes a computer 

model that I developed in collaboration with DWR to generate scenarios of urban, agricultural, and 

environmental water demand for each of California’s ten hydrologic regions from 2000 to 2030. This model 

is used to quantify the three narrative scenarios created by the California Water Plan staff and Advisory 

Committee for the 2005 CWP. This analysis demonstrates the utility of a low-resolution scenario generator 
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for providing insight into water management challenges, but also raises concerns over the use of only a few 

scenarios developed through a qualitative process. A version of this chapter is included in Volume 4 of the 

2005 CWP (Groves et al. 2005), and these quantitative results are described extensively in Volume 1, Chapter 

4 of the 2005 CWP (DWR 2005c).  

Chapter 5 describes the Robust Decision Making method using concepts and terminology used in 

the decision theory literature. It discusses how it can provide insight into policy decisions that are deeply 

uncertain, such as long-term water resources planning in California.  

Finally, Chapter 6 provides an example of the RDM method on a stylized representation of the 

Southern California’s long-term water demand and supply challenge. This analysis provides a step-by-step 

guide to RDM and reveals how particular water management strategies can enhance the robustness of 

Southern California long-term water resource planning. 
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CH 2: CALIFORNIA’S WATER RESOURCES AND FUTURE CHALLENGES 

1 Introduction 

Fresh water availability has always been a key constraint upon development in California. Although 

there are extensive water resources in California, most people live in the water-scarce coastal and southern 

regions, and most agricultural regions are semi-arid. To accommodate a booming population through the 

20th century, California, with help from the federal government, has built an expansive network of dams, 

aqueducts, and pumping facilities to harness California’s rivers and deliver water to its growing cities and 

productive agricultural areas (Hundley 2001; Nadeau 1997; Reisner 1993).  

Today, California’s water resources support over 36 million people (DOF 2004), a $1.45 trillion 

economy (USBEA 2004), and a highly productive agricultural sector.1 California’s rivers, streams, lakes, and 

estuaries are also home to a vast array of aquatic species and habitats, and support substantial aquatic 

recreation. During the year 2000 these activities consumed 82.5 million acre-feet (MAF), or 42% of the 195 

MAF of water that entered the state as precipitation or imports (DWR 2005c). 

 The construction of California’s water management system required substantial long-term planning. 

Policy analysis that supports long-term planning is challenging as analysts must evaluate and choose among 

policies (or water management strategies, in this case) in the near term, whose ultimate performance is largely 

influenced by events and processes that operate in the future and over which decision makers have little 

control. Successful long-term policy analysis is thus an exercise in accommodating uncertainty. Just as past 

water managers had to develop plans for an unknown future, so must today’s planners. Many argue, however, 

that as we approach the limits of our existing infrastructure to meet the state’s water needs and correct past 

mistakes, this challenge has become even more acute. 

                                                      
1 In 2003, over 67 million tons of produce, nuts, and grain were grown, and thirty-five billion pounds of milk and 2.1 
billion pounds of red meat were produced (USDA 2004). 
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This chapter begins by describing California’s natural hydrology, including the important California 

Bay-Delta region. I next describe how the natural hydrology has been modified over the past century to 

facilitate urban and agricultural use. I discuss the statewide water planning that led to the development of the 

State Water Project to highlight some of the past analytic approaches used by water planners to forecast future 

water needs and develop management strategies to meet these anticipated needs. I next describe the major 

water management issues that managers will face in the next 25 years, and I discuss the ongoing California 

Water Plan update process, which seeks to devise a comprehensive and balanced state-wide strategy to prepare 

for these challenges. Lastly I describe several major management strategies under consideration today. The 

challenges and strategies described here will inform the analyses presented in Chapters 4 and 6.  

For reference throughout this chapter, Figure 2-1 shows the state’s geography, major rivers, 

aqueducts, reservoirs, and water management regions. An important region mentioned in this chapter but not 

specifically indicated in the figure is the Central Valley, which is comprised of the low-lying area within the 

Sacramento River, San Joaquin River, and Tulare Lake Regions. 
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Figure 2-1: California geography, its major rivers, and water management facilities. Source: CALFED (2002). 
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2 The natural hydrologic cycle 

Freshwater continually enters the state from the atmosphere in the form of rain and snow, from a few 

Northern rivers and aqueducts which tap the Colorado River in the south, and from subterranean 

groundwater flow into California. Snow accumulates in the state’s mountains during the winter and melts 

during the spring and summer. Much of the rainfall is absorbed by plants and returns to the atmosphere 

through evapotranspiration. Some rainfall percolates through the ground, feeding underground aquifers. The 

rest of the rainfall combines with snowmelt and groundwater flow at the surface to form runoff, feeding the 

state’s rivers and streams. Prior to intensive human use of California’s water resources, these river flows 

provided habitat for diverse riparian ecosystems, supplied extensive wetlands, and ultimately flowed out to the 

ocean or other salt sink. Many of the rivers and streams remained full throughout the year, being fed by snow 

melt and groundwater during the dry season. 

2.1 Precipitation 
Precipitation varies substantially across California throughout the year and from year-to-year. It is 

greatest in the northern and mountainous regions of the state. In California, almost all of the rain and snow 

falls between November and March (Figure 2-2). During average years, precipitation totals about 22 inches 

(NOAA 2004).  

Any given year, however, may be substantially different (Figure 2-3). From 1931 to 2001, the 

standard deviation of state-wide annual precipitation was 5.9 inches, with a precipitation minimum of 11.9 

inches in 1976 and precipitation maximum of 42.3 in 1983. Figure 2-4 shows another view of this variability 

– a frequency plot of statewide annual precipitation. The graph indicates the probability of lesser or equal 

level of precipitation for any given year, based upon the historical record. For example, there is a 20% chance 

of precipitation being 16.4 inches (75% of normal) or less. 
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California monthly average precipitation (1931-2000)
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Figure 2-2: California mean monthly precipitation. Source: NOAA (2004). 
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Figure 2-3: California mean precipitation. Source: NOAA (2004). 

A key concern in California is the likelihood of multi-year periods of dry conditions. California has 

experienced eight significant droughts (as measured by the runoff off the state’s two major rivers that drain 

the Western Sierra Nevada) in the 20th century – the most recent of those was from 1987-1992. Based on the 
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record from 1931 to 2001, there is a 25%, 14.5%, and 1.5% chance of more than two, three, and five 

consecutive years of below-average years of precipitation.  
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Figure 2-4: Cumulative probability plot for California average annual precipitation. Derived from NOAA 

(2004). 

2.2 Snowpack 
Much of California’s precipitation falls as snow each winter and accumulates in the Sierra Nevada 

and northern mountain ranges. This snowpack then melts slowly during the spring and summer, acting as 

California’s largest freshwater reservoir. On average, snowpack delays 40% of annual river water supply until 

after April 1 (Knowles and Cayan 2002).  

The interannual variability of snowpack is significant in California. The observed maximum and 

minimum water content of snowpack on April 1 (the approximate date of greatest snowpack) was 220% and 

20% of the long-term average, respectively (NOAA 2005). Snowpack variability is due largely to variability in 

precipitation and temperature (McCabe and Dettinger 2002). Years with greater precipitation during the cold 

months typically have greater snowpack. Temperature also affects the rate of snow melt as well as the 

elevation above which snow falls and accumulates. 
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2.3 Runoff and river flow 
California has hundreds of rivers and streams that drain precipitation to the ocean or salt sink. Aside 

from those that drain the Klamath Mountains in the North, the Sacramento and San Joaquin Rivers drain the 

vast majority of runoff through the Central Valley and out to the Pacific Ocean via the San Francisco Bay-

Delta.  

An index comprised of the December through May flow at eight stations, four on the Sacramento 

and its tributaries2 and four on the San Joaquin and its tributaries,3 provide a good indicator of the relative 

amount of water supply available to the State Water Project, a major water supplier to the state (DWR 

2002b). Figure 2-5 shows this index from 1906 to 2003. Note the significant interannual variability of this 

index.  
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Figure 2-5: Eight River Index (December – May) in MAF from 1906 to 2003. Source: DWR (2004a). 

                                                      
2 The Sacramento River stations that contribute to the Eight River index are the following: Sacramento River at Bend 
Bridge, Feather River inflow to Lake Oroville, Yuba River at Smartville, and the American River inflow to Folsom Lake. 
3 The San Joaquin River stations that contribute to the Eight River index are the following: Stanislaus River inflow to 
New Melones Lake, Tuolumne River inflow to New Don Pedro Reservoir, Merced River inflow to Lake McClure, and 
San Joaquin River inflow to Millerton Lake. 
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2.4 Groundwater 
California has extensive groundwater resources. Aquifers are fed naturally by precipitation and runoff 

(called recharge). To remain in balance they feed rivers and streams and flow into the ocean. Groundwater is 

the sole source of river flow during dry periods.  

The total groundwater storage in California is estimated to be about 1.3 billion acre-feet and about 

140 MAF of precipitation percolates into the state’s aquifers annually (DWR 1994). These estimates, 

however, do not characterize the potential water supply for the region – many other factors limit the 

development potential of an aquifer (DWR 2003). Most of the state’s groundwater is located in the aquifers 

beneath the Central Valley, although Southern California also has considerable amount of groundwater.  

2.5 San Francisco Bay-Delta 
Prior to extensive human development, the San Francisco Bay-Delta (hereafter Bay-Delta) was largely 

marsh, river channels, and islands, bounded in the west by the Golden Gate Strait and Pacific Ocean and in 

the East by the confluence of the Sacramento and San Joaquin Rivers which drain the Sierra Nevada 

Mountains to the Pacific Ocean. The Bay-Delta in its natural state was an enormous estuary and supported 

extensive habitat for fish, birds, and other terrestrial animals.  

3 California’s engineered water system 

The majority of California’s fresh water enters the state as rain and river flow in the Northern portion 

of the state and during the winter months. Most of the state’s population and agricultural activity, however, is 

located in dryer regions and require water sources year-round. To accommodate the substantial spatial and 

temporal mismatch between the supply and demand and large interannual variability in supply, California, 

with the help of the federal government, has built the largest water management system in the world. The 
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state’s system has a total storage capacity of about 43 MAF,4 and includes hundreds of miles of aqueducts to 

deliver supplies to places of need and hundreds of thousands of wells to tap the state’s vast groundwater 

resources.5 The system is comprised of federal, state, and local projects and is operated by federal, state, 

regional, and local organizations. The system’s important features are described below. 

3.1 Central Valley Project 
The Central Valley Project (CVP) was authorized in 1935 by the federal government to increase the 

Central Valley’s resilience to drought and protect it from flooding. Shasta Dam was the first dam to be build 

as a part of the CVP and was initiated in 1938. In 1979, the last dam, the New Melones, was completed. The 

CVP system includes 18 other dams and reservoirs, 11 power plants, and 500 miles of conveyance and related 

facilities (USBR 2005). The CVP has facilities on the Trinity, Sacramento, American, Stanislaus, and San 

Joaquin Rivers, and it serves over 250 long-term water contractors in the Central Valley, Santa Clara Valley, 

and the San Francisco Bay Area (USBR 2005). The total annual contracts exceed 9 MAF (DWR/USBR 

2002).  

Historically, 90% of CVP deliveries serve agricultural users. In 2000, the CVP and other smaller 

federal projects delivered about 7.5 MAF to users. About 35% went to the Sacramento River region, 31% 

went to the Tulare Lake region, and 26% went to the San Joaquin River region. Smaller shares went to the 

North Coast, San Francisco, and Central Coast regions. 

                                                      
4 Source: DWR data available at www.waterplan.water.ca.gov/docs/portfolio/faf_data/ca72-03.xls. 
5 The exact number of water wells in California is not known. Since 1987, reporting of well development or 
improvement became mandatory. Between 1987 and 2001, DWR reported 127,616 of such reports (DWR 2003). 
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3.2 State Water Project 
The State Water Project (SWP), as discussed extensively in Section 5, was the first stage of an 

ambitious strategy outlined in the 1957 State Water Plan (DWR 1957) to improve the reliability and capacity 

of water delivery throughout California.  

The SWP captures large amounts of water behind 28 different dams in the Western Sierra Nevada. 

The Oroville Dam, the largest in the system with a capacity of 3.5 MAF, began construction in 1961 and was 

completed in 1967. The dams control the flow of water through the Sacramento River system, in order to 

maximize (subject to environmental and recreational considerations) the amount of fresh water that can then 

be pumped out of the Bay-Delta into the California Aqueduct. The California Aqueduct then transports the 

supply south through the San Joaquin Valley to Southern California and the Central Coast. The transport of 

water is facilitated by 26 pumping and generating plants and about 660 miles of aqueducts. The last major 

component of the system – the Coastal Branch, which delivers supply to Santa Barbara and San Luis Obispo 

counties, was completed in 1997.  

Prior to the commencement of construction of the SWP, contracts were signed between the DWR, 

the managers of the SWP, and urban and agricultural water districts. Since the signing of the contracts in the 

1960s, the capabilities of the system have not fully developed, and the SWP regularly does not meet all of its 

obligations. In 1998, for example existing long-term SWP water supply contracts totaled about 4.1 MAF 

(these obligations are frequently referred to as SWP Table A supplies), and these contracts are scheduled to 

increase to about 4.2 MAF by 2020. In the year 2000 (an average year hydrologically), however, the SWP 

delivered only 2.9 MAF of Table A water (DWR 2002a). DWR’s State Water Project Delivery Reliability 

Report (DWR 2002b) confirms that without additional facilities, the SWP will consistently be unable to meet 

its obligations to Table-A contractors. 



  

  27

3.3 Bay-Delta region 
The Bay-Delta ecosystem is a major hub of the state’s water re-distribution system. In order for the 

large freshwater flows of the Sacramento River and its tributaries to be made available to users in the southern 

half of the state, they must flow from the north through the Sacramento-San Joaquin Delta and then be 

pumped out of the Delta in south into the aqueducts of the State Water Project. An extensive system of levees 

(over 1700 km) has also developed over the years to protect agricultural and urban land holdings within the 

delta from water intrusion and flooding. Together, the pumping of freshwater from the south of the delta and 

the artificial support of the Delta’s numerous islands have dramatically altered the natural hydrology and 

ecosystem function of the Bay-Delta system.  

In response to dramatic declines in Delta ecosystem quality during the 1987-92 drought, a Federal 

and State partnership was established in 1994. The purpose of the multi-billion dollar restoration and 

management effort, now managed by the California Bay-Delta Authority (established by the California Bay-

Delta Act of 2003), is to restore the ecosystems within the Delta, improve the quality and reliability of water 

supplies from the Delta, and stabilize the Delta’s levee system (CALFED 2000b; Costa 2003). The challenge 

of this mandate is immense, particularly when considered along with potential climate change (Dettinger et 

al. 2004; Mount and Twiss 2005). The incongruent nature of the program’s objectives has arguably 

hampered its effectiveness to date, yet the effort continues and will remain a significant consideration in 

future California water management and planning.  

3.4 Colorado River Aqueduct 
Several other major surface water projects serve California’s cities and agricultural regions. The 

Colorado River supplies Southern California with more than 4 MAF a year of water via the Colorado River 

Aqueduct and the Coachella and All American Canals. The Colorado River Compact, signed by six states 

bordering the Colorado River in 1922, established California’s base water entitlement to be 4.4 MAF a year. 
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In recent years, however, California has relied upon the unused allocation of upstream states, importing more 

than 0.8 MAF a year of additional supply some years. Due to growing water use by other states, California 

was forced to reach an agreement to gradually eliminate its use of surplus water. The Colorado River 

Quantification Settlement Agreement6 resolves much of the uncertainty over Colorado River allocations, but 

an on-going drought in the Colorado River basin7 still threatens future Colorado River water availability to 

California.  

3.5 Other surface supply projects 
Local cities in California have also taken initiative to develop water supplies. The cities of Los 

Angeles, San Francisco, and several in the East Bay region have all financed and constructed infrastructure to 

capture, store, and transport water from sources far away from the municipalities. Specifically, the Los Angeles 

aqueduct transports water over 200 miles from the Owens Valley to the Los Angeles area; the O’Shaughnessy 

Dam captures and stores water in the Hetch Hetchy Valley for delivery to San Francisco and surrounding 

cities; and the Pardee Reservoir and Mokelumne Aqueducts supply the East Bay Municipal Water District 

service area with supplies from the western slopes of the Sierra Nevada. For a comprehensive treatment of the 

rich history behind these projects see Reisner (1993) and Hundley (2001). 

3.6 Groundwater development 
Groundwater is a major source of water for California’s agricultural industry and municipalities. 

During an average year a third of the state’s water supply comes from groundwater. Some regions are entirely 

dependent on groundwater, and 40-50% of Californians use some amount of groundwater (DWR 2003). 

                                                      
6 The text of the Quantification Settlement Agreement is available at www.crss.water.ca.gov/docs/crqsa/QSA2003.pdf. 
7 See the USBR’s Upper Colorado Region website for current drought conditions:  
www.usbr.gov/uc/feature/drought.html. 
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Much of the state’s groundwater resources have been developed locally by individual landowners or 

municipalities. Such decentralized management has led to unsustainable groundwater use in California. 

Estimates by DWR in 1980 suggest that use of groundwater exceeds recharge by between 1 and 2 MAF per 

year (DWR 2003). Such overuse has led and will continue to lead to many serious problems including land 

subsidence, sea water intrusion, and degradation of groundwater quality.  

Groundwater is currently managed thorough local water agencies, local groundwater management 

ordinances, and court adjudication. Importantly, state and regional planning agencies have little influence or 

control over the management of groundwater, making it difficult to implement integrated surface and 

groundwater management plans.  

3.7 Urban water reuse 
Local municipalities and regional water agencies are increasingly turning to alternative sources of 

water supply. Treated urban wastewater is becoming an important source of water for agriculture, industry, 

landscaping, and some non-potable uses in commercial and institutional buildings. In many regions it is 

discharged into rivers and streams and thus used by downstream users. In some regions it is also blended with 

conventional sources and is injected or allowed to percolate into groundwater basins. The Southern California 

Comprehensive Water Reclamation and Reuse Study (USBR 2002), for example, provides a comprehensive 

assessment of existing reuse and reuse potential in Southern California.  

4 Current use and supply 

As described above, California’s water supplies originate from many sources including local surface 

water projects, groundwater, inter-regional surface water deliveries such as the State Water Project, Colorado 

River imports, treated wastewater, and natural stream flow. This section summarizes statewide water supply 

and use, and the extensive movement of the resources from source region to end-use.  
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In the year 2000, a typical water year, total applied water supply was about 83 MAF, 43 of which 

supplied the agricultural and urban sectors. Figure 2-6 shows the proportion of water use by each sector and 

the corresponding non-instream supply for California for this year. Almost 80% of non-environmental water 

supply is used by the agricultural sector, and more than half of the urban use is by households. One third of 

all supply originated from local sources and another third is from groundwater and reuse. The remaining 

third came from the big water management projects – the State Water Project, the Central Valley Project, and 

the Colorado River. 

Non-environmental water use

Commercial
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Other
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Non-instream water supply
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Figure 2-6: California year 2000 non-environmental water use and non-instream flow supply. Data source: 
DWR (2005e). 

Figure 2-7 shows a graphic (created by the DWR) that illustrates the significant movement of water 

across the state. The figure shows that about a quarter of the water that flows into the Bay-Delta region from 

the Sacramento and San Joaquin Rivers and other tributaries (over 11 MAF in 2000) is diverted from the 

Bay-Delta region for distribution throughout the southern portion of the state. Much of the supply exported 

from the Bay-Delta (about 2.5 MAF in 2000) is delivered to agricultural regions in the southern Central 
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Valley, supplementing their surface water (7.5 MAF in 2000) and groundwater supplies (1.9 MAF in 2000). 

The remaining Bay-Delta exports (about 1.5 MAF in 2000) are delivered via the California Aqueduct to 

urban regions along the Central Coast and to Southern California. Southern California also imports 

substantial water supply from the Colorado river (about 1.3 MAF in 2000) to supplement its local resources. 
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Figure 2-7: Cartoon of state-wide water management for the year 2000. The numbers in the black boxes 

indicate flows of water (in MAF) in the year 2000. Source: DWR (2005a). 
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5 Evolving statewide water planning 

California statewide water planning has evolved extensively from the first statewide report prepared in 

1930 in support of the Central Valley Project, through the 1957 California Water Plan (DWR 1957), to the 

latest Water Plan update in 2005 (DWR 2005c). To meet legislative requirements, the DWR publishes a 

state water plan every five years. The California State Water Code specifies that the California Water plan 

“guide the orderly and coordinated control, protection, conservation, development, management and efficient 

utilization of water resources of the state.” Historically it has provided assessments of future water demand or 

need and the projected available supplies without additional facilities or changed use practices. Proposals for 

addressing this water “gap” were then included and used to guide future infrastructure development and 

management (DWR 2005c).  

The following sections review the planning methods used for the original 1957 Water Plan as an 

introduction to California water planning and as a case study illustrating the challenges of long-term water 

planning. 

5.1 The 1957 California Water Plan 
By 1950, California’s population had grown from about 6.9 million ten years earlier to about 10.6 

million. Post-war industrialization had been rapid, and irrigation had expanded 27% to 7 million acres from 

1944. This growth had placed substantial strain upon existing developed water resources, and in many regions 

new water demand was met through unsustainable aquifer withdrawals (DWR 1957). It was widely 

anticipated that this demographic and economic expansion would continue.  

To both prepare for expected water demand growth and to increase the sustainability of California 

water use, a state-wide water resources investigation was initiated by legislative directive in 1947. This 

investigation funded studies culminating in the 1951 comprehensive report on California water resources 
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(Water Resources Board 1951), the 1955 report on California water utilization and requirements (Water 

Resources Board 1955), and ultimately the California Water Plan (DWR 1957).  

The development of the 1957 California Water Plan required an extensive long-term policy analysis 

effort. As described below, the ultimate plan was highly dependent on many assumptions about the future. 

Some of those assumptions that did not hold led to unintended consequences – a classic outcome for many 

long-term policy analyses. Other bad assumptions had less of an effect. The difference can be explained in the 

way in which the Water Plan addressed the uncertainty. 

The State Water Resources Board initiated a comprehensive examination of the state’s water 

resources (State Water Resources Board 1951). Investigators characterized the spatial and temporal 

distribution of precipitation and runoff by reviewing the historical records of river and stream runoff for the 

53-year period from 1894-95 through 1946-47 and precipitation measurements for the 50-year period from 

1897-98 through 1946-47.  

The Water Resources Board next estimated the current water demand for seven hydro-geographic 

areas through extensive surveys of the water districts and local suppliers. Instead of forecasting future water 

demands incrementally (year-by-year, for example), the state planners estimated the water demand for a state 

fully developed, or the ultimate water demand. They did not attempt to estimate the timing of this 

development although they noted that during the short time between the year of the base-line data used for 

the analysis (1945-1956) and the publication date (1955) substantial development had already occurred.8  

                                                      
8 Forecasting the ultimate water demand was a complex undertaking and involved numerous steps. They first determined 
the extent of irrigated land at ultimate development based upon agriculture and irrigation suitability criteria. Per unit 
area agricultural water needs were estimated by anticipating ultimate cropping mixes based on soil and climate suitability 
criteria and by assuming that existing irrigation methods and technology would persist. They forecast ultimate 
population levels and densities to estimate ultimate urban and suburban land areas. They assumed that the ultimate 
population distribution throughout California would mirror the 1950 distribution with an expanded area and increased 
density. Urban and suburban per capita water consumption rates were then forecast to increase about 10% over 1950 
levels. All non-urban and non-agricultural areas were classified for unspecified other uses. Per area water demand for 
these areas were estimated to be roughly similar as other similarly developed areas at the time. Finally, the ultimate water 
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At the time, many questioned the appropriateness of estimating ultimate water demand, which 

ignored the costs and benefits of particular water uses, and instead considered only development patterns and 

water use trend extrapolation. Such an approach assumes that water planners should seek to provide water to 

any conceivable use, despite its value or cost. As stated so colorfully by Jerome Milliman of UCLA in 1957: 

[I]t might be well to remember that the ultimate requirements, which the plan 
attempts to satisfy, were computed by assuming the price of water to be zero or 
irrelevant. By this method one could compute the irrigation needs of the Sahara 
Desert, but the result would not be very meaningful in itself (University of 
California 1957). 

 

Despite the critiques, the Water Plan focused its planning upon meeting these ultimate water needs. 

The Plan estimated that ultimate state water demand would be about 50 MAF. Of this total, 80.4% would be 

used for irrigation, 16.2% would be for urban, suburban, and industrial purposes, and 3.3% would be used 

for other purposes. 

The water supply and demand surveys revealed that water surpluses occurred only in the North 

Coastal Area and Sacramento River Basin, and deficiencies occurred in all other areas. Timing of precipitation 

and runoff was also problematic, hindering full use of water resources. To alleviate this spatial and temporal 

misdistribution of water resources, the Water Plan proposed that numerous dams and reservoirs be 

constructed to harness the vast resources contained in the state’s northernmost rivers.9 These storage facilities 

would capture winter rains and spring runoff, and make it available during the summer and early fall when 

river flows are naturally low and water demand is high. The dams and reservoirs were designed to be 

sufficiently large to provide significant flood control and capture surplus runoff during wet years to enhance 

                                                                                                                                                                           
demand for each region was computed as the product of water demand per unit area times the area for each area type, all 
divided by an efficiency factor to reflect water losses in distribution. 
9 These northern rivers include the Klamath, Trinity, and Eel in the Northwest, the Feather and Sacramento in the north 
Central Valley, and numerous others draining the Sierra Mountains towards the west. 
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supply during dry years. This conserved water would then be transported to users in the San Francisco Bay 

Area, Central Valley, Central coastal areas, and Southern California, via an expansive aqueduct system.10 

The net energy requirements (assuming full deliveries and full hydropower production) for the plan 

would be around 15 billion kilowatt-hours per year. Overall the system would transport nearly 22 MAF per 

year from regions with water surplus to regions of water deficit. Based on energy price levels at the time, the 

total cost of the system would be about $11.9 billion (in 1957 dollars) (DWR 1957).  

The Plan anticipated that this system would impact natural systems, although these discussions 

viewed these impacts as both positive and negative. They claimed that the environmental impacts would be 

modest and could largely be mitigated. These conclusions appear to stem from a simplistic understanding of 

the functions of aquatic ecosystems. The negative environmental impacts of the resource development were 

significantly underestimated.11 

                                                      
10 The State Water Plan was divided into six major divisions: the Klamath – Trinity, Eel River, and Sacramento 
Divisions in the north; the Delta Division in the middle, and the San Joaquin and Southern California Divisions in the 
South. The plans for the Klamath – Trinity and Eel River Divisions called for a series of dams and aqueducts to 
maximize the capture of surplus river flow. The water conserved by the Eel River facilities would provide water to the 
Sacramento Valley and the North Coastal regions. The Klamath and Trinity facilities would divert water that otherwise 
would have flown into the Pacific Ocean near the Oregon border and transport it to the Bay-Delta region via the 
Sacramento West Side Canal (part of the Sacramento Division). This water would then be exported to regions to the 
South. The Delta Division would serve as the hub of the California Aqueduct System. Its main purpose would be to 
facilitate the transfer of new resources developed in the Northern divisions to regions in the south. The Plan also claimed 
that this development would improve the functioning of the delta by controlling flooding. The Plan called for a Trans-
Delta System consisting of an aqueduct which would transfer water from the Sacramento West Side Canal through the 
Delta and to the Southern canal system, and another conduit that would intercept river flows from the Sacramento 
River, above the delta, and transport it to the Southern canal system. Ultimately, the Delta Division would transfer over 
18 MAF of water from the Northern portion of the state to the South. The San Joaquin Division would include a series 
of canals to transport water from the Delta, through the Central Valley and to the foot of the Tehachapi Mountains 
(which separate Central and Southern California). Additionally, the Central Coastal Aqueduct would connect the Santa 
Barbara and San Luis Obispo communities to the Water Project. Finally, plans for the Southern California Division 
called for either pumping the water up and over the Tehachapi Mountains or sending it through the mountains via a 
tunnel and delivering it throughout Southern California via another set of aqueducts. 
11 For example, although the Plan recognized that the construction of the Oroville dam and Eel River dams would 
eliminate substantial amounts of upstream habitat of anadromous fish, such as salmon, it also claims that salmon and 
trout populations “in many cases could be increased by the augmentation of natural flows with stored flood waters 
released during low stream flow periods (State Water Resources Board 1955). Scientists, water planners, and the public, 
now acknowledge that extensive river modifications, including the construction of dams, typically have substantial 
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The drafters of the State Water plan acknowledged that many factors impacting future water demand 

and supply were highly uncertain, including population, future policy choices, costs, and energy prices 

(although the speculated that they would likely trend lower). The key assumptions of this method can be 

summarized as follows: 

Agriculture development would be constrained by land area and suitability, not water 
availability or cost. 
Per area crop water consumption would remain about the same as in 1950. 
Urban population would increase only 300% from 10.6 million to 42.4 million. 
Urban and suburban development would mirror existing patterns with only modest 
encroachment on agricultural areas. 
Per capita water use would increase by 10%. 
Ultimate water demand would not be influenced by the economics of its use or 
provisioning. 
Impacts of water resource management would be modest. 

 
In future water plans, many of these assumptions have been modified as improved information 

become available. 

5.2 Implementing the Water Plan 
The financing of the 1957 Plan was implemented through the Burns-Porter Act which was passed by 

the California Legislature in 1959 and by the voters in 1960. The long-term nature of planning, system 

design, and facility construction for such an extensive water system necessitated frequent revisiting of the 

water plan. In 1966, about 10 years after the publication of Bulletin 3, the DWR published Bulletin 160-66, 

Implementation of the California Water Plan (DWR 1966). As noted by the report, substantial and 

unanticipated changes in California were underway that rendered many aspects of the original water plan 

                                                                                                                                                                           
negative net impacts on anadromous fisheries. Perhaps most startling in retrospect is the lack of consideration of the 
effects of diversions of water from the Delta of the Sacramento and San Joaquin Rivers (hereafter, the Bay-Delta). 
Bulletin 2 (State Water Resources Board 1955) recognizes the substantial value of anadromous fisheries (minimum 
estimated value of $27.5 million per year), yet they only appear to be concerned with minimum flow quantities required 
for there sustenance. They ignore or do not explicitly foresee salinity problems brought on by the diversion of freshwater 
out of the delta system, nor do they anticipate problems for fish migration due to altered flow through the delta and fish 
kills in the uptake areas of the southern delta. 
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obsolete. Major changes can be categorized as follows: (1) legal and legislative, (2) water supply, (3) water 

demand, and (4) planning process.  

Legislation passed in 1961 marked the beginning of an increased focus placed upon ecosystem and 

recreation maintenance by the public and legislature. The Davis-Grunsky Act (1961) mandated that the 

enhancement of both wildlife and recreation be an important priority of the water plan. In 1964, the U.S. 

Supreme Court, in Arizona v. California (1964), ruled that California’s share of the Colorado River would 

ultimately be only 4.4 MAF, not the 5.36 MAF that the 1954 Water Plan assumed. This loss of about 1 MAF 

was recognized to represent a significant but not insurmountable supply reduction to California. Changes in 

the expected patterns of development also led to updates in water demands. Specifically, urban growth and 

agricultural displacement proved to be greater than expected (DWR 1966). 

Bulletin 160-66 also adopted a more conventional water planning approach of forecasting the 

changes in water demands and supplies over time from 1960 through 2020. This permitted a more careful 

analysis of which facilities would be in need and when. For example, they recognized that the Central Coast 

region (encompassing San Luis Obispo and Santa Barbara) would soon need to be connected to the State 

Water Plan, as water demand was rapidly approaching the capacity of local supplies. This report continued to 

advocate for the development of the Eel River in the North and full development of the Bay-Delta, to 

accommodate the forecasted demands for 2000. Options to meet increased demand in 2020 were identified, 

but left to be determined in the future (DWR 1966). 

5.3 Emergence of impacts and new challenges 
By the mid 1970s, however, the DWR was required to seriously reevaluate much of the 1957 Water 

Plan. In 1973 the California State Legislature passed the California Wild and Scenic Rivers Act which 

precluded development of many of the North Coast’s major streams (DWR 1987). Fortunately, both the 

1970 and 1974 Water Plans (DWR 1970; DWR 1974) revised down the early population estimates, and 
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claimed that the developed supply at the time would enable the state to more carefully consider the 

environmental impacts of future development. As part of the growing awareness of the impact of unintended 

consequences and uncertainty on water resource development, the 1974 Water Plan presented four scenarios 

of water use. 

Revisions to the Plan were laid out the in the DWR’s 1975 report titled: A Program for Revision of the 

Water Management Element of the California Water Plan (DWR 1975). A principle concern expressed in this 

new report was that the Water Plan “did not consider the timing and economics of water management, nor 

the economics associated with project construction (DWR 1975).” The 1975 report proposed a revised 

method for estimating future water demand as follows: “A realistic water need is that quantity of water which 

users are willing and able to purchase that results in a highly efficient use, as influenced by pricing structures 

or other measures designed to encourage conservation.” Additionally non-consumptive (or in-stream uses) 

would be explicitly estimated for fish, wildlife, recreation, and esthetics.  

The 1975 report also proposed detailed impact studies to address the mounting anecdotal and 

scientifically observed regional impacts. Specifically, in the northern parts of the states, some fish hatcheries 

were not adequately mitigating the effects of dams on the rivers (such as the Trinity River). Overuse of 

groundwater and the accompanying ground subsidence continued to be a problem in the Central Valley 

despite increased water deliveries by the State Water Project. Finally, salinity problems in the Bay-Delta 

region due to the pumping of water from the Delta to supply the California Aqueduct (to the South) were 

increasing and adversely impacting the ecosystems.  

In 1976 and 1977, California experienced its most severe drought since the early 20th century. As 

described in the DWR’s review of the 1976-77 California Drought (DWR 1978), 1977 was the driest year in 

California’s recorded history and the second worst drought in over 100 years. Precipitation was only 65% of 
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average in 1976 and only 45% of average in 1977. Runoff in the Sacramento and San Joaquin Rivers, for 

example, were 37% and 26% of the long-term average (DWR 2005c).  

By October 1, 1977, the water levels of the state’s reservoirs were only 37% of average, and SWP 

water deliveries in 1977 were only 46% of 1976 levels. Dziegielewski (1993) observed that reservoir 

drawdown during this period was in accordance to standard drought operating procedures, and most of the 

state’s facilities performed “well enough to withstand the two-year dry period.”  

Water quality of rivers and streams worsened as freshwater flows decreased, and water quality 

standards for the Bay-Delta region had to be lifted, leading to elevated salinity.12 To compensate for lower 

surface water supplies, groundwater had been heavily exploited, leading to “a precipitous decline in the water 

table throughout the state” (DWR 1978). 

The impacts of the drought were far reaching. Due to reduced water flows into the Bay-Delta, the 

SWP was unable to deliver expected supplies. Specifically, municipal and agricultural users received 90% and 

40% of their entitled amounts, respectively. Accompanying the service reductions were increased rates to 

accommodate the high fixed costs charged for SWP deliveries. Financial losses to the agricultural sector were 

estimated to exceed $570 million in 1976 and $890 million in 1977 (DWR 1978). Although the state’s 

infrastructure blunted the impact of the drought, the socioeconomic and environmental impacts of the 

drought were significant, exceeding $6.5 billion (in inflation-adjusted terms). Dziegielewski (1993) notes, 

however, that had there been a third dry year, the impacts would have been far greater. 

Although new projects continued to be developed, California remained vulnerable to future droughts 

because of persistent population growth and greater environmental protections. In fact, despite California’s 

                                                      
12 Typically a minimum amount of water must be released from upstream dams to maintain water quality in the aquifer. 
As the reservoir levels dropped, however, the State Water Resources Control Board, in February 1977, relaxed the water 
standard permitting dam operators to release less water from the dams thus conserving the water for later use.  
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prior experience with drought and attempts to increase the state’s resilience, significant impacts were still 

experienced during the next large drought of 1987-1992 (Dixon et al. 1995). 

5.4 An assessment of the 1957 Water Plan 
In retrospect many aspects of the 1957 Water Plan were highly successful. The partial 

implementation of the plan, supplemented by local water resource development, has enabled California’s 

population to swell from the 10 million to over 36 million today. However, California’s water system has 

failed in many notable ways, and some of these can be traced back to the original plan.  

First, the State Water Plan regularly does not meet its obligations to its contractors, and, as 

demonstrated during the 1976-77 and 1987-92 droughts, has not been completely reliable. One could argue 

that these problems are not the fault of the planners, as only a portion of the originally proposed facilities has 

been built. Alternatively, others could argue that the original plan did not correctly anticipate the public’s 

tolerance for modifying the natural water system to serve anthropogenic needs or the costs associated with 

doing so. In fact, tension surrounding the potential serious environmental impacts of the Water Plan led the 

state to scale back the Plan. Had the original planners anticipated such environmental impacts and the 

subsequent public reaction, they might have proposed a plan that would have had less impact and thus been 

more likely to be fully implemented. 

Finally, the 1957 plan also made the erroneous assumption that the future would look like the 

present. This played out particularly strongly in predictions of future water demand. Specifically, the 1957 

Water Plan predicted that water consumption by an irrigated area of cropland would be the same in the 

future as in 1950 and that per capita urban water use would increase by 10%. They assumed that urban areas 

would not encroach upon agricultural lands. These assumptions together led planners to predict much greater 

water needs than have materialized. Water use efficiency instead has increased significantly in both the urban 
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and agricultural sectors, and much more agricultural land has been converted to urban regions, decreasing 

irrigation needs. 

The general success of the 1957 Water Plan was in some ways serendipitous. Even though the Plan 

has yet to be fully implemented, more people and agricultural output than anticipated are being supported 

through the water system. This counter-intuitive result is because the Water Plan grossly over-estimated 

future per capita water demand in the first place.  

There are several key points that are relevant to today’s water planners. First, uncertainty about the 

many forces that influence development, water use, and water supply will likely lead even the best predictions 

to be incorrect. Second, forecasting technological advancement and cultural or life-style shifts is extremely 

difficult but could have a significant impact on the outcome of policies. Finally, unintended consequences are 

inevitable. The challenge for today’s water planners, thus, is to develop management strategies that will 

address the upcoming challenges sufficiently well despite the outcome of the unpredictable forces shaping 

California’s water future.   

6 Challenges for the next 25 years 

Water planners at the California Department of Water Resources, California Bay-Delta Authority, 

and other water agencies face a number of critical challenges in assuring that future water supplies are 

sufficient to meet future demands. As introduced above, California water planners must anticipate future 

water needs in order to make the appropriate management changes, infrastructure investments, or operational 

changes to meet these needs. In the past, rapid population growth assured that water needs would increase, 

and the challenge was primarily an engineering and economic one. Today, the level of water development and 

use is sufficiently high that it is less obvious how water demand may change and what water management 

strategy will provide the greatest benefit and reliability.  
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The highly managed water distribution system is vulnerable to both natural and human-induced 

changes in weather patterns. New traditional water supplies are limited and unconventional supplies, such as 

reclaimed wastewater, are becoming economically viable. All these uncertainties along with conflicting views 

of how to use scarce water resources obfuscate the optimal development strategy. 

6.1 Increasing demand 
Demand for urban water supply will rise unless efficiency gains outpace population growth. If per 

capita water consumption were constant, an additional 3.5 MAF of water would be needed for urban uses 

(based on the latest population projections and year 2000 urban water use). The location of population 

growth is also important. Many of the counties projected to grow more than 50% are located in the dry 

southeastern portion of the state.  

Uncertainty about population growth throughout the state is also very uncertain. Johnson (1999) 

illustrates this uncertainty by examining eight population projections from 1995. The 2030 California 

population projections range from just below 45 million to more than 55 million. Even during the Water 

Plan update period the official California DOF estimates of 2030 population has been substantially adjusted. 

The 2001 forecast (DOF 2001) projected a 2030 population of 53 million. The 2004 forecast revised the 

estimate downward to 48 million. This change corresponded to an annual growth rate change from 

1.4%/year to 1.1%/year. Finally, see Miller (2002) for a probabilistic estimation of future California 

population. 

Although water demand may continue to rise along with population and economic growth, the 

amount is much less certain as new efficiency technologies become available and options for reallocation to 

higher value uses becomes more possible. To illustrate the uncertainty about future water use, Figure 2-8 

shows previous projections of California urban water demand by prior Water Plans and the actual water use as 

estimated by DWR. This figure shows that such estimates vary substantially across studies; any single estimate 
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is likely to be incorrect. Judging from the trend of the past decade, it appears that water use in 2020 is likely 

to be closer to the 1974 estimates than either the 1993, 1998, 1964, or 1966 estimate. 

 
Figure 2-8: Projections of California urban water use from past Water Plans (dots) and actual urban water use 

estimates (line and dots) through 2020. Figure reproduced and modified from Gleick et al. (2005). 

6.2 Unpredictable surface supply 
The quantity of surface water supply available to meet needs in the future is uncertain and is 

vulnerable to infrastructure failure, extended drought, and climate change.  

6.2.1 Infrastructure Failure 

Infrastructure failure and degradation pose a major risk to California’s water system. The Bay-Delta’s 

system of islands and levees are particularly vulnerable to failure due to the age of the structures and the 

potential damage from earthquakes. Such a failure would cause a major disruption in the operations of the 

State Water Project and severely hinder its ability to make deliveries to the regions south of the Bay-Delta.  

6.2.2 Extended Drought 

The California water system is vulnerable to extended drought. During the past two major droughts, 

water users throughout the state either received less water than desired or were induced to reduce their 
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demand to conserve diminished supplies. Geologic studies suggest, however, that drought periods 

substantially longer than those experienced during the 20th century occurred in the past and therefore could 

occur again. As California’s water system was developed based upon expectations of hydrologic patterns in the 

20th century, a departure for this pattern could have significant consequences for the ability of the system to 

provide water to the state’s users. 

6.2.3 Climate Change 

There is a broad scientific consensus that the global climate is and will continue to change in part due 

to the continued accumulation of greenhouse gasses such as carbon dioxide and methane released by human 

fossil fuel combustion and land-use practices (IPCC 2001; NRC 2001). General circulation models predict 

that human-induced climate change will both increase mean temperatures over California and change 

precipitation patterns (Frederick and Schwarz 2000; Gleick 2000; Lund et al. 2003).  

For example, the Parallel Climate Model13 forced by business-as-usual greenhouse gas emission 

assumptions simulates northern-latitude surface temperature to increase by 3-8°C by 2100 and 1-2°C over 

oceans (Dai et al. 2004). Over California, annual average surface temperatures are forecasted to rise by about 

0.6°C by 2030 and 2°C by 2100. Precipitation is predicted not to change significantly in contrast to other 

model results (Knowles and Cayan 2004). Snyder et al. (2002) predict an annual average increase in 

temperature of 1.4-3.8°C for a scenario in which global atmospheric concentrations of carbon dioxide 

double.14  

                                                      
13 The Parallel Climate Model (PCM) is a coupled climate systems model comprised of the Community Climate Model 
version 3 (CCM3) atmospheric general circulation model,13 coupled to the Parallel Ocean Program ocean general 
circulation model. It also contains a land and sea-ice module (Dai et al. 2004). This model notably does not require the 
use of any flux adjustments, produces a stable climate except for in the very deep ocean, and captures the key features of 
the El Nino/Southern Oscillation. 
14 Snyder et al. (2002) use the Regional Climate Model (RegCM2), which is a higher resolution (40 km over California) 
regional model of the California region. It uses the same radiation code as the CCM3, includes the BATS surface model, 
and a slab ocean-thermodynamic sea ice model. Instead of simulating a time history of the future climate, it uses static 
greenhouse gas forcing and generates an equilibrium climate after several years. 
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A growing concern among climatologists is that changes in precipitation and temperature associated 

with global climate change will modify average snowpack in California. It is difficult to predict how climate 

change may affect snowpack, however. As surface temperatures rise, the altitude at which precipitation falls as 

snow increases and the duration of the snowfall season shrinks. Both these factors will lead to reduced snow 

accumulation in California during winter (Kim 2001; Landers 2002). Precipitation changes, however, are 

much less certain and could either reinforce snowpack reductions if California becomes drier, or may partially 

compensate for rising snow levels through more precipitation.  

Knowles and Cayan (2002) predict a 5% reduction in snowpack by 2030 and 30% reduction by 

2060. They predict the greatest snowpack loss to be in the 1,300 - 2,700 meter elevation range in the Sierra 

Nevada. Kim (2002) anticipate significant decreases in cold season snowfall and reductions in spring and 

summer snowmelt. Snyder et al. (2002) estimate that snow accumulation will decrease by up to 120 mm of 

snow water equivalent, and that annual average precipitation will increase by 43.2 cm/yr, or 23% in the 

north. 

Lower snow accumulation is likely to lead to higher runoff in the winter (when surface storage is 

often at capacity) and lower runoff during non-winter months. As existing dams and aqueducts were designed 

to cope with historical conditions, they may not be able to capture the excess rainfall during intense storms to 

compensate for more pronounced dry periods. The result will be decreased average supply. Decreased spring 

and summer runoff may also reduce groundwater recharge and aquifer yields.  

Knowles and Cayan (2004) predict a shifting in the timing of runoff leading to enhanced Bay-Delta 

salinities in summer months. Stewart et al. (2004) reveal that runoff has shifted earlier in the year during 

1948-2000. They predict this trend will continue due to temperature changes. Other related effects of climate 

change include more frequent periods of flooding and drought as the global hydrologic cycle become more 

vigorous in response to higher air temperatures (IPCC 2001). 
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Finally, with regard to the Colorado River, a study by Christensen et al. (2004) shows that business-

as-usual climate forecasts using a climate model coupled to a hydrology model and the Colorado River 

Reservoir Model lead to the following changes from 2010-2039: a 1°C warming, 3% reduction in 

precipitation, 14% reduction in annual runoff, and an annual storage reduction of 36%. These changes cause 

insufficient releases from the Glen Canyon Dam, and the water allocations enumerated in the Colorado River 

Compact are met in only 59-75% of the years (compared to 80% under model runs with no climate forcing). 

Many leading water resources groups, such as the American Water Works Association and the 

California Department of Water Resources, have recognized that climate change will impact California water 

resources (Kiparsky and Gleick 2003). Indeed, the Department of Water Resources has also recorded 

significant changes in the timing of mountain runoff through the 1990s in accordance with warming trends 

(Barnett et al. 2004; Perlman 2001; Roos 2003). 

6.3 Groundwater sustainability 
California’s aquifers supply about a third of the state’s water supply, yet in many regions 

unsustainable use and contamination pose a serious threat. In the coastal regions, overuse has led to seawater 

intrusion, necessitating costly and water- and energy-intensive strategies to inject freshwater into the ground 

to reverse the intrusion. Localized pollution plumes also have impaired or threatened many basins in the 

South Coast hydrologic region. The state’s ability to stretch supply through conjunctive use projects and to 

continue using long-standing groundwater sources is somewhat uncertain due to these management and 

pollution issues. 

6.4 Environmental impacts, restoration, and preservation 
As the California population grows, many expect the demand for environmental protection and 

restoration also to increase. Trends in public attitudes, legislation, and governmental programs portend larger 

future water allocations to aqueous ecosystems such as the Bay-Delta (DWR 1998; DWR 2005c). These 



  

  47

necessary reallocations could leave less supply for human consumption and irrigation and may lead to further 

conflict between water user groups and environmental advocates. 

7 California Water Plan Update 2005 

7.1 A new process 
In response to concerns by the state legislature, stakeholders, and the public about past methods used 

for evaluating future water needs and supplies, as well as the transparency of the state-wide water planning, 

the DWR made several major changes to the planning update process for the 2005 update. In January 2001, 

it expanded outside involvement in the planning process by convening a 65-member Advisory Committee 

and 350-member extended review forum, and by facilitating more interaction with the public. Signaling a 

major shift in its analytic approach, the DWR and the Advisory Committee also reviewed the procedure used 

to forecast future water needs and supplies, and its management options.  

The DWR had originally sought to evaluate a set of possible management strategies against a single 

water demand and supply forecasts using several different modeling tools (DWR 2004a). The Water Plan 

Advisory Committee, however, would not approve of this approach, as they were concerned that any single 

water management forecast would not reflect the wide range of plausible futures that they believed might 

exist. Furthermore, they did not feel comfortable with many of the assumptions deeply embedded within the 

proposed models.  

The DWR and the advisory committee also concluded that the appropriate tools were not available 

to credibly evaluate multiple water supply and demand scenarios in a transparent way. They thus chose to 

develop three narrative scenarios of water demand as the beginning stage of a longer-term analytic effort to 

evaluate the performance of various water management strategies (or response packages) against the various 

scenarios of water demand and supply. The DWR pledged to develop the analytic framework and tools 

necessary for the desired analysis for the next Water Plan update. 
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7.2 A scenario approach for evaluating water management strategies 
The DWR committed to a scenario-based approach to consider future water demand and supply and 

evaluate possible resource management strategies. As described in the Draft 2005 CWP, “a resource 

management strategy is a project, program, or policy that helps California’s local agencies and governments 

manage their water and related resources. Strategies can be combined in various ways to meet the water 

management objectives and values of different regions and to achieve benefits for many natural resources. 

(DWR 2005c)”  

Volume 2 of the 2005 Water Plan describes 25 water management strategies. The following ten 

strategies are related to either moderating water demand or increasing supply: 

Agricultural water use efficiency 
Aquifer remediation 
Conjunctive management 
Desalination (brackish water and ocean) 
Precipitation enhancement 
Recycled municipal water 
New surface storage 
System reoperation 
Urban water use efficiency 
Water transfers 

 
Figure 2-9, to be included in the final draft of the 2005 CWP (obtained from DWR), shows 

preliminary estimates of the possible ranges of additional water supply provided from eight of the ten resource 

management strategies. Based on this assessment, urban water use efficiency has the greatest “water supply” 

potential, with the high estimate of saving around 3.1 MAF and the low estimate just about 1.2 MAF. Note 

that water use efficiency reduces demand and thus eliminates the need for the equivalent amount of supply. 

Conjunctive groundwater management and storage may provide the second most benefit (a low and high 

estimate of 0.5 MAF and 2.0 MAF, respectively). Finally, recycled municipal water is estimated to provide 

between 0.9 and 1.4 MAF of supply by 2030. 
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Figure 2-9: Ranges of additional water supply by 2030 provided by eight resource management strategies. 

Source: DWR – to be included in 2005 CWP. 

7.3 Analysis challenge 
The DWR faces not only water management challenges but also analytic challenges to implement 

this new work plan. The next Water Plan (tentatively planned for 2010) faces the following analytic 

challenges: (1) to establish consensus over the scenarios to evaluate within a contentious stakeholder 

environment, (2) to develop the analytic tools to quantify the chosen scenarios (and others, as argued for in 

this dissertation), (3) to evaluate the performance of potential response packages within the scenarios, and (4) 

to reconcile different views on the purposes and value to different water management strategies and outcomes. 

This dissertation motivates the need for new water modeling infrastructure to support a public long-

term water planning process for the Water Plan. Such an infrastructure would not supplant detailed modeling 
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studies or existing operational modeling efforts. Instead it would provide a meaningful way for the Water Plan 

Advisory Committee and stakeholders to (1) understand the conceptual and theoretical basis of the modeling, 

(2) provide feedback into the process by raising concerns and suggestions that could be addressed by the 

analysis in a timely fashion, and (3) achieve satisfaction that questions and issues of concern were addressed.
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CH 3: STANDARD DECISION THEORY AND ITS LIMITATIONS FOR 
LONG-TERM WATER RESOURCE PLANNING 

1 Introduction 

Public policy analysts and water resource planners regularly use quantitative analysis to guide decision 

making. Water resource managers, for example, use decision analysis to evaluate the water supply reliability 

improvements of a new facility or the effects of a new conservation program on urban water demand. Most 

decisions of any consequence, including these, contain aspects that are uncertain. There may be uncertainty 

about how much additional water supply reliability is needed or how much reliability improvement a specific 

project design will yield. Similarly, many of the factors that affect the success of water conservation programs, 

such as program participation rates or efficacy of new water saving technologies, are uncertain.  

The decision analysis methods most commonly used in policy analysis and water resource 

management are based upon Bayesian decision theory. Von Neumann and Morgenstern (1944) articulated 

basic Expected Utility theory for decision making when the outcomes are uncertain but well characterized by 

an objective probability distribution.1 In these cases, the best choice is the one that leads to the most favorable 

probability-weighted outcome (or expected utility). Savage (1954) expanded this theory to address decision 

making under the more common condition of subjective uncertainty, where probability assessments are not 

derived solely from empirics and thus may vary from person-to-person and over time. Savage showed that if 

there exists a single decision maker whose behavior follows a set of reasonable axioms (the Savage Axioms), 

then subjective characterizations of uncertainty can provide a foundation for rational choice. This theory of 

Subjective Expected Utility has since become the de facto normative method for evaluating decisions under 

uncertainty.  

                                                      
1 A probability distribution function assigns each possible outcome with a value of its likelihood of occurring. 
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This chapter first reviews standard decision theory and describes its application to decision problems 

under ideal conditions. Next, it describes the four main conditions that must hold for standard decision 

theory to provide unambiguous guidance over the choice of policies. Lastly, it argues why the long-term water 

management challenges to be considered by the next California Water Plan may not share these characteristics 

and thus necessitate alternative decision methods. 

2 Review of standard decision theory 

There are five main elements in a standard decision problem: (1) the actions under consideration, (2) 

the states of the world in which the actions play out, (3) the likelihoods of each state, (4) the outcomes of the 

actions for each state, and (5) the decision maker’s preference over the outcomes. Different terminology is 

used in the decision theory and policymaking literatures. In this discussion, I seek to provide a bridge between 

the standard economic-based treatment of theoretical decision making and policy-centric treatments of 

decision making under uncertainty. 

Actions are often called policies when they involve institutions making decisions on behalf of the 

public or other stakeholders. Policies under consideration can be discrete (i.e. implement program A, B, or C) 

or consist of many individual actions, called policy levers, that can be implemented to varying degrees, at 

different locations, and times, using different methods, etc. Let L represent the set of alternative policy 

strategies, ly (indexed from 0 to Y), from which a decision maker chooses. Each policy strategy, ly, is a vector of 

values corresponding to S individual policy levers, lyi: 

 1( ,..., ,..., )y y yi ySl l l l L  (1) 

Decision makers are interested in the possible outcomes of the actions or policies under 

consideration. Policy outcomes are often evaluated by multiple measures or metrics, for example: cost, 

quantity of a resource, and net change in biodiversity. Let M represent the set of individual outcomes, m, 

where individual outcomes may be vectors of T individual metrics, mk:  
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 1( ,..., ,..., )k Tm m m m M  (2) 

If the state of the world, x, in which the policy acts is known, then an outcome function, R, maps policy 

strategies, l, to outcomes m: 

 :R L M  and (3) 

 ( )R l m  (4) 

These relationships can be qualitative or they can be quantified in an analytical or computer model. Note that 

for this discussion, a state represents all relevant characteristics of the world beginning from the initiation of a 

policy to its evaluation at some point in the future. 

Decision makers, choosing among policies, will prefer the one that leads to the “best” outcome 

according to their preferences. A function that translates specific outcomes to an ordinal measure of 

preference is called a utility function and can provide an unambiguous way to rank outcomes or policies. 

When the outcome of each policy is known (or is certain), the optimal strategy, l*, is simply the one that 

maximizes the decision maker’s utility,  [R(l)]. Or, l* is such that:  

 [ ( *)] [ ( )]R l R l  for all l L   (5) 

If there are multiple metrics comprising m, then the utility function reflects both the preferences over the 

magnitudes of each metric and the preferences over combinations of metric values. 

If the state in which the policy operates is uncertain, then the outcomes associated with each policy 

are also uncertain. Uncertainty about the state occurs when the underlying structure of the system or factors 

out of the control of the decision maker are uncertain, stochastic, or poorly understood. Let X be the set of all 

possible states, where xz is indexed from 1 to Z. Each state, xz, is a vector of values corresponding to U 

individual exogenous factors, xzj: 

 1( ,..., ,..., )z z zj zUx x x x X  (6) 

Exogenous factors can represent both parametric uncertainties (e.g. the rate of population growth) and 

structural uncertainties (e.g. a toggle that selects one of two competing model structures for a poorly 
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understood process). For example, suppose the policies under consideration include dams of various sizes and 

designs. The relevant states, X, which would influence the performance of the dam, could be represented by 

the values of the following uncertain variables: xz1 = the annual precipitation in the watershed, xz2 = the 

fraction of precipitation falling as snow, xz3 = the timing of snow melt, each defined for every year from the 

construction to the end of the evaluation horizon, and xz4 = a toggle specifying a particular representation of 

the hydrologic system. 

A probability function, (xz), reflects the probability of each state, xz, occurring. If the likelihoods for 

each state which influences outcomes are known, then the uncertainty can be defined objectively.2 Similar to 

the certainty case, an outcome function, R, maps policy strategies, l, and states, x, to outcomes, m: 

 :R L X M  and (7) 

 ( , )R l x m  (8) 

Each strategy, l, then defines a distribution over outcomes, m: ( )l m . If preferences over the 

distribution of outcomes satisfy the von Neumann-Morgenstern axioms, then there exists an elemental utility 

function, (m), such that these preferences are representable by Expected Utility:3 

 ( ) ( ) ( )l

m

EU l m m  where (9) 

 
( , )

( ) ( )l

x R l x m

m x  (10) 

The decision rule is therefore to choose l* to maximize EU(l), or choose l* such that: 

 *( *) ( ) ( ) ( ) ( )l l

m m

EU l m m m m  for all l. (11) 

Objective probability assessments are typically established through experimentation or theory and are 

called frequency probabilities. A pure Frequentist would argue that probability assessments should be 
                                                      
2 For the case when all relevant exogenous factors are independent, the joint probability of any state xz is the product of 

the individual (marginal) probability for each exogenous factor (xzj), defining a particular state: 
1

( ) ( )
U

z zj zj

j

x x . 

3 This utility function also reflects a decision maker’s tolerance of risk. 
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established only through such means. For many uncertain factors (and the decision problems influenced by 

them), however, there is no feasible way to make all probability assessments empirically. Without alternative 

methods for establishing subjective probabilities, decision theory would be of little practical use to decision 

makers. Bayesians assert that it is legitimate to apply one’s personal beliefs of likelihoods in the place of an 

empirically-based probability calculation. As information about the true probability becomes available, Bayes’ 

Theorem provides a method for updating the subjective probability assessments. 

Subjective Expected Utility theory, developed by Savage (1954), enables analysts to use subjective 

probability assessments to identify optimal policies. Savage defines “acts” as those actions that the decision 

maker must choose among. The consequence of each act depends upon which state occurs, the probability of 

which is only subjectively known. Each act can then be described by a vector comprised of pairs of 

consequences and states or events. The elicitation of a decision maker’s preference over pairs of acts can 

establish his or her subjective utility function. If certain axioms (the Savage axioms) about the decision 

maker’s preferences hold, then the SEU theory suggests that the optimal policy choice is the one that leads to 

the greatest probability-weighted utility – or greatest subjective expected utility (Camerer and Weber 1992).  

Analysts, when subjectively assessing probabilities of natural forces that cannot be easily simulated 

physically or in a laboratory, often look to historical records of the systems of interest. For example, a 

common strategy for specifying the probability of large floods or severe droughts is to compute the historical 

probability of such events from the historical record. This method assumes that the process’s statistical 

features are constant in time, or are stationary (in the statistical sense). This assumption will only hold if the 

historical record is sufficiently long to characterize all relevant stochastic variability. If the hydrology of a river 

responds to climatic cycles that operate on the timescale of decades to centuries, however, an 80-year 

hydrologic record will not necessarily characterize the next 80 years. Furthermore, many natural processes are 

not stationary due to interactions with other evolving forces such as anthropogenic climatic change. If the 



 

  56 

Earth’s climate is changing due to the accumulation of greenhouse gasses in the atmosphere, then the future 

hydrology could turn out to be quite different from that in the past. 

* * * 

To help bridge standard decision theory to scenario-based methods described in later chapters, I 

represent the standard decision framework in matrix form for a case with discrete policies and states (Figure 

3-1). Individual policies, l, are indexed by y=(0,…,Y); states, x, are indexed by z=(1,…,Z); and outcomes, m, 

are indexed by both y and z. The index y=0 refers to the null policy. 

1

01 0 0

1

1

z Z

0 z Z

y y yz yZ

Y Y Yz YZ

States

Policies

x x x

l m m m

l m m m

l m m m

 

Figure 3-1: Outcome matrix for each policy, l, and state, x. The rows represent each policy under 
consideration. The columns represent each potential state in which the policy acts. The interior cells 

correspond to the outcomes for each pair of policy and state.  

Figure 3-2 shows the corresponding matrix of utilities for each outcome, along with the probabilities 

associated with each state (2nd row) and the expected utility for each policy (right-most column). Assuming 

the matrix can be fully populated, the decision maker would choose the l that corresponds to the highest 

expected utility, EU(l). 
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1

01 0 0 0

1

1

1

1

1

( )

) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

z Z

1 z Z

0 z Z z z

y y yz yZ z yz

Y Y Yz YZ z Yz

Z

z

Z

z

Z

z

Probabilities

Policies

States x x x EU l

(x x x

l m m m x m

l m m m x m

l m m m x m

 

Figure 3-2: Matrix of utilities corresponding to the outcomes shown in Figure 3-1. The top row defines each 
state of the world, determined by exogenous factors (those out of the control of policy makers). The second 
row indicates the objective or subjective assessment of each state’s probability of occurring. The left-most 

column denotes the policy under consideration for each row. The interior of the matrix reflects the utility of 
the outcomes corresponding to each policy acting in each state. The rightmost column represents the expected 

utility calculation for each policy, l. 

A conventional decision analysis generally includes the following steps. First, a finite list of potential 

policies under consideration is generated (left-most column in Figure 3-2). As described above, a continuous 

set of potential policies could be defined by a finite number of characteristics, of policy levers (for example, 

the type of program from a list of alternatives and the level of total expenditure). Next, one or a few metrics to 

evaluate the performance of a policy (such as cost, water reliability improvements, or environmental impact) 

are selected (the ms in the figure). A computer model is then developed or selected to predict the performance 

of each policy. Stochastic or uncertain processes are characterized statistically within the model through the 

use of probability distributions. The model then predicts the outcomes for each policy and identifies the 

optimal policy for each performance metric. If there are multiple metrics of interest, a multi-objective utility 

function is developed. The policy with the highest expected utility is then enacted or recommended for 

implementation. 
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In the next section, I describe how the characteristics of a realistic long-term policy problem pose 

problems for this method. 

3 Challenges applying standard decision theory to long-term policy problems 

There are four key requirements to identifying an optional policy. First, a complete set of policies or 

policy levers used to define a policy must be identified (left-most column in Figure 3-2). Second, any 

uncertainty about the exogenous factors defining the states must be completely characterized to yield both the 

states and the probabilities of states occurring (top two rows of the figures). Third, a credible model must exist 

to evaluate the effects of the policies in each state (computing the ms in the figure). Fourth, a single utility 

function is required to rank-order preferences over the outcomes. When one or more of these conditions are 

not met, one can not apply standard decision theory without making problematic assumptions about the 

missing condition(s). Below I expand on the features of long-term policy problems that are most problematic 

for standard decision analysis. 

3.1 Incomplete knowledge of feasible policies 
For long-term policy problems involving complex systems, there are likely to be an extremely large set 

of different policies that are worthy of consideration. Analysts may only be aware of a subset of feasible 

policies at the onset of the analysis. This may be because (1) the problem and policies under consideration 

play out over long periods of time leading to an expanding set of potential policy strategies, (2) there may be 

many different ways in which policies could influence the problem, or (3) the analysts are ignorant about 

important processes. In these cases, the decision analysis itself may prove informative for the development of 

superior policies. This is especially the case if there is considerable future uncertainty, as better understanding 

the implications of uncertainty can provide insight into ways to hedge against it.  
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By ignoring some potential policies, policymakers may forgo the benefits of superior but 

unconsidered policies. When many policy options exist, the conventional strategy of evaluating only a few 

policies will likely necessitate overlooking some policies that are favored by some stakeholders. This can erode 

the legitimacy of the decision making process. 

3.2 Poorly characterized uncertainty 
Standard decision theory necessitates that uncertainties about the state in which the policy acts or the 

effects of the policies under consideration are characterized by objective or subjective probability distribution 

functions. Identifying a single characterization of uncertainty can be problematic in many circumstances. If 

the uncertainty is very severe, a decision maker or analysts may have little confidence in his or her subjective 

uncertainty characterization. If the characterization is largely arbitrary (due to ignorance about the underlying 

processes, for example), the analyst or decision maker may be inclined to discount the findings from such 

quantitative decision analysis. Furthermore, such poorly justified characterizations often draw the criticism of 

stakeholders who do not favor the particular results of the analysis, and they can reduce the legitimacy of such 

studies. 

Alternatively, if a decision is made by a collection of decision makers who hold different subjective 

views of the uncertainty, there will be no single distribution consistent with the beliefs of each decision maker. 

In these cases, decision makers must rely on some sort of combined average probability assessment to 

characterize the uncertainty. The Delphi method, developed at RAND in the 1950s, is one way to elicit a 

group characterization of uncertainty (see Quade and Carter (1989) and Keeney and Raiffa (1993)). 

The debate over how to address such uncertainty in decision analysis is longstanding. Bayesian-based 

probability theory (developed in the mid-20th century) treats such uncertainty in the same way as a subjective 

uncertainty. Ellsberg (1961), however, observed that decision makers often distinguish between uncertainty 

that is well characterized or known, and that which is only vaguely understood. Ellsberg’s famous ball-and-
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urn experiment demonstrated that many people, when faced with uncertain gambles that are not equally well 

characterized or are “ambiguous,” will prefer the less ambiguous. This behavior contradicts the Savage Axioms 

and suggests that in practice people view well- and poorly-characterized uncertainty differently. Smithson 

(1989) argues that this type of uncertainty derives from ignorance on the part of the analysts and is thus 

distinct from uncertainty that is testable through frequentist experimentation. Others call it ambiguity 

(Camerer and Weber 1992), vagueness or simply imprecision (Wallsten and Budescu 1995).4 

A simple example can help illustrate the differences between poorly-characterized uncertainty (or 

ambiguity) and more conventional uncertainty. As discussed below, these differences have large implications 

for decision analysis. This example, drawn from Gardenfors and Sahalin (1982), explores the wagering 

preferences of a tennis spectator (Julie) for three upcoming tennis matches of which she has different types of 

knowledge.  

Match A is between two competitors that Julie knows very well. Based on past matches, she believes 

that the probability of either player winning is about equal, or 50%. Match B is between two unknown 

competitors. Julie, therefore, has no reason to expect one to be more or less likely to win than the other, and 

thus chooses even odds. This choice is not because she thinks that both have an even chance at winning, but 

because she has a 50% chance of guessing correctly who will win. Finally, Match C is between two 

competitors unknown to her, but she has heard that the match is almost certain to be an easy victory for one 

of them. Although Julie knows that one is strongly favored, she doesn’t know which player it is, and thus to 

her, both players have equal chances of winning. 

                                                      
4  Budescu et al. (2002) suggest that the term ambiguity should instead be used to describe conditions in which the 
description of the uncertainty is unclear, such as the statement “there is a 50% chance of precipitation” as a 
characterization of the likelihood of snow. The likelihood of snow, in this case, is ambiguous because we’ve only been 
told if it will precipitate (which could include rain as well as snow). 
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The uncertainty that Julie faces in a gamble on Match A is well characterized, as it is empirically-

based. In prior matches both competitors have demonstrated equal ability, leading Julie to conclude that each 

player has an equal chance of winning a match between them. In Match B, Julie must make a probability 

assessment largely ignorant of the true odds of either player winning. The uncertainty is poorly characterized, 

as her assessment is largely speculative. It would likely change if she were provided with additional 

distinguishing information about the players’ abilities, for example. In Match C, Julie is confident that the 

favored player will win, reflecting a frequentist uncertainty characterization, but she is ignorant about which 

player is favored. This leaves Julie with only a poorly characterized subjective assessment of the probability of 

either player winning. 

For each of the three matches, the subjective probability of each player winning is 50%. Subjective 

expected utility theory thus suggests that Julie should be indifferent to these gambles, as they all have even-

odds. Gardenfors and Sahalin argue, however, that people’s willingness to wager on each of the three games is 

quite different. Most people, in fact, are more likely to wager on Match A than the other two, indicating some 

level of aversion to the ambiguous uncertainty of Match B (where the observer doesn’t know anything about 

the “real” probabilities of either player winning) and of Match C (where the observer is in essence gambling 

on whether she correctly guesses which player is the favorite, not on the performance of the players). This 

observation implies that decision makers when presented with poorly characterized uncertainty do not follow 

the rules of utility maximization which form the basis of standard decision theory.  

The tennis example can further explore how poorly characterized uncertainty can affect group 

decision making. For this, consider now that Julie is accompanied by two friends, and together they are 

deciding how best to collectively wager on the matches.  

For Match A, the three friends would likely agree that wagering on either player would be acceptable. 

For Matches B and C, however, agreement by the three friends on the proper wager may be problematic. The 
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lack of any knowledge of the players may lead the friends to seek supplemental information to guide their 

choice in gambles. For example, one friend may ask the opinion of the people standing next to him; whereas 

the other friend may watch the players’ warm-up for less tangible clues to the players’ tennis abilities. It is 

possible that after some time each friend would develop unique subjective probability assessments of who will 

win the two matches. At the time of the wager, Julie will be unable to place a single bet that accommodates 

the now divergent views of her friends. 

In summary, the tennis example suggests that poorly characterized uncertainty poses two problems 

for a decision analysis. First, there is empirical evidence and psychological theory to suggest that decision 

makers feel less comfortable making decisions (or taking gambles) when faced with poorly characterized 

uncertainty. Even though one may rightfully argue that the role of decision analysts is to help decision makers 

overcome such judgment pathologies characterized by the Ellsberg Paradox and Gardenfors and Sahalin’s 

tennis example, real decision processes rarely require that the participants adhere to such principles. Second, 

such uncertainty will invariably lead to conflict among groups of decision makers and stakeholders. If key 

uncertainties are poorly understood, stalemates in the decision process can occur due to conflicting 

characterizations of uncertainty.   

Many strategies are used to overcome poorly characterized uncertainty in a standard decision analysis. 

The uncertainty is often ignored altogether. For example, water resource planners, unable to characterize 

climate change effects on the hydrologic cycle, have in the past simply left its possible effects out of the 

hydrologic models. Ignoring uncertainty, however, can lead to poor choices if the inclusion of the uncertainty 

would have suggested alternative policies.  

Analysts also often act as if the ambiguous uncertainty is well characterized by choosing arbitrary or 

poorly-justified probability distribution functions for uncertain parameters. For example, analysts may assume 

a normal distribution about a hypothesized mean value. Ignoring the ambiguity, however, biases the results 
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towards the chosen uncertainty characterization. When multiple analysts or decision makers are participating 

in the decision process, this practice can also lead to competing decision-support models, each distinguished 

by different assumed probability distributions over the ambiguous parameters. If the alternative models 

suggest different “optimal” policies, a stalemate in the policy process could occur.  

Another strategy is to assign second-order probability distributions to deeply uncertain parameters 

(Gardenfors and Sahlin 1982).5 Introducing an additional probability measure to represent the uncertainty 

about the model’s uncertainty may complicate the problem by creating an additional layer of uncertainty that 

cannot be specified or agreed upon. Many decision theorists also disapprove of this method, as the resulting 

axiomatic system does not have the convenient mathematical properties of expected utility theory.  

3.3 Credible policy models 
Computer models are commonly used to support decision analysis. Such models typically seek to 

predict the outcomes of a set of policies under consideration and are designed to produce probabilistic 

outcomes when the system in which the policy acts or the effectiveness of the policies are uncertain. Models 

used for decision support often face immense scrutiny, as the results they provide informs policy choice. 

The need for quantitative models usually increases with the complexity of the decision problem. For 

many complex decision problems, however, models may not be able to represent all relevant factors. A 

complex decision problem may also necessitate the evaluation of factors that are only partially understood by 

technical experts. As a result, modelers often make design choices (structural choices) and parameter value 

assignments (parametric choices). Often such choices are poorly understood by other users of the models, and 

they can form the foundation of disputes about policy decisions based upon the results of these models. 

                                                      
5 Gardenfors and Sahlin (1982) coin the term epistemic reliability to refer to the level of ambiguity of the uncertainty. 
The epistemic reliability measure, , indicates how confident the decision maker is about a given probability. 
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Successful models are those that represent the factors most important to the choice of policy in a transparent 

and agreed upon way.  

3.4 Multiple preferences over outcomes 
Finally, when outcomes are evaluated by multiple metrics, the analyst must assign a single utility 

function to rank preferences over combinations of the individual outcome metrics. Although techniques 

described in multi-attribute decision theory exist to elicit preferences over multiple outcome measures, this 

becomes difficult as the dimensionality of the outcome measure becomes large. See Keeney and Raiffa (1993) 

for general discussion of multi-objective decision making and Wu et al. (1997) for an application to water 

resource planning. 

Analysts often try to overcome this problem by identifying an optimal policy using the expected 

utility criterion separately for each outcome metric. The analyst then selects the optimal policy that satisfies 

the decision maker’s most important criterion. Alternatively, they may seek to balance the outcomes across 

the different metrics. 6 Challenges remain, however, when no policy performs sufficiently well across all the 

preferences.  

4 Long-term water resource planning requires new approaches 

Morgan et al. (1999) in their essay entitled “Why Conventional Tools for Policy Analysis are Often 

Inadequate for Problems of Global Change” also present a framework for classifying policy problems and 

their suitability for conventional analysis.7 They define a three dimensional cube with the following 

parameters on the axes: (1) resources required or at stake, (2) cultural/political distance between parties, and 

(3) time required to implement or to reverse choice (Figure 3-3). They argue that conventional tools are well 

                                                      
6 Hillestad and Davis (1998), have created a useful tool, called Dynarank, which employs an easy-to-use graphical 
interface to assist analysts and decision makers in qualitatively evaluating policy performance across multiple metrics. 
7 Morgan et al. (1999) list the following standard policy analysis tools: utility theory, benefit-cost analysis, statistical 
decision theory, multi-attribute decision theory, and contingent valuation. 
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suited for problems close to the origin – those that require few or modest amount of resources, that involve 

relatively homogenous groups of people, and operate on short timescales. Problems characterized by points 

away from the origin of this cube are not well suited for conventional tools.  

 
Figure 3-3: Schematic of three dimensions defining a policy problem. Problems near the origin are well suited 

to conventional decision tools, and problems away from the origin require alternative methods. Figure 
reproduced with permission from Morgan et al. (1999). 

Morgan’s cube can also be reconciled with the necessary requirements for standard decision theory 

presented above. First, as the time required for policy implementation or reversal increases (vertical axis), so 

does the severity of uncertainty and complexity of the decision problem. The longer the time frame, the more 

ambiguous the uncertainty becomes (Rosenhead 1989). Second, as the resources required or at stake increase 

(downward sloping axis) the number of possible policy options available also increase, and so does the need 

for analytic methods to help identify which policies are worthy of consideration. Finally, as the 

cultural/political distance between parties increases (upward sloping axis) so does the number of potential 

interest groups and diversity of preference over outcomes.  
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Many long-term policy problems, including water resource planning, contain one or more of the 

above characteristics that prevent the straightforward application of standard decision theory. First, many 

factors that affect how various water management policies perform may not be known with sufficient 

certainty to assign or derive (through modeling) probabilities to possible outcomes.  

In water resources the time-scale often distinguishes between those phenomena that can be 

reasonably-well characterized and those that cannot. For example, the historical record of Sacramento River 

flow provides a strong basis for developing a probability distribution function for the annual river flow over 

the next few decades. In the longer-term however, uncertain forces, such as global climate change or longer 

time-scale atmospheric fluctuations not captured by the measured 75-year hydrologic record, add a level of 

uncertainty that can not be well characterized. As a result, analysts are unlikely to be highly confident of their 

probability assessments of Sacramento River hydrology 30 to 50 years out. This pattern holds for many other 

forces driving water supply and demand including demographics, agricultural land use and practices, and 

especially technology development and diffusion. Water supply and demand is also stochastic, that is, they 

vary randomly in part over time. Many forces that influence the water management system may change over 

time in unpredictable ways. There are important events in water resource management that may happen but 

it is unknown how severe they will be, when they will occur, and where they will occur. A relevant example is 

Bay-Delta levee failure. Scientists know that events such as these will happen again without significant and 

possibly prohibitively expensive investment into infrastructure improvement, but they are uncertain when, 

where, and how catastrophic such events would be (Mount and Twiss 2005).  

Second, the management strategies that are available for water management are diverse and perform 

in different ways. They often have large externalities, positive and negative. Dams flood pristine valleys and 

block off habitat for anadromous fish species (such as salmon), yet the reservoirs provide water supply 

reliability, recreation and other economic benefits. The performance of the management strategy can be 
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uncertain and may depend upon future unknowable factors. For example, the price of desalinated water is 

highly sensitive to energy prices. Management strategies, like financial assets, each have unique levels of return 

(in terms of yield per cost, for example) and risk associated with that yield (often expressed as the variability 

about the mean yield). Management options are also not always complements. Often only one or a subset of 

several options can be enacted. Cost constraints are often strong. Finally, some options have strong 

philosophical implications about how water should be managed. 

The 2005 CWP process, for example, made a concerted effort to consider a wide range of responses, 

and identified 26 different categories of actions (described in Volume 2 of the Water Plan). As successful 

California water management will likely include components of many of these responses, the number of 

potential policies to evaluate will be expansive, making it difficult for a standard quantitative analysis to 

consider all the feasible policies. 

Lastly, due to the wide-reaching impacts of water resource management and the potential for 

differential impacts of water management strategies, it is often difficult to establish a single set of preferences 

over outcomes. Fresh water is a finite resource in California and much of the world. Were water to be freely 

available, the uses for it would far exceed the supply. The development and management of such a resource, 

therefore requires some allocation among diverse users with diverse values and preferences. Some decision 

makers and stakeholders, for example, may be willing to bear the steep costs and additional environmental 

impacts of increasing the size of an existing dam in order to decrease the probability of future urban water 

shortages. Other decision makers and stakeholders may prefer a less expensive and more environmentally 

benign alternative that may not increase water supply reliability as much.  

* * * 

In the following chapters, I describe and apply two alternative decision analysis approaches to 

California long-term water resource planning. In Chapter 4, I build upon the scenario analysis approach used 



 

  68 

by DWR for the Water Plan Updates, and present several quantitative scenarios of California water demand. 

In Chapter 5, I describe how a new method, Robust Decision Making, can facilitate the evaluation of 

multiple scenarios to identify policies that are robust against some of the poorly characterized uncertainty 

faced by water managers. Finally, in Chapter 6, I demonstrate the use of Robust Decision Making with a 

simplified representation of the water demand and supply challenges facing Southern California. 
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CH 4: SCENARIOS OF FUTURE CALIFORNIA WATER DEMAND 

1 Introduction 

A scenario is a narrative or quantitative description of one possible view of the future. Analysts and 

decision makers often construct scenarios to better understand how decisions or policies may fare in the future 

despite numerous uncertain factors. Scenarios are typically designed to stimulate the consideration of 

outcomes that had previously been ignored due to limited resources for analysis, because they are viewed as 

unlikely, or because they are believed to be incongruent with current decisions and policies. Narrative scenario 

planning has been used extensively by many organizations, including the U.S. military, Royal/Dutch Shell, 

and utility companies (Schwartz 1996).  

Computer models can also quantify scenarios to provide additional information upon which to base 

the evaluation of alternative policies. Quantified scenarios can serve four primary purposes. They can 

comprise a set of standard reference cases that other members of the research community may use for their 

particular analyses. Second, they can help characterize significant uncertainties. Third, they can serve to focus 

analysts and decision makers upon potential outcomes that are inconvenient, controversial, or in violation of 

conventional wisdom. Finally, they can be used to test the robustness of chosen policies.  

Recently, for example, researchers at the Public Policy Institute of California generated four scenarios 

of urban growth in the San Joaquin Valley to 2040 (Teitz et al. 2005). They hope that these scenarios will 

help planners identify the potential consequences of such plausible futures to either try to influence them or 

manage them more easily. Other research groups are also working to quantify scenarios of precipitation and 

river hydrology to reflect different possible manifestations of global climate change impacts on California 

water resources (e.g. Snover et al. (2003) and Yates et al. (2003)). 

Over the past several decades, water planners have also begun to recognize the value of using scenario 

planning and analysis. Scenarios can help water planners better understand the implications of uncertainty 
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and to evaluate the success or failure of management strategies in achieving more objectives. California urban 

water management plans, for example, now include an evaluation of the water system under normal (or 

average) years as well as single and multi-year drought conditions. This method has helped to focus the 

attention of analysts and decision makers on the consequences of less frequent but important future 

hydrologic conditions, and has provided an important reference from which to develop more resilient water 

management plans. As described below, the DWR has also embraced scenario analysis and presents three 

scenarios of future water demand in their latest California Water Plan update (DWR 2005c).  

In this chapter I demonstrate how the evaluation of several water demand scenarios, as opposed to a 

single forecast, can better characterize the management challenge of meeting future water demand in 

California. I first discuss the history and theory behind narrative and quantitative scenario planning 

approaches, and I describe the narrative scenarios used by the DWR for the 2005 CWP. I next construct and 

describe a simple model to estimate scenarios of future water demand in California. I use this model to 

produce four quantitative scenarios of California water demand – three corresponding to the Water Plan 

narrative scenarios and an additional one.1 Finally, I highlight several challenges that DWR may face in 

implementing this approach more broadly for the next California Water Plan. 

2 Scenario planning and analysis 

Scenario planning exploits the diversity of knowledge held by a group of people. In scenario 

planning, groups of experts, decision makers, and interested stakeholders collaborate to develop a small 

number of internally consistent stories of the future in order to characterize the uncertainty over how the 

world will unfold. Scenario analysis does not try to identify the most likely scenario, but instead develops a 

few scenarios that often span the “space” of plausible futures. This intentionally focuses the analysis away 

                                                      
1 Much of this work was done in collaboration with Scott Matyac and Tom Hawkins of the California Department of 
Water Resources. It appears in Volume 4 of the 2005 CWP (Groves et al. 2005). 
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from the standard “most-likely” view of the future and towards often unexplored, but plausible other views. 

These scenarios help decision makers consider how current or future policies might fare across the uncertain 

future as represented by the diverse scenarios. Decision makers can then use this information to help tailor 

their policies to be more robust, or less sensitive to the key uncertainties about the future. By exploring how 

leading policies may be vulnerable to unexpected states, the decision maker often can identify alternative 

strategies that are not as vulnerable to any subset of states or develop new innovative strategies that hedge 

against the vulnerabilities.2   

Schwartz (1996) describes eights steps to creating narrative scenarios:3 

1) “Identify focal issue or decision” – Schwartz recommends designing the analysis to 
inform specific decisions of interest. 

2) “Key factors in local environment” – The key factors are those that will influence the 
performance of a decision or policy and measure the performance metrics of the 
decisions.  

3) “Driving forces” – The driving forces are those that ultimately dictate the key factors. 
4) “Rank by importance and uncertainty” – The most important forces are those which 

are likely to have the largest impact upon the performance of the policy or are those 
that are most uncertain. A box with the selected driving forces on each axis defines a 
notional space in which each scenario can be defined. 

5) “Selecting scenario logics” – The scenarios chosen should be those which would have 
the greatest impact on the decisions under consideration. 

6) “Fleshing out the scenarios” – This refers to the process of filling out the details 
(specifically focusing on the key factors and driving forces) of the scenario logic 
defined in the previous step. 

7) “Implications” – Well designed scenarios should reveal important implications to 
policies under consideration. In this step, such implications are explored in order to 
revise policies to perform better in the diverse scenarios. 

8) “Selection of leading indicators and signposts” – Indicators and signposts can be used 
to alert decision makers about which scenario the world is heading towards. As the 
scenario exercise has explored the implications of each of the scenarios, the sooner 
decision makers know which future they are headed towards, the sooner they may 
adjust their activities to perform well in the actual future.    

 
                                                      
2 If hedging is done using new policy strategies, the gains in reducing the tails may not be offset by performance 
reductions elsewhere. 
3 Van der Heijden (1996) also provides additional details to the actual structuring of a scenario planning exercise. 
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Standard decision analysis computes a probabilistic view of what may happen and its implications. 

For well understood and easily characterized problems, this provides a useful ranking of policies based on 

expected utility. When problems have large and poorly characterized uncertainties, a probabilistic outcome 

looses meaning. Scenario planning, instead, explicitly generates multiple views of the future, and does not 

explicitly consider the likelihood of each scenario. It aims to help analysts and decision makers ponder the 

implications of a number of plausible scenarios upon potential decisions.  

To better understand how scenario planning can augment standard decision analysis, I compare the 

eight scenario planning steps above to those for standard decision analysis described in Chapter 3. Figure 4-1 

repeats the decision utility matrix (Figure 3-2) to facilitate the discussion. 
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Figure 4-1: Repeat of Figure 3-2. The top row defines each state of the world, determined by exogenous 
factors. The second row indicates the objective or subjective assessment of each state’s probability of 

occurring. The left-most column denotes the policy under consideration for each row. The interior of the 
matrix reflects the utility of the outcomes corresponding to each policy acting in each state. The rightmost 

column represents the expected utility calculation for each policy, l. 

In Schwartz’s first step, the analysis participants define the decision problem. The second and third 

steps are equivalent to specifying the parameters (or exogenous factors shown in Equation 6 of Chapter 3) 

that define the states. In the narrative scenario exercise, the importance of these factors is ranked qualitatively, 
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drawing on research and judgment of the participants (Step 4). The logic of the scenarios is then developed in 

Step 5 and in Step 6 the details are “fleshed” out. In a standard decision analysis, a simulation model instead 

reveals the evolution (or logic) of a probabilistic outcome. For a standard decision-support model to produce 

individual numerical scenarios, the model would need to be run once for each scenario using different discrete 

values for the uncertain parameters instead of probability distributions. In Step 7 of scenario planning, the 

implications of each scenario to the decisions are considered. In standard decision analysis this step 

corresponds to compiling the decision utility matrix for each policy and state of the world. Again, each 

element of the matrix would likely require a single model run. In the last step, scenario analysis develops 

appropriate indicators and signposts to enable decision makers to determine which future they are 

encountering. This last step is often overlooked by conventional analysis, as prediction-based analyses often 

downplay the possibility of the future evolving differently to the prediction. 

A matrix representation of scenario planning could look like that shown in Figure 4-2. Along the top 

row is a symbolic representation of each scenario (e.g., SA, SB, and so on). Associated with each scenario is its 

entire narrative description (Steps 1-6). Along the y-axis, each policy used to identify the key factors (in Step 

2) under consideration is listed. The interior of the matrix are symbols representing narrative and/or 

quantitative descriptions of the implications of each policy for each scenario (Step 7).  

1 1 11
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Figure 4-2: Scenario matrix. Each scenario is named (e.g. A, B, or C). The scenario (e.g SA) corresponds to a 
narrative story or quantitative characterization. The characterization of the outcome of a particular policy (ly) 

in a scenario (e.g SA) is represented by SAy 
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There are two key differences between the scenario matrix shown in Figure 4-2 and the policy utility 

matrix shown in Figure 4-1. First, the number of scenarios is small (at least two, and usually less than 10). If 

the scenarios are narrative, each scenario would represent a group of states, x, that could be defined by a 

quantitative model. For example, Schwartz’s “New Empires” global qualitative scenario for 2005 would apply 

to any number of quantitative future conditions that shared common characteristics as described by the 

scenario (Schwartz 1991). When scenarios are quantified, they then correspond more directly to a state, as 

defined by standard decision theory. 

The second key difference is that no probabilities are assigned to each scenario (Schwartz 1996). 

When scenarios are used to represent deeply uncertain forces, any probability assessment of the scenarios will 

not be credible, even if derived from quantitative means, and such quantification could be contentious, 

leading to a breakdown in the group scenario-making process. Preferences over scenario outcomes are also not 

formally established through utility functions.  

Lastly, there is no column representing an assessment of policy performance. Narrative scenarios are 

typically not used to identify a best policy. Instead, they are used to consider the future that policies may face. 

This in turn may stimulate more creative policies, whose performance in the different scenarios can be 

evaluated in a separate analysis.  

3 Narrative scenarios for the 2005 California Water Plan 

The 2005 CWP developed three narrative scenarios of water demand in California as a first step 

towards evaluating potential water management responses (DWR 2005c). The three scenarios, in general, are 

distinguished from each other by the intensity of resource use. In this context, resource use pertains primarily 

to urban development. A resource intensive future, in this case, would be one in which urban development 

patterns were diffuse and land plots were large. This type of development pattern would use more energy and 
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building materials, and it would require more development of agricultural and wild landscapes. These 

scenarios described in the Water Plan are summarized as: 

Current Trends: Water demand based on “current trends with no big 
surprises.” 

Less Resource Intensive: “California is more efficient in 2030 water use 
than today while growing its economy within much more environmentally 
protective policies.” 

More Resource Intensive: “California is highly productive in its economic 
sector. Its environment, while still important, is not the state’s first priority 
for water management decisions. Water use in this scenario is less efficient 
in 2030 than it is in [the other] scenarios….” (DWR 2005c) 

 
These scenarios provide a good starting point or baseline from which to evaluate water management 

response packages. They also signal an important evolution in DWR’s treatment of uncertainty in their water 

demand and supply forecasts. A few concerns arise, however. First, these scenarios are difficult to interpret, 

because a key driver, population, is specified to be constant for the first two scenarios but greater in the third. 

This lack of parity has led to considerable confusion in their interpretation. Also, as shown in Section 6, 

future water demand for agriculture in the Less Resource Intensive scenario is greater than the demand in the 

Current Trends scenario. Greater agricultural demand in the Less Resource Intensive scenario partially offsets 

urban water demand declines in this scenario, leading to a less significant decline in total demand for this 

scenario. It is conceivable, however, that a scenario would exist in which urban and agricultural water 

demands declined more than in the Current Trends case. This scenario would lead to lower total demand 

than the Less Resource Intensive scenario, suggesting that the three demands scenarios likely do not capture 

the full range of future water demands. I thus include an additional scenario to represent the lower-range of 

plausible future water demand: 

Low Water Demand: Water demand is lower in the urban and agricultural 
sectors due to slower population growth coupled with increasing 
conservation and low-water use economic development. The agricultural 
sector becomes more water efficient than expected, the conversion of land 
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away from agriculture slows, and the shift towards more intensive 
agriculture is more moderate than in the other scenarios. Finally, lower 
demand in the urban and agricultural sectors leads to more public pressure 
for greater allocations to the environment. 

It is the intention of the DWR Water Plan staff to evaluate the performance of different policies 

against these or other scenarios of water demand for the next Water Plan. This will require a modeling 

infrastructure different than the traditional simulation models used to create probabilistic forecasts. This 

chapter demonstrates how scenarios of water demand can be quantified using a model of lower complexity 

than those typically used for prediction-based analyses. As a part of this analysis, the narrative scenarios 

developed by the Water Plan Staff and Advisory Committee and described in Chapter 4, Volume 1 of the 

2005 CWP are quantified.4 These estimates however, should not be interpreted as official forecasts of future 

water demand. Indeed by definition, this small set of scenarios is simply a collection of a few plausible 

representations of the future. For the next Water Plan, DWR expects to build the necessary analytic tools to 

develop many quantitative scenarios of demand and supply and to evaluate how different response packages 

might perform in all of the scenarios.  

4 A scenario estimator for future California water demand 

I collaborated with Scott Matyac and Tom Hawkins of DWR to create a model that estimates 

plausible scenarios of urban, agricultural, and environmental water demand under specified demographic, 

economic, agricultural, and water management conditions for each of California’s ten hydrologic regions 

(Figure 4-3).5 

                                                      
4 For the 2005 CWP, the three scenarios evaluated assume current management actions. In later editions of the Water 
Plan the scenario set will be expanded by evaluating these and other scenarios against multiple policy response packages 
and differing hydrologic conditions. 
5 This model is based upon a state-wide spreadsheet model of urban water supply and demand developed by Scott 
Matyac. I implemented the model in the Analytica modeling environment for California’s 10 hydrologic regions, and 
revised and improved several of the formulations of urban demand. The agricultural demand method drew heavily on 
the expertise of Scott Matyac and Tom Hawkins. The Analytica software is available from Lumina Decision Systems Inc. 
(www.lumina.com). 
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Figure 4-3: California's ten hydrologic regions. 

Urban water demand includes the demand by households, the commercial and industrial sectors, and 

public institutions, and uses similar methods as other urban water demand models (Davis 2003). 

Environmental water demand reflects the amount of water that the water management system would allocate 

to environmental purposes. It does not necessarily reflect all environmental needs. Each scenario is based 

upon average current conditions that evolve over time according to scenario-specific parameters representing 

the major factors that are believed to influence future water demand. Scenarios are distinguished from one 

another by the specification of a unique set of factors representing various trends and parameters in the 

model. 

Urban water demand is estimated by quantifying plausible trends of households, employees, persons 

(as a proxy for institutional water use), and the per unit demand for each from the year 2000 (an average year 

climatically for most of California) to 2030. Future urban water demand is then computed by multiplying 

these future demand units and their average water use. Agricultural water demand is estimated by specifying 
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future state-wide changes in irrigated land area and multi-cropping, and trends in parameters that define how 

much water is needed per area of crop. Changes in crop-mix are estimated through a set of rules that 

apportion the statewide changes to the hydrologic regions. Future environmental water demand is based upon 

current environmental water use (which currently is insufficient to meet all environmental needs) and a 

scenario-specific percentage of year 2000 unmet environmental water need. This rudimentary method is only 

a placeholder for a more thorough treatment of future environmental water needs and allocations. Such a 

treatment would need to also consider water supplies and variability (seasonal and interannual).  

This approach for estimating demand is often referred to as a “top-down” modeling approach, as 

individual uses of water are aggregated by end-user (e.g. persons of a household, employees of a business, and 

users of public institutions). This method is well suited for considering how changes in the number of water 

users and changes in their average water use will impact future demand. Alternative “bottom-up” approaches 

estimate future water use by multiplying the numbers of water-using devices, such as toilets, by their technical 

water requirements. This approach, used recently by Gleick et al. (2003) to assess California water 

conservation potential in the urban sector, is particularly useful for evaluating the impact of specific 

technologies or water use practices and thus can establish state or region-wide water use targets.  

These two approaches are complementary. Although our method does not explicitly evaluate specific 

water use technologies or practices, our top-down method uses aggregate water use coefficients that can reflect 

different levels of technical efficiency, as estimated by bottom-up studies. By varying these parameters across 

scenarios, our model can represent futures in which adoption of the most efficient technologies is slow and 

futures in which newer more-efficient technologies come on the market and are quickly adopted.   

Scenarios of water demand are projections of the amount of water that would be used under specified 

water use conditions (such as water price, use behavior, technical efficiency, etc.), assuming unconstrained 

water supply. Water demand, therefore, can be influenced through policies that increase water use efficiency. 
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Water managers not only can consider increasing  water supplies to equal future water demands (subject to a 

margin to accommodate supply variability), but they can also implement water use efficiency programs to 

moderate future water demand, thus reducing the need to increase supply. Water demand scenarios, therefore, 

should not be used solely to estimate future supply needs. Instead water demand scenarios provide a starting 

point from which to evaluate various management options including (1) moderating demand through 

demand management programs, changes in water prices, and efficiency programs or (2) increasing effective 

water supplies through reuse programs, new imports, more water storage and conveyance, or desalination. 

This scenario generator is purposefully simple to be transparent, easily modifiable, and readily 

interpretable. Although not all relevant processes are explicitly modeled, their effects are captured in 

aggregation. Moreover, the simplicity of design allows the generator to be informed by higher resolution 

models. Specifically, the California water demand scenario generator mimics the general results of detailed 

probabilistic water demand forecasting tools, such as IWR-MAIN and CALAG,6 and enables the user to 

quickly and interactively generate variations of the most probable forecast to visualize and understand 

alternative plausible outcomes. Finally, transparency and interpretation of the generator approach are 

enhanced through the use of a graphical modeling environment, and the overall design encourages 

collaboration by fostering communication among analysts, decision makers, and stakeholders.  

4.1 Urban water demand module 
4.1.1 Overview 

Scenarios of urban water demand are quantified by estimating demand independently for each 

hydrologic region and following end-use: residential, commercial, industrial, and public/institutional. The 

total urban demand (UrbanDemand) for each hydrologic region (HR) and year (y) is the product of the 
                                                      
6 IWR-MAIN is an urban water demand forecasting model developed and maintained by Planning and Management 
Consultants, Ltd. It is widely used by California planning agencies in their management activities (PMCL 1999). 
CALAG is an agricultural crop acreage model under development by DWR staff. CALAG “simulates the decisions of 
agricultural producers (farmers) on a regional level based on principles of economic optimization (DWR 2005b).”  
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number of demand units (DemandUnit) and their water use coefficients7 (UseCoefficient) summed over each 

demand unit-type (U), plus other uses (Other) which includes losses and intentional groundwater recharge:8 

 , , , , , ,HR y U HR y U HR y HR y

U unit

UrbanDemand DemandUnit UseCoefficient Other  (1) 

Table 4-1 lists the demand units and factors that influence the time evolution of the demand units 

for each end-use category. 

Table 4-1: Urban end-use demand categories and their demand units. 
Urban end-use category Demand unit Factors influencing future demand units 

Residential  Single and multi-family 
houses 

Population, percentage of housed population, share of 
house type  

Commercial Commercial employees Population, employed fraction, share of commercial 
employment 

Industrial Industrial employees9 Population, employed fraction, share of industrial 
employment 

Public/institutional People Independent estimate 
 

4.1.2 Population 

Population is a primary driver of urban water demand – housing growth, employment growth, and 

public sector water use are all correlated with population growth.10 We model population to increase 

according to a scenario-specific annual growth rate for each hydrologic region (r).11 The population in region 

HR and year y is then: 

                                                      
7 A use coefficient is the water used by an individual demand unit per time period in units of water volume over demand 
unit. 
8 Intentional groundwater recharge is classified as a demand in this model to conform to DWR water balance 
accounting. For applications in which this model is coupled to supply-based models, one should assure that groundwater 
recharge is not double counted. 
9 Industrial water use is largely process-driven, and using industrial employees as a proxy for industrial water use may not 
always be appropriate. As state-wide industrial use is a small percentage of total urban use, we chose to use employees to 
simply model industrial water use. More detailed studies should use process-based method for industrial water use.  
10 We use the word correlation here because in some instances population growth leads to the construction of new homes 
and creation of new jobs, and in other instances, it’s the other way around; i.e., the construction of new homes and the 
creation of new jobs attracts new population. 
11 Plausible growth rates can be informed by the results of detailed demographic models such as those used by the 
California Department of Finance. 
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 2000
, ,2000 (1 ) y

HR y HR HRPop Pop r  (2) 

4.1.3 Housing 

The future stock of single-family (SF) and multi-family (MF) housing is a function of population 

changes, changes in the percentage of the population living in homes, the mean size of SF and MF homes, 

and the relative share of SF to MF homes.  

The relative share of single family homes (Sfshare) in 2000 is computed from 2000 data of the 

numbers of single family homes (SFhomes) and multifamily homes (MFhomes): 

 ,2000

,2000

,2000 ,2000

HR

HR

HR HR

SFhomes
SFshare

SFhomes MFhomes
 (3) 

The number of people living in permanent housing (HousedPop) in 2000 is calculated from the 

number of homes in 2000 and the mean household size in 2000 (SFhhsize and MFhhsize): 

 ,2000 ,2000 ,2000 ,2000 ,2000HR HR HR HR HRHousedPop SFhomes SFhhsize MFhomes MFhhsize  (4) 

The share of the population living in houses (HousedPopShare) is, therefore, the housed population 

divided by the total population. Household size, the share of single family homes, and the housed population 

percentage change linearly from 2000 to 2030 by scenario-specific percentages. The number of SF homes in 

year y is then calculated as: 

 ,

HR,y

HR,y

HR,y HR y

HR,y MFhhsize

HR,y HR,ySFShare

HousedPopShare Pop
SFhomes

SFhhsize MFhhsize

 (5)  

and the number of MF homes in year y is calculated as: 

  
1HR,y HR,y

HR,y

HR,y

SFhomes SFshare
MFhomes

SFshare
 (6) 

4.1.4 Employment 

The number of employees in the commercial and industrial sectors for each hydrologic region is 

related to the population of each hydrologic region and is represented by an employment rate. The year 2000 

employment rate is: 
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 ,2000

HR,2000 HR,2000

HR

HR,2000

ComEmployees IndustEmployees
EmployRate

Pop
 (7) 

The employment rate changes linearly by a scenario-specific amount over the simulation period: 

 , ,2000

( 2000)

2030 2000
HR y HR HR

y
EmployRate EmployRate EmployRate  (8) 

The number of commercial employees over the total non-farm employees (CommFraction) for each 

hydrologic region also changes linearly over the simulation period: 

 , ,2000

( 2000)

2030 2000
HR y HR HR

y
CommFraction CommFraction CommFraction  (9) 

The number of commercial and industrial employees in year y and hydrologic region HR is thus: 

 , , , ,HR y HR y HR y HR yCommEmploy Pop EmployRate CommFraction  (10) 

and 

 , , , ,1HR y HR y HR y HR yIndustEmploy Pop EmployRate CommFraction  (11) 

4.1.5 Water Use Coefficients 

Water use coefficients indicate the amount of water demanded by each demand unit.12 For the year 

2000, they are computed directly from the DWR year 2000 water use data and demand unit data (DWR 

2005d) by hydrologic region: 

 , ,2000

, ,2000

, ,2000

U HR

U HR

U HR

Use
UseCoef

DemandUnit
 (12) 

where U is the particular demand unit (e.g. house type, employee, etc.). 

Over time, water use coefficients may change in response to factors such as changes in the price of 

water and in consumer income, improvements in the efficiency of equipment related to water use (such as 

toilets), and active programs designed to accelerate these equipment upgrades. These effects, however, are 

difficult to disentangle when estimating future water demand. For example, water price may change use 

                                                      
12 A use coefficient is analogous or identical with the ordinary economic concept of demand and hence is just a function 
of all determinants of demand, including price, and other relevant factors, some of which may be direct policy variables. 
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behavior directly and also by prompting users to purchase more efficient equipment. Rising incomes may 

make users less sensitive to rising water prices, but also may increase their propensity to purchase water 

efficient equipment. The use coefficient captures the effects of demand management programs as well as 

conservation that would have occurred naturally.  

In this model, water use coefficients (UseCoef) change in two ways. Changes in water price, income, 

and household size (for household coefficients) modify water use coefficients through elasticity factors 

(EFactors). All other changes are captured in a multiplicative factor (OtherEffects). Other effects include 

changes caused by the adoption of more efficient water-use technologies, conservation programs, behavioral 

changes not captured by the elasticity factors, etc. 13 The coefficient for water use in the interior of a single-

family home at year y and hydrologic region HR ( int, ,SF HR yUseCoef ), for example, is estimated as: 14 

 , ,2000 , ,1SF -int,HR y SF -int,HR SF -int,HR y SF -int,HR yUseCoef UseCoef EFactors OtherEffects  (13) 

where  

 , , ,

int, ,

,2000 ,2000 ,2000

income price SFsize

HR y HR y HR y

SF HR y

HR HR HR

Income Price SFsize
EFactors

Income Price SFsize
 (14) 

and 

 ,

( 2000)

2030 2000
SF -int,HR y SF -int,HR

y
OtherEffects OtherEffects  (15) 

In Equation 14, income, price, and SFsize are elasticity factors that reflect water use changes in response to income, 

price, and single-family household size, respectively. In Equation 15, OtherEffects is the total percentage 

change in the use coefficient due to other effects from 2000 to 2030. Table 4-2 indicates which parameters 

affect the water use coefficients for each urban end-use category. 

                                                      
13 Other effects, for example, could include the implementation of Best Management Practices as defined by the 
Memorandum of Understanding (CUWCC 2004) as well as other efficiency programs. 
14 The equations used to estimate the effects of income, price, and household size upon water use are based on Planning 
and Management Consultants (1992; 1999). 
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Table 4-2: Relevant elasticity factors and other effects influencing each urban end-use category. 
Urban end-use category Water price Income Household size Other effects 

Household interior X X X X 
Household exterior X X  X 
Commercial X   X 
Industrial X   X 
Public/Institutional    X 

 
 

4.1.6 Losses and other water demands 

The DWR includes intentional groundwater recharge and losses as two additional domestic water use 

categories. Our model specifies intentional groundwater recharge to remain constant at 2000 levels and for 

losses to remain proportional to the total use. 

4.2 Agricultural water demand module 
4.2.1 Overview 

Total agricultural water use (AU) can be accounted for as the sum of irrigation use (IU), losses, and 

other uses.15 By expressing losses and other uses (LossOther%) as a fixed percentage of year 2000 irrigation use, 

the total agricultural water use for any year, y, and hydrologic region, HR, is computed as: 

 ,

,
(1 %)

HR y

HR y

IU
AU

LossOther
 (16) 

 where  ,2000 ,2000

,2000

%
HR HR

HR

AU IU
LossOther

AU
 (17) 

Irrigation water use depends upon the amount of land under irrigation, the amount of multi-

cropping (planting more than one crop per year on the same land), and the water use per crop per planting. 

We decompose total irrigation water use (IU) into the product of the irrigated crop area (ICA) for each crop 

                                                      
15 Water applied in the agricultural sector in California is largely used for irrigation. In the year 2000, irrigation 
consumed over 90% of agricultural water use. 
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type and hydrologic region and the amount of applied water (AW) for each acre of crop for each region.16 

Statewide irrigation water use is therefore estimated as: 

 , , , ,

1 1

R C

y crop HR y crop HR y

HR crop

IU ICA AW  (18) 

Irrigation water demand changes if the mix of irrigated crops change or the applied water for crops 

changes. The evolution of the parameters is highly uncertain and can also be influenced by land use and water 

management policies. 

4.2.2 Agricultural Land Use 

Agricultural land use changes over time due to (1) conversion of agricultural land to urban uses, (2) 

new land becoming irrigated, (3) changes in the amount of multi-cropping, and (4) changes in the crops 

being irrigated. An important innovation of our approach is to explicitly consider the interplay between 

irrigated land area and multi-crop area. The irrigated crop area (ICA) for each hydrologic region in year y is 

the sum of the area of total irrigated land (ILA) and the area of land that is multi-cropped (MA):17  

 , , ,HR y HR y HR yICA ILA MA  (19) 

The irrigated crop area is also the sum of the irrigated crop area by crop type for each HR and year: 

 , , ,

1

C

HR y crop HR y

crop

ICA ICA  (20) 

It is difficult to project how each component of Equations 19 and 20 will evolve over time. For this 

model, we adopt a rules-based procedure to disaggregate scenario-specific statewide changes in irrigated land, 

                                                      
16 As described below, irrigated crop area (ICA) is the sum of irrigated land area (ILA) and area multi-cropped (MA – or 
area planted two or more times a year). 
17 For example, if 800 acres of farmland is used for a single crop of wheat and 200 acres is used to grow two crops of 
vegetables, then the total irrigated crop acreage would be 1,200 acres. 



 

 86

multi-cropped, and irrigated crop area to changes at the hydrologic region and by crop type (for ICA). This 

procedure has three major steps:18 

Step 1)  Calculate statewide changes in ILA, MA, and ICA. 

Step 2)  Apportion statewide changes in ILA, MA, and ICA across each hydrologic region. 

Step 3) Calculate crop-mix changes (e.g. ICA by crop and HR) 

 
4.2.2.1 Step 1: Calculate statewide changes in irrigated land 

ILA is expected to change over time as land is converted from farmland to urban areas and some new 

lands formerly not irrigated come into production. Land use and zoning policies may also influence this base-

line conversion. We model statewide ILA to change linearly by a scenario-specific amount ( ILA ) in 

response to these forces: 

 , ,2000

( 2000)

2030 2000
1state y state state

y
ILA ILA ILA  (21) 

The area of irrigated land area that is multi-cropped, MA, changes over time from the year 2000 by a 

fixed amount ( MA ): 

 , ,2000

( 2000)

(2030 2000)
1state y state HR

y
MA MA MA  (22) 

Finally, statewide irrigated crop area is calculated as the sum of ILA and MA. 

4.2.2.2 Step 2: Apportion statewide changes in ILA, MA, and ICA across each hydrologic region 

Most of the statewide change in ILA will occur in regions of the state that (1) have significant 

amounts of agricultural land area under irrigation and (2) are experiencing pressures from urbanization. In 

other hydrologic regions, change will be modest. In the model, therefore, the state’s hydrologic regions are 

classified as either high ILA-change or low ILA-change. Low ILA-change HRs are specified to change from 

the year 2000 to 2030 at a specified percentage of the change from 1995 to 2020 predicted in the 1998 Water 

                                                      
18 These steps were developed initially by Tom Hawkins and Scott Matyac of DWR in spreadsheet form and then 
adopted into the scenario generator by the author. 
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Plan (DWR 1998).19 The remaining ILA change required to satisfy the statewide change estimated in Step 1 

is apportioned to all other HRs equally. 

Changes in MA are also unlikely to occur uniformly throughout the state. In some hydrologic 

regions, multi-cropping may not increase beyond current levels. In other regions, new multi-cropping may be 

limited. The remaining regions have considerable flexibility to accommodate substantially new amounts of 

multi-cropping. In this model HRs are specified as no MA-change, low MA-change, and high MA-change 

HRs. As with ILA changes, low MA-change HRs are assumed to change from 2000 to 2030 at a specified 

percentage of the change from 1995 to 2020 predicted in the 1998 Water Plan (DWR 1998). The remaining 

MA change required to satisfy the statewide change estimated in Step 1 is apportioned to the high-change 

HRs equally. 

Irrigated crop area by hydrologic region is simply computed as the sum of ILA and MA for each HR 

for each year. 

4.2.2.3 Step 3: Calculate crop-mix changes (e.g., ICA by crop and HR) 

As ILA and MA change, the area devoted to each crop type (ICA) must change as well. This model 

makes several key assumptions when estimating how ICA by crop type and HR will evolve over time. The 

first two assumptions are related to the value of the crops that are either brought into or taken out of 

production: 

For most regions where ICA is calculated by the model to increase, the changes occur 
only for high value crops. 
For regions where ICA decreases, low value crops are assumed to decrease up to a 
specified percentage at which point high value crops then decrease as needed. 

 

                                                      
19 For example, for the Current Trends scenario, the changes in ILA for low-ILA change HRs are equal to the predicted 
change through 2020 by the 1998 CWP. 
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The next two assumptions relate to the potential multi-crop ratio (PMCR), or the amount of crop 

land that could be multi-cropped (e.g., that which already is used for crops that could accommodate multiple 

cropping): 

 ,

,

, ,

1

HR y

HR y C

crop HR y crop

crop

MA
PMCR

ICA PMC

 (23) 

where PMCcrop is “1” if the crop can be multi-cropped and “0” otherwise. 

The rules are specified to assure that as crops are taken in and out of production due to the first two 

assumptions above, the PMCR remains within a plausible range: 

If the PMCR is below a minimum threshold, then potential multi-crop crops are 
decreased and other crops are increased until the PMCR meets the threshold. 
If the PMCR is above a maximum threshold, then potential multi-crop crops are 
increased and other crops are decreased until the PMCR meets the threshold. 

 
Table 4-3 classifies each crop type by its value and potential for multi-cropping. In general, these 

assumptions will shift the crop mix towards the high value crops (2nd column) and away from the low value 

crops (3rd column). In regions where the PMCR is high, there will be larger increases in truck crops (top row), 

whereas in regions where the PMCR is low, the crop area devoted to trees and vines will increase (bottom 

row). 

Table 4-3: Value and multi-crop potential for each crop type in California. 
 High Value Low Value 

Potential multi-crops Truck crops Grain, corn, safflower, dry beans, other field crops 

Permanent or non-multi-crops Trees and vines Alfalfa, rice, cotton, sugar beets, and pasture 

 
Table 4-4 summarizes this three-step procedure for estimating future agricultural land use. 
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Table 4-4: Rules for estimating future agricultural land use. 
Step Parameter Initial data / condition Calculation Final result 

ILA (statewide) 2000 data Linear trend (1) 2000 – 2030 
estimate 

MA (statewide) 2000 data Linear trend (2) 2000 – 2030 
estimate 

1 

ICA (statewide) 2000 data ILA + MA 2000 – 2030 
estimate 

Low change HRs (3) % 2020 ILA trend for current trends ILA (HR) 
High change HRs (4) Remaining proportional change 

2000 – 2030 
estimate 

No change HRs (5) 2000 data 
Low change HRs (6) % 2020 MA change for current trends MA (HR) 
High change HRs (7) Remaining proportional change 

2000 – 2030 
estimate 

2 

ICA (HR)  ILA + MA 2000 – 2030 
estimate 

HRs w/ low value crop 
increases (8) 

Increase all crops by same % Positive ICA 
change HRs w/ only high 

value crop increases (8) Increase high value crops only ICA (crop and HR) 
[meeting high value crop ratio 

requirements] 
Negative ICA change Reduce low value crops equally up to threshold (9). 

Additional reduction from high value crops 

Interim 
estimate 

Potential multi-crop ratio < lower 
threshold (10) 

Decrease potential multi-crops and increase other crops 
to meet lower multi-crop ratio threshold 

Potential multi-crop ratio > upper 
threshold (11) 

Increase potential multi-crops and decrease other non-
permanent crops to meet upper multi-crop ratio 

threshold 

3 

ICA (crop and HR) 
[meeting multi-crop ratio 

requirements] 

Others No adjustment 

2000 – 2030 
estimate 

() indicates factor that can vary across scenarios. 
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4.2.3 Applied Water 

Applied water meets the evapotranspiration requirements52 of the crop and other beneficial needs 

such as salt leaching and frost control. Some applied water is also non-beneficial. Applied water (AW) can be 

characterized in terms of evapotranspiration of applied water (ETAW) and the fraction of applied water 

consumed by the crop (CF):53 

 crop,HR

crop,HR

crop,HR

ETAW
AW  = 

CF
 (24) 

A CF of 1 implies that all applied water satisfied ETAW and that no other beneficial or non-beneficial uses 

existed. Under actual conditions, however, CF varies between about 55% (rice grown in the Sacramento River 

region) to a bit over 80% (processed tomatoes). The consumed fraction of many crops can increase by 

reducing the non-beneficial portion of applied water through the deployment of more sophisticated irrigation 

technology and use of more advanced irrigation management practices.54  

ETAW is the difference between the plant’s natural evapotranspiration (ET) and effective 

precipitation (EP): 

 crop,HR crop,HR  crop,HRETAW = ET  - EP  (25) 

Effective precipitation is the amount of precipitation that is stored in the soil and is available to satisfy crop 

needs and is largely a function of the region’s rainfall, soil conditions, and plant rooting depth. 

Evapotranspiration varies by crop and growing condition and may be reduced by improving irrigation 

methods (by decreasing non-productive evaporation) and may be increased when yields are increased.  

                                                      
52 Evapotranspiration of applied water is the amount of applied water that transpires from plant leaves and that 
evaporates from the soil surface. 
53 Note that consumed fraction is the portion of applied irrigation water that satisfies crop evapotranspiration, as used in 
the 2005 CWP. 
54 For regions where non-consumed water flows back to usable aquifers and surface rivers or streams, improvements in 
the consumed fraction does not actually increase the water supply, although this saved water could be reapplied to other 
non-consumptive uses without needing to expand the water supply infrastructure. 
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Until recently, it was assumed that evapotranspiration for a specific crop under specific growing 

conditions could not be changed. Some evidence suggests that evapotranspiration may increase, within limits, 

if new cultural practices or higher-yield crop varieties are used (Hsiao and Xu 2000). Evapotranspiration may 

also decrease as more efficient irrigation practices are used. These yield effects are modeled by an elasticity 

factor ( yield), and the practice effects are modeled by a factor ( ETpractice) that changes linearly over the 

simulation period:55 

 , ,

, , , ,2000 ,

, ,2000

( 2000)

2030 2000
1

yield

crop HR y

crop HR y crop HR crop HR

crop HR

yYield
ET ET ETpractice

Yield
 (26) 

Yield changes linearly by a scenario-specific percentage from 2000 to 2030.  

Effective precipitation can vary linearly from 2000 to 2030 by a scenario-specific percentage to 

simulate long-term variability caused, for example, by climate change. 

The consumed fraction of a particular crop is influenced primarily by irrigation practices and 

technology. We assume that increasing water price will provide incentives to farmers to use irrigation practices 

that increase the consumed fraction and decrease the required applied water. This effect is captured by a water 

price elasticity factor ( price). Investments in irrigation technology also affect the consumed fraction linearly by 

a scenario-specific percentage ( CFtech). Consumed fraction by crop, HR, and year therefore is: 

 ,

, , , ,2000 ,

,2000

( 2000)

2030 2000
1

price

HR y

crop HR y crop HR crop HR

HR

yWaterPrice
CF CF CFtech

WaterPrice
 (27) 

4.2.4 Irrigation Water Use 

All together, we estimate future water use for irrigation (IU) in year y using the following formula: 

 , , , ,

, ,

, ,1 1

R C
crop HR y crop HR y

y crop HR y

crop HR yHR crop

ET EP
IU ICA

CF
 (28) 

                                                      
55 The equation used to estimate the effect of yield upon crop evapotranspiration is based on Planning and Management 
Consultants (1992; 1999). 



 

 92

4.3 Environmental water demand module 
Environmental water use is classified by the DWR as the amount of water purposefully permitted to 

flow through natural river channels and wetlands, instead of being diverted and used for urban or agricultural 

purposes. As described extensively in Volumes 1 and 3 of the 2005 CWP, these allocations are not always 

sufficient to meet the ecological objectives of the state’s aquatic ecosystems. An important objective of future 

California water management is to improve the health of such ecosystems, in part, by meeting legal mandates 

and effectively increasing environmental flow allocations. 

The amount of water needed for such environmental use varies considerably with the level of 

precipitation and runoff in the state. It is difficult, therefore, to evaluate independently water source and 

supply estimates. For purposes of quantifying scenarios of total water demand independently of source and 

supply estimates, the model specifies future environmental water demand to be the quantity used in the year 

2000 (an average year) plus a scenario-specific additional amount by region. Scenarios in which water 

managers’ commitment to meet environmental needs are high are specified to have greater environmental 

water demand. 

5 Quantifying scenarios of water demand  

In this section I describe the model parameter values used to quantify a set of water demand scenarios 

for California. The first three scenarios are intended to represent those described in Volume 1 of the 2005 

CWP. I developed the fourth scenario. The model parameter values that specify each scenario were selected 

through consultation with DWR staff.  

These water demand scenarios indicate the amount of water that would be demanded at the scenario-

specific water price (for the urban and agricultural sectors). Therefore, they technically are scenarios of water 

quantity demand (water demand implies the relationship between use and price). Finally, these demand 
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scenarios all assume that water management practices will stay as they are now and that none of the 25 

response packages described in Volume 2 of the Water Plan are implemented.  

Table 4-5, adapted from a table developed by DWR staff, describes how factors impacting water 

supply and demand might evolve from 2000 to 2030 in each scenario. In the Current Trends scenario, 

population is specified to evolve according to California DOF forecasts, whereas trends in economic activity, 

agricultural use, and ecosystem maintenance (environmental factors) are not explicitly defined. Many factors 

for the other three scenarios are described as modifications to the Current Trends factors. 

The urban demand factors specified in Table 4-5 suggest that urban water demand will be greatest 

for the More Resource Intensive scenario and lowest for the Low Water Demand scenario. Agricultural 

demand changes are less clear. Under the Current Trends scenario, the total crop area in California would 

decrease the most, whereas in the Less Resource Intensive scenario, crop area is specified to remain constant. 

This alone would lead to greater agricultural water demand in the Less Resource Intensive scenario than in the 

Current Trends scenario. However, total crop water use is specified to be greater in the More Resource 

Intensive scenario than the Current Trends scenario. As a result, the direction of changes in agricultural water 

demand under the More Resource Intensive and Less Resource Intensive scenarios are ambiguous in the 

narrative. Agricultural water demand changes under the Low Water Use scenario will be lower, as in the 

Current Trends scenario. Finally, 2030 environmental water demand will be greater for the Less Resource 

Intensive and Low Water Use scenarios (high environmental protection) and lowest for the More Resource 

Intensive scenario (year 2000 level of use).  
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Table 4-5: Notional descriptions of factors affecting regional and statewide water demand and for the three 2005 CWP scenarios (Current Trends, Less 
Resource Intensive, and More Resource Intensive) and a fourth scenario (Low Water Demand). Adapted from DWR (2005c). 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Factor 
Current Trends Less Resource Intensive More Resource Intensive Low Water Demand 

Total population DOF DOF Higher than DOF Lower than DOF 
Population density DOF Higher than DOF Lower than DOF Higher than DOF 

Higher inland and southern DOF 
Population distribution DOF DOF 

Lower coastal and northern DOF 

Commercial activity Current trend Increase in trend Increase in trend (as in 2) Increase in trend (as in 2) 
Commercial activity mix Current trend Decrease in high water use activities Increase in high water use activities Decrease in high water use activities 
Total industrial activity Current trend Increase in trend Increase in trend (as in 2) Increase in trend 
Industrial activity mix Current trend Decrease in high water use activities Increase in high water use activities Decrease in high water use activities 
Total crop area Current trend Level out at current crop area Level out at current crop area Current trend 
Crop unit water use Current trend Decrease in crop unit water use Increase in crop unit water use Decrease in crop unit water use 
Environmental water-flow Current trend High environmental protection Year 2000 level of use High environmental protection 
Environmental water-land Current trend High environmental protection Year 2000 level of use High environmental protection 

Naturally occurring 
conservation (NOC) 

NOC trend in Memorandum 
Of Understanding (MOU) 

Higher than NOC trend in MOU Lower than NOC trend in MOU Higher than NOC trend in MOU 

Urban water use efficiency All cost effective Best Management Practices in existing MOU implemented by current signatories 

Agricultural water use efficiency All cost effective Efficient Water Management Practices for irrigation in existing MOU implemented by current signatories 

Per capita income Current trends 

Seasonal/permanent crop mix Current trends 

Irrigated land retirement Currently planned 
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To help understand the components of each scenario, Table 4-6 characterizes each scenario by sector 

and major influencing factor. For example, scenarios of urban water demand are distinguished by their 

demographic trends and water use efficiency trends. The table also presents symbolic representations of these 

factors for use in the results section 

Table 4-6: General characteristics of water demand scenarios by sector and factor. Symbolic representation of 
each scenario is shown for reference and presentation of results. 

Sector and Factors Current Trends Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

Urban Sector     

   Demographics Expected growth / 
expected density 

Expected growth / 
higher density 

Higher growth / 
lower density 

Lower growth / 
higher density 

   Use efficiency Expected 
conservation More conservation Less conservation Most conservation 

Symbolic representation  growth,  density, 
 conservation 

 growth,  density,  
conservation 

 growth,  density,  
 conservation 

 growth,  density, 
 conservation 

Agricultural Sector     

   Land Use Decreasing ICA / 
Large ILA decrease 

Constant ICA / Small 
ILA decrease 

Constant ICA / Large 
ILA decrease 

Decreasing ICA / 
Modest ILA decrease 

   Crop water use Expected reduction Greater reduction Lesser reduction Greatest reduction 

Symbolic representation  ICA,   ILA,  
 CWU reduction 

 ICA,  ILA,  
 CWU reduction 

 ICA,   ILA,  
 CWU reduction 

 ICA,   ILA,  
 CWU reduction 

Environmental Sector     
   Environ. allocation Expected allocation Higher allocation Lower allocation Highest allocation 
Symbolic representation  allocation  allocation  allocation  allocation 
 

5.1 Urban sector 
5.1.1 Urban demand drivers 

For the Current Trends and Less Resource Intensive scenarios we specify annual population growth 

to be congruent with the latest California DOF projection of 2030 population by county (DOF 2004). For 

the More Resource Intensive scenario we specify the population growth rate to be 25% greater for the inland 

and southern HRs (South Coast, South Lahontan, Colorado River, Sacramento River, San Joaquin River, and 

Tulare Lake) and 16% greater for coastal and northern HRs (North Coast, San Francisco Bay, Central Coast, 

and North Lahontan). This roughly matches the 1998 DOF population projections for 2030 (DOF 1998). 
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For the Low Water Demand scenario, we specify total population growth to increase by 31% instead of 41% 

as in the DOF projections.   

Housing in the Current Trends scenario is based upon DWR projections of housing (DWR 2004c). 

The household population, share of multifamily housing, and housing size changes for the Current Trends 

scenario are calculated from DOF 2030 population projections (DOF 2004), Woods and Poole 2030 

population projections (Woods & Poole Economics 2004), and 1980 – 2000 U. S. censuses. The housed 

population is nearly constant, the share of MF housing decreases from 35.5% in 2000 to 33.9% in 2030 (as a 

statewide average), and the household size decreases modestly for single and multifamily households under 

these scenarios. 

For the Less Resource Intensive and Low Water Demand scenarios the share of multifamily housing 

is specified to increase 10% more than in the Current Trends scenario, and the household size increases by 

0.2 persons by 2030. For the More Resource Intensive scenario, multifamily housing decreases by 5% below 

the Current Trends scenario, and the household size is the same as the Current Trends scenario. 

The mean income (in constant dollars) for each hydrologic region is specified to increase according to 

recent projections from Woods and Poole Economics (2004) for all scenarios.56 Urban water price (in 

constant dollars) is specified to increase by 20% from 2000 to 2030 in all areas for each scenario. Table 4-7 

summarizes the parameters chosen to generate the four scenarios. 

                                                      
56 Income and employment data were disaggregated by hydrologic region by Marla Hambright and Richard Le of the 
DWR. 
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Table 4-7: Urban demand drivers for each scenario. 

Driver Current Trends Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

DOF trends DOF trends + 12%* DOF trends – 10%Total population 
48.1 million (2030) 

As current trends 
52.3 million (2030) 44.7 million (2030) 

DOF trends 125% DOF trends 79% DOF trends   Inland and southern 
(SC, SL, CR, SR, SJ, TL) 37.3 million (2030) 

As current trends 
41.1 million (2030) 34.5 million (2030) 

DOF trends 116% DOF trends 79% DOF trends   Coastal and northern 
(NC, SF, CC, NL) 10.8 million (2030) 

As current trends 
11.2 million (2030) 10.2 million (2030) 

DOF trends** Housed population 
fraction Nearly constant (~98%) 

As current trends As current trends As current trends 

DOF trends** DOF trends + 10% DOF trends – 5% DOF trends + 10%MF housing share 
35.5%  33.9%*** 35.5%  43.9%*** 35.5%  28.9%*** 35.5%  44.0%***

DOF trends** SF house size 
3.13  3.06*** 

DOF trends + 0.2 
persons/household 

As current trends DOF trends + 0.2 
persons/household

DOF trends** 
MF house size 

2.41  2.38*** 
DOF Trends + 0.2 
persons/household As current trends DOF trends + 0.2 

persons/household

DOF trends**Mean income 
  (1996 dollars) $87,225  $116,269***

As current trends As current trends As current trends 

Employment fraction Woods and Poole trends 
58%  60%*** 

As current trends 
+ 2.5% 

As current trends 
+ 2.5% 

As current trends + 
2.5% 

Urban water price**** 2000 prices + 20% As current trends As current trends As current trends 
* The population 1998 DOF population trend projection (2000 to 2030) is about 11% greater than the 2004 DOF 
projection (51.9 million people in 2030). 
** Trend varies by hydrologic region. 
*** Values for 2000 -> 2030. 
**** Constant dollars. 
 

5.1.2 Urban demand factors 

Elasticity effects for price, income, and household size vary modestly across the scenarios (Table 4-8). 

For the Current Trends scenario, the single family price elasticity factor is derived from the 1998 CWP 

(DWR 1998), and multi-family price, income and household size elasticity factors are derived from a range 

recommended for use in the IWR-MAIN urban water demand model (PMCL 1999).  

The Water Plan scenario narratives disaggregate water use conservation that occurs without policy 

intervention (called naturally occurring conservation or NOC) and through efficiency due to the continued 

implementation of existing Best Management Practices (BMPs) in the Memorandum of Understanding 

(MOU) (CUWCC 2004). Efficiency that would occur from the implementation of additional water 
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conservation programs is not included. Recall from Section 3 above that water use coefficients in the model 

vary due to changes in income, water price, and household size, and other water use effects. For purposes of 

quantifying the Water Plan narrative scenarios, we assume that the naturally occurring conservation and 

efficiency effects are captured in the “OtherEffects” multiplicative factor described in Section 3.1.5, but are 

disaggregated as NOC effects and Efficiency effects, in line with the Water Plan narrative.  

A&N Technical Services (2004), on behalf of California Urban Water Agencies (CUWA), estimates 

the total domestic conservation (termed the Gross effect) and the portion of the total conservation due solely 

to the implementation of a subset57 of BMPs (termed the Net effect).58 The difference between the Gross and 

Net effects is naturally occurring conservation (NOC). The report presents Net and Gross savings for 7 of the 

10 California hydrologic regions at years 2007, 2020, and 2030. Over time, the Net savings (and therefore 

the Gross savings as well) decrease from 2020 to 2030 because of fixed life spans or decay rates for the BMP 

programs. Naturally occurring conservation increases from 2007 to 2030 and is the same for each of the three 

BMP implementation scenarios.  

Using the data and assumptions contained in the A&N Technical Services report along with year 

2000 DWR domestic water use estimates, we find that by 2030 NOC could decrease water demand by about 

10% and that the effect directly attributable to the BMP could decrease water demand by about 5% of 2000 

demand. We use these estimates for the Current Trends scenario (Table 4-8).59 To distinguish between the 

                                                      
57 Of the 14 BMPs, only eight of them were quantified in the A&N Technical Services study. 
58 A&N Technical services (2004) estimate water savings for three different implementation scenarios: Existing 
Conditions, Cost-Effective Implementation, and Full Implementation. 
59 For purposes of estimating NOC savings for households under the Current Trends 2004 Water Plan scenario, we 
consider the 2030 Cost Effective Implementation BMP savings over year 2000 household water use. This savings rate 
varies from 7% of year 2000 water use for Central Coast to about 14% in the San Joaquin River Region, excluding 
South Lahontan, which is above 70%. The average savings for the seven hydrologic regions is 9.8%. We use 10% as a 
rough estimate of total NOC for Current Trends by 2030. We apply this value equally across all hydrologic regions, 
despite the range of values calculated by the study. Total Net savings as a percentage of year 2000 use is estimated to be 
4% for the Cost Effective scenario. For simplicity, we choose 5% for all three Water Plan scenarios, corresponding to the 
narrative description: “All cost effective BMPs in existing MOUs implemented by current signatories.” 



 

  99

Less Resource Intensive and More Resource Intensive scenarios, we specify NOC to be -15% and -5%, 

respectively. We use the same NOC and Efficiency estimates for the commercial, industrial, and public 

sectors. In other on-going work, we derive these factors independently. 

Table 4-8: Domestic water demand factors for Water Plan scenarios. 

Factor Current 
Trends 

Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

Price elasticity – SF [1] -0.16 -0.35 -0.05 -0.35 
Price elasticity – MF [2] -0.05 -0.07 -0.03 -0.07 
Income elasticity – SF [2]  0.4 0.2 0.6 0.2 
Income elasticity – MF [2] 0.45 0.25 0.65 0.25 
HH size elasticity – SF [2]  0.4 0.2 0.6 0.2 
HH size elasticity – MF [2] 0.5 0.3 0.7 0.3 
Naturally occurring 
    conservation – interior [3] 

-10% -15% -5% -15% 

Naturally occurring 
    conservation – exterior [3] -10% -15% -5% -15% 

Efficiency – interior [3] -5% -5% -5% -5% 
Efficiency – exterior [3] -5% -5% -5% -5% 
[1] Renwick, Green, and McCorkle (1998). 
[2] Based on ranges of recommended values for IWR-MAIN (PMCL 1999). 
[3] Based on analysis of CUWA report (A&N Technical Services 2004) and DWR 2000 water use data (see text). 

 
Table 4-9 lists the commercial, industrial, and public water demand factors used for the three 

scenarios. 

Table 4-9: Commercial, industrial, and public water demand factor parameters. 

Parameter Current 
Trends 

Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

Price elasticity [1] -0.085  -0.1 -0.07 -0.1 
Naturally occurring conservation [2] -10% -15% -5% -15% 
Efficiency [2] -5% -5% -5% -5% 

[1] Price elasticity applies only to commercial and industrial water demand. Based on ranges of recommended values for 
IWR-MAIN (PMCL 1999). 
[2] We use the same values as derived for domestic NOC and efficiency. 
 

5.2 Agricultural sector 
There are three sets of parameters used to define the scenarios of agricultural water demand, as 

described in Section 3: statewide agricultural land use changes, rules determining agricultural land use changes 
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by hydrologic region and crop-type, and crop-water demand changes. The paragraphs below and Table 4-10 - 

Table 4-12 summarize the parameters used to represent each scenario. 

Following the 2005 CWP’s narrative description of the Current Trends scenario, irrigated crop area 

is specified to decrease according to DWR forecasts based on historical rates of land conversion from 

agriculture to urban development, tempered by increases in multi-cropping and some new lands coming into 

production. 60 The Water Plan specifies that in the Less Resource Intensive scenario, irrigated crop area levels 

out at the current area. To implement this in the model, we assume that irrigated land area decreases at half 

the rate as in the Current Trends scenario (5.6% total reduction from 2000-2030 instead of 10.0%), and the 

percentage of multi-cropped area increases to 11.6% in 2030. These two adjustments lead to a constant total 

irrigated crop area. In the More Resource Intensive scenario, irrigated crop area also levels out at the current 

area as in the Less Resource Intensive scenario. We specify ICA to be the same for the Low Water Demand 

scenario as for the Current Trends scenarios, but with a small reduction in ILA (compensated for by lesser 

increase in multi-cropping). Table 4-10 summarizes the specified trends for each agricultural land-use 

parameter by scenario. 

Table 4-10: Quantification of statewide agricultural land use changes for narrative scenarios.  

Land Use Parameter Current Trends Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

Irrigated crop area [1] ~4.9% reduction 
(9.5 ma  9.05 ma) 

Constant 
(2000 Value - 9.5 ma) 

Constant 
(2000 Value - 9.5 ma) 

~4.9% reduction 
(9.5 ma  9.05 ma) 

   Irrigated land area [2,3] 10% reduction 
(9.0 ma  8.1 ma)  

5% reduction 
(9.0 ma  8.5 ma) 

10% reduction 
(9.0 ma  8.1 ma) 

7.5% reduction 
(9.0 ma  8.5 ma) 

   Multi-cropped area [4] 80% increase 
(540 ta  970 ta) 

85% increase 
(540 ta  990 ta) 

165% increase 
(540 ta  1,420 ta) 

40% increase 
(540 ta  752  ta) 

[1] Changes in ICA described in narrative scenarios and computed from specified changes in ILA and MA.  
[2] Changes in ILA for Current Trends and More Resource Intensive scenarios derived from off-line regression analysis. 
[3] Changes in ILA for Less Resource Intensive scenario specified to be half the change expected for Current Trends. 
[4] Changes in MA specified to produce the ICA changes shown. 

                                                      
60 The 2030 ILA was determined using a regression equation developed using ILA data from 1990 to 2000 with time as 
the independent variable. The 2030 MA was determined using a regression equation developed using the MA (as a 
percent of ILA) from 1988 to 2000 with time as the independent variable. The 2030 ICA is the sum of 2030 ILA and 
MA.  
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Table 4-11 shows the parameters used to implement the rules to apportion state-water agricultural 

land use changes to crop changes by hydrologic region (see Section 2.2.2). The only parameters aside from the 

statewide trends that change across scenarios are the low-value crop reduction upper limit and the potential 

multi-crop ration upper limit. The values shown in the table were chosen by DWR staff members as part of 

the development of the above mentioned rules. 

Table 4-11: Parameters specifying agricultural land use changes by hydrologic region and crop type for each 
scenario. Parameter numbers refer to rules listed in Table 4-4. Abbreviations for hydrologic region names are 

defined in Figure 4-3 above. 

# HR Land Use Parameter Current 
Trends 

Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

1 ILA statewide trend (as in Table 4-10) -10% -5% -10% -7.5% 
2 MA statewide trend (as in Table 4-10) +80% +85% +165% +40% 
3 Low ILA change HRs NC, SF, NL, SL 
4 High ILA change HRs CC, SC, SR, SJ, TL, CR 
5 No MA change HRs CC 
6 Low MA change HRs NC, SF, SC, NL, SL, CR 
7 High MA change HRs SR, SJ, TL 
8 HR(s) with low value crop increases NL 
9 Low value crop reduction upper limit 50% 50% 75% 50% 

10 Potential Multi-crop ratio lower limit 2000 potential multi-crop ratio by HR 
11 Potential Multi-crop ratio upper limit 36% 36% 40% 36% 

 
Table 4-12 shows the parameters affecting crop water demand used for each scenario. The narrative 

specifies that the crop unit water use to decrease the most under the Less Resource Intensive scenario and the 

least under the More Resource Intensive scenario. The ET Technique and Technology CF Effects factors are 

specified to represent these differences. The crop water demand parameters for the Low Water Demand 

scenario are specified to be the same as those for the Less Resource Intensive scenario. 
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Table 4-12: Crop water demand parameters for each scenario.  
Crop Water Demand 

Parameter 
Current Trends Less Resource 

Intensive 
More Resource 

Intensive 
Low Water 
Demand 

Agricultural yield 2000 values* 110% of 2000 values 100% of 2000 
values 

110% of 2000 
values 

Yield-ET elasticity 0.2 [1] As Current Trends As Current Trends As Current Trends 
ET technique factor 0 -2.5%[2] 0 -2.5%[2] 
Effective precipitation 2000 values As Current Trends As Current Trends As Current Trends 

Agricultural water price 110% of 2000 
values 

As Current Trends As Current Trends As Current Trends 

Price-CF elasticity 0.28  [3] As Current Trends As Current Trends As Current Trends 
Technology CF effects 2.5% 5%  0% 5%  
* Value varies by crop and hydrologic region. Changes are from 2000 to 2030. 
[1] This effect is not well understood. 
[2] CALFED (2000a) 
[3] Approximately the average long-term water price elasticity for Central Valley agriculture as reported by DWR 
Bulletin 160-98, Table 4A-5 (DWR 1998). 
 

5.3 Environmental sector 
Environmental Defense prepared for the California Water Plan staff a preliminary estimate of flow 

objectives for the year 2000 for some but not all of the major environmental objectives managed by the 

fisheries management agencies throughout the state (Rosekrans and Hayden 2003). These unmet objectives 

include the additional instream flows needed to meet the goals of CALFED’s Ecosystem Restoration Program, 

the objectives in the Anadromous Fisheries Restoration Program, and the additional water needed to reach the 

“Level 4” supplemental water supplies for National Wildlife Refuges, cited in CVPIA sections 3405 and 

3406(b). A more comprehensive analysis of unmet environmental objectives would include all water legal 

mandates extending from the Klamath River in the north to the Salton Sea in the south and would likely 

result in a number much greater than the 987 MAF concluded in the Environmental Defense analysis. 

We use these estimates as a starting approximation for the amount of additional water that could be 

allocated to the environment under various scenarios. In Table 4-13, we assign these additional flow 

requirements to their respective hydrologic region. Environmental water demands for 2030 are then specified 

as the sum of the 2000 environmental water use for all scenarios (39.41 MAF) and the following percentages 
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of these unmet needs: 50% for Current Trends, 100% for Less Resource Intensive, 0% for More Resource 

Intensive, and 150% for Low Water Demand. For example, in the case of the Less Resource Intensive 

scenarios, the 2000 water use is 39.41 MAF and 100% of the additional flow requirement is 0.987 MAF. The 

total 2030 environmental water "demand" in this case is 40.39 MAF. 

Table 4-13: Partial additional flow requirements, and their respective hydrologic region (Adapted from 
Rosekrans and Hayden (2003)). 

Location Additional Flow 
Requirement (TAF) 

Hydrologic Region 

American River (at Nimbus) 55 Sacramento River 
Stanislaus River (at Goodwin) 34 San Joaquin River 
CALFED Ecosystem Restoration Program 
#1 Flow Objective 0 Sacramento River 

CALFED Ecosystem Restoration Program 
#2 Flow Objective 65 Sacramento River 

CALFED Ecosystem Restoration Program 
#4 Flow Objective Freeport (Dayflow) 0 Sacramento River 

Trinity River (Lewiston) 344 North Coast 
San Joaquin River at Vernalis (Dayflow) 96 San Joaquin River 
San Joaquin River below Friant Dam 268 San Joaquin River 
Level 4 Refuge Water1 125 Sacramento and San Joaquin Rivers 
TOTAL (TAF) 987  

1 Annual water needed in addition to current deliveries to 19 Sacramento and San Joaquin refuges, evenly split 
between the Sacramento and San Joaquin River regions. 

 

6 Water demand scenario results 

The water demand scenario generator computes water demand for each of the state’s ten hydrologic 

regions. To focus attention on the main trends and challenges facing California, we divide the state into thirds 

(Figure 4-4). When necessary to reflect important differences within these large zones, the North zone is 

disaggregated into the Mountain North61 and Valley North,62 and the Central zone is disaggregated into the 

                                                      
61 The Mountain North is the combination of the North Coast and North Lahontan hydrologic regions. 
62 The Valley North is the Sacramento River hydrologic region. 
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Coast Central63 and Valley South.64 The South remains the same.65 The results of the analysis for the five 

regions are shown in Appendix 1. 
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Figure 4-4: Three different geographic divisions of the state.  

6.1 Urban demand drivers 
In all four scenarios, statewide population growth is large as specified by the scenario input 

parameters (Figure 4-5). Population growth from 2000 to 2030 ranges from about 10.5 million people in the 

Low Water Demand Scenario to over 18 million people in the More Resource Intensive scenario (the state’s 

population in 2000 was 34.1 million). Population growth is largest in the South and smallest in the North. 

Changes in employment (Figure 4-5) and housing (Figure 4-6) are largely proportional to population growth. 

The state’s housing stock is comprised of more multifamily housing units in the Less Resource Intensive and 

Low Water Demand scenarios than the others (Figure 4-6).  

                                                      
63 The Coast Central is the combination of the San Francisco and Central Coast hydrologic regions. 
64 The Valley South is the combination of the San Joaquin River and Tulare Lake hydrologic regions. 
65 The South is the combination of the South Coast, Colorado River, and South Lahontan hydrologic regions. 
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Figure 4-5: Projected changes in population and employment from 2000 to 2030 for each scenario. The year 

2000 population was 34.1. There were 19.8 million employees in 2000. 
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Figure 4-6: Projected changes in housing from 2000 to 2030 (left) and statewide housing share for each 

scenario (right). The housing stock in 2000 was 11.6 million units. 

In the agricultural sector, the irrigated crop area decreases about 5% from 9.5 million acres in 2000 

to about 9.1 million acres in 2030 in the Current Trends and Low Water demand scenarios. ICA remains 

constant in the Less Resource Intensive and More Resource Intensive scenarios as specified (Figure 4-7). In all 

scenarios, ICA increases in the North regions and decreases in the Central and South regions. The ICA 
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increases in the North are due to both increases in irrigated land area (consistent with the 1998 CWP 

forecast) and to greater multi-cropping.  

Irrigated crop area change (2000 - 2030)
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Figure 4-7: Projected changes in irrigated crop area and multi-crop area from 2000 to 2030 for each scenario 

and third of the state. Plus symbols indicate the state-wide changes. 

6.2 Water demand changes 
Care must be taken when interpreting the results of the water demand scenario generator. The four 

scenarios, by design, reflect what water demand might be (1) under specific assumptions of future water price, 

(2) if no additional water management strategies were implemented, and (3) under average climatic 

conditions. The water demand estimates presented for these scenarios can be significantly influenced by policy 

actions, and thus the change in water demand is not necessarily the amount of new supply required to meet 

future needs.  

Statewide urban water demand is projected to increase from 2000 to 2030 in all four scenarios 

(Figure 4-8). The symbols characterizing the scenarios (in the plot legend) show that urban demand is greatest 

for the scenario with large population growth and lower water conservation. Scenarios with lower population 

growth and more conservation show slower demand increases. Demand increases the most (by about 6 MAF) 



 

  107

in the More Resource Intensive scenario and the least (less than 1 MAF) in the Low Water Demand scenario 

(Figure 4-9). In the Current Trends scenario, demand increases by about 3 MAF. The urban demand changes 

are greatest in the South for the Current Trends and More Resource Intensive scenarios, but larger for the 

Central region in the Less Resource Intensive and Low Water Demand scenarios. The relatively large increases 

in naturally occurring conservation in the Less Resource Intensive and Low Water Demand scenarios drive 

large absolute water savings from existing urban development. As urban use is greater in the South than in the 

Central or Northern regions, the relative efficiency gains produce the greatest absolute savings in the south. 

These water savings offsets much of the population growth in the South.  
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Figure 4-8: Average-year urban water demand from 2000 to 2030 for each scenario (MRI = More Resource 

Intensive, CT = Current Trends, LRI = Less Resource Intensive, and LWD = Low Water Demand). See 
Table 4-6 for characterizations of the scenarios. 
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Urban Demand Changes (2000 - 2030)

0

1

2

3

4

5

6

Current Trends Less Resource

Intensive

More Resource

Intensive

Low  Water

Demand

Scenario

W
a
te

r 
D

e
m

a
n

d
 C

h
a
n

g
e
 [

M
A

F
]

North

Central

South

 
Figure 4-9: Urban water demand changes (2000 to 2030) by geographic region for each scenario. 

Figure 4-10 shows the agricultural water demand from 2000 to 2030 for each scenario. Water 

demand is projected to decrease for all four scenarios because each scenario assumes a reduction in irrigated 

land area and decreased crop water use. Those scenarios with lower ICA and greatest crop water use 

reductions (see legend in figure) have lower 2030 water demand. Agricultural demand reductions are largest 

in the Low Water Demand scenario, as it reflects a large reduction in irrigated land area (same as Current 

Trends) and a large decrease in effective crop water use (same as Less Resource Intensive). Agricultural water 

demand reduction is least in the More Resource Intensive scenario due primarily to lower efficiency gains 

than in the Less Resource Intensive scenario. Note that the range of changes in agricultural water demand is 

about equal to the demand change for the More Resource Intensive scenario, suggesting that policies aimed at 

influencing the scenarios can have an important effect upon water demand changes. 
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State-wide Agricultural Water Demand
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Figure 4-10: Average-year agricultural water demand from 2000 to 2030 for each scenario (MRI = More 

Resource Intensive, CT = Current Trends, LRI = Less Resource Intensive, and LWD = Low Water Demand). 
See Table 4-6 for characterizations of the scenarios. 

Figure 4-11 shows the agricultural demand changes by geographic region and scenario. Agricultural 

demand changes in the South are similar across the scenarios, whereas demand changes vary significantly in 

the North and Central regions. 

Finally, changes in environmental water demand range from no increase for the More Resource 

Intensive scenario to about 1.5 MAF for the Low Water Demand scenario (150% of the Environmental 

Defense partial unmet demand) (Table 4-14). In 2030 for the Low Water Demand scenario, large 

environmental allocations and lower use in the urban and agricultural sectors push the statewide 

environmental water use to over 50% of total demand. In the More Resource Intensive scenario 

environmental demand is only 46% of total water demand. 
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Figure 4-11: Agricultural water demand changes (2000 to 2030) by geographic region for each scenario. Plus 

symbols indicate the state-wide demand change. 

 

Table 4-14: Change in environmental water demand and 2030 percentage of total demand. 

Scenario Change in environmental
water demand (TAF) 

Percent of total demand 
in 2030 

Current Trends (   allocation) 494 48% 
Less Resource Intensive (  allocation) 987 49% 
More Resource Intensive (  allocation) 0 46% 
Low Water Demand ( allocation) 1,481 51% 

 

To summarize, Table 4-15, shows the water demand change by sector and statewide. Strikingly, the 

net statewide demand change is very similar in the Current Trends and Less Resource Intensive scenario (83 

TAF and –344 TAF, respectively), where as the More Resource Intensive and Low Water Demand scenarios 

shows much larger increases and decreases (about 4 MAF and –1.8 MAF, respectively).   
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Table 4-15: Statewide water demand changes from 2000 to 2030 by sector. 
Change from 2000 to 2030 

Water Demand 
(in TAF) Current 

Trends 
Less Resource 

Intensive 
More Resource 

Intensive 
Low Water 
Demand 

All Sectors 83 -344 4,024 -1,832 
Urban 3,071 1,483 5,884 672 
Agricultural -3,482 -2,815 -1,860 -3,984 
Environmental 494 987 0 1,481 

 

Figure 4-12 – Figure 4-14 show the water demand changes by sector for the Northern, Central, and 

Southern regions, respectively. In the Northern regions (Figure 4-12) urban water demand change is large for 

the Current Trends and More Resource Intensive scenarios and more modest for the other scenarios. 

Environmental water demand change is significant for the Current Trends, Less Resource Intensive, and Low 

Water Demand scenarios. In the Central regions (Figure 4-13), urban water demand increases and 

agricultural demand decreases in all scenarios. For the Current Trends, Less Resource Intensive, and Low 

Water Demand scenarios, the net change in water demand is negative. For the More Resource Intensive 

scenario it is positive. Finally, in the Southern regions (Figure 4-14) urban water demand increases for all 

scenarios (although the increase is slight for the Low Water Demand scenario). The urban demand changes, 

however, vary considerably across scenarios. Agricultural demand changes are slightly negative across all the 

scenarios. The net water demand change is positive for the Current Trends and More Resource Intensive 

scenario and negative for the Less Resource Intensive and Low Water Demand scenarios.  
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Figure 4-12: Scenarios of demand changes in Northern regions by sector, 2000-2030. 
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Figure 4-13: Scenarios of demand changes in Central regions by sector, 2000-2030. 
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Figure 4-14: Scenarios of demand changes for Southern regions by sector, 2000-2030. 

6.3 Water demand change decomposition 
Changes in water demand can be decomposed into the portions of change attributable to each of the 

factors defining water demand. For example, the change in single family water use from the year 2000 to year 

2030 ( SFUse ) can be decomposed into the change due to variation in the number of single family 

households ( SFHH  term ) and the change due to variations in per household water use 

( SFUseCoef  term ), and a residual joint change term ( Joint change term ):  

 ,2030 ,2000SF SF SFUse Use Use  (29) 

where SF SF SFUse HH UseCoef  (30) 

Combining Equations 29 and 30 yields: 

 ,2030 ,2030 ,2000 ,2000SF SF SF SF SFUse HH UseCoef HH UseCoef  (31) 

Since ,2030 ,2000SF SF SFHH HH HH  and (32) 

 ,2030 ,2000SF SF SFUseCoef UseCoef UseCoef  (33) 

Equation 31 can be rewritten as: 

 ,2000 ,2000 ,2000 ,2000( ) ( )SF SF SF SF SF SF SFUse HH HH UseCoef UseCoef HH UseCoef  
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  (34) 

Distributing the terms and canceling yields the final decomposition: 

 
,2000 ,2000SF SF SF SF SF SF SFUse UseCoef HH HH UseCoef HH UseCoef  (35) 

or SF SF SFUse HH  term + UseCoef  term Joint change term  (36) 

Note that as the factor changes approach zero in the limit, the joint change term approaches zero and 

Equation 34 becomes equivalent to taking the total derivative of single family water use with respect to time 

by applying the chain rule: 

 SF SF SF

D D
Use HH UseCoef

Dt Dt
 (37) 

 SF SF SF SF SF

D
Use UseCoef HH HH UseCoef

Dt t t
 (38) 

 
Figure 4-15 shows these three terms and the total water demand change for households (single- and 

multi-family houses) for each scenario. Asterisk symbols denote the total water use changes and the height of 

the bars indicate the magnitude and sign of each change terms. This figure shows that for all four scenarios, 

population changes alone (light grey bars) lead to large water demand increases (over 1.5 MAF for the Low 

Water Demand scenario to about 3 MAF for the More Resource Intensive scenario). For the Less Resource 

Intensive and Low Water Demand scenarios, however, decreases in household water use compensates for 

more than half of the entire increase due to the increase in the number of households. For Current Trends 

and More Resource Intensive, per household water use changes (the dark layers Figure 4-15) are either only 

slightly negative or are positive despite the fact that both scenarios were specified to reflect increasing water 

use efficiency (NOC plus Efficiency).  
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Decomposed Household Demand Change (2000 - 2030)
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Figure 4-15: Decomposed household water demand change from 2000 to 2030 for each scenario. Asterisk 

symbols indicate the total water demand change. 

To examine the forces behind the Per Household Demand changes, Figure 4-16 shows how the Per 

Household Water Demand coefficient changes in response to changes in individual driving factors. For 

example, NOC and Efficiency effects alone would decrease household water use by 15%, 20%, 15%, and 

20% respectively (the first vertical bar in the figure). The effect of price is not very large in all scenarios, 

indicating that the specified 20% price change over 30 years will have at most only a small effect on water 

demand. Changes in income (the middle vertical bar in the figure) are substantial (ranging between about 7% 

to over 20%). Demographic changes are those attributable to the location of new housing. Scenarios (such as 

the More Resource Intensive scenario), in which population growth is greater in high water use regions, have 

a greater demographic household water use effect. Notice that this effect exceeds 5% for the More Resource 

Intensive scenario. 
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Changes in Per Household Water Demand (2000 - 2030)
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Figure 4-16: Changes in statewide per household water demand from 2000-2030 due to NOC/Efficiency, 

Water Price, Income, and Demographics. See text for explanation. 

Water demand for irrigation changes over time in response to variations in the total irrigated crop 

area and the amount of water used for each crop. Using a methodology similar to that described for 

household water use, we decompose irrigation water demand changes into the following four components: 

low value crop water use, high value crop water use, low value ICA, and high value ICA (Figure 4-17). For all 

four scenarios, changes in crop water use reduce water demand. These changes are proportionally larger for 

low value crops than high value crops. In all scenarios, ICA for low value crops decreases and thus reduces 

water demand. In the Less Resource Intensive and More Resource Intensive scenarios, ICA increases for high 

value crops and thus increases demand. The change in crop mix is caused by increases in high value crops that 

can be multi-cropped. 
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Decomposed Irrigation Demand Change (2000 - 2030)
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Figure 4-17: Decomposed irrigation water use change from 2000 to 2030 for each scenario. 

6.4 Effects of price and policy-induced efficiency on urban demand 
Each scenario of water demand assumes a specific water price and no additional water use efficiency 

policies. Figure 4-18 shows how statewide urban water demand changes as a function of water price changes 

for each scenario. The dots indicate the water quantity demand as specified in the previous sections. For all 

scenarios, as price increases, demand changes from 2000 to 2030 are reduced. The changes by price are larger 

for the Low Water Demand and Less Resource Intensive scenarios due to greater water use price elasticity 

factors specified.  
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Figure 4-18: Statewide urban water demand changes for each scenario as a function of water price changes (as 

a percentage of 2000 water price). The dots indicate the quantity water demanded for each scenario, as 
defined in this section. 

7 Conclusions 

7.1 Water management findings 
Four scenarios of year 2030 water demand in California are quantified and reveal several important 

insights about future California water resource management challenges. Findings related to urban water 

demand include the following: 

1) If no new water management strategies are implemented, water demand for urban 
consumption in California will increase from 2000 to 2030 in response to 
population and economic growth. 

2) Significant uncertainties about demographic trends, water use behavior, and 
penetration of water efficiency technologies over the scenario period suggest a wide 
range of plausible urban demand increases, spanning the range of 1 MAF to 6 MAF. 
These increases can be tempered significantly by increasing water prices or increasing 
water use efficiency through additional management policies. 

3) Scenarios with high population growth and low naturally occurring conservation 
will lead to the greatest water demand increases. 

4) Even if conservation were to reduce statewide water use at the same rate as 
population growth, urban water demand would increase as new housing and 
economic development will occur largely in regions that use a lot of water. 

5) Variation in the changes in demand from region to region is substantial. The 
Southern region will experience the greatest demand increases under high 
population and low conservation scenarios. 
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Findings related to agricultural water demand include: 

1) Demand for water in the agriculture sector decrease under all scenarios considered, 
although it decreases the most under the Current Trends scenario and not the Less 
Resource Intensive scenario.66 

2) Scenarios in which urban growth induces conversion of farmland may also lead to 
large decreases in agricultural water demand. 

3) Trends towards multi-cropping and lower crop water use through more efficient 
practices and crop varieties could enable the agriculture sector to maintain existing 
production (proxied in this model by irrigated crop area) while consuming 
substantially less water. 

 
Finally, under the four scenarios considered, water allocations to the environment would increase 

environmental demand by up to 1.5 MAF.  

Estimates of future statewide average-year water demands, however small or large, do not adequately 

characterize the challenges facing California water managers. Increases in water demand must be addressed at 

regional and local scales because available supplies in one part of the state cannot necessarily be used to meet 

rising demands in another part. Furthermore, the timing of demand and supply and interannual variability of 

supply are masked by average-year balances.  

Greater urban water demand under all but the low water demand scenario would present significant 

challenges to water planners. If future factors influencing water demand resemble the Current Trends 

scenario, California would need to offset an additional 3.5 MAF of urban and environmental water demand 

per year with a combination of management strategies to reduce demand, improve system efficiency, and 

redistribute and augment supplies. As seen by the regional results above, most of the agricultural demand 

reductions occur in the Central Valley, whereas much of the additional urban demand would be in the 

Southern part of the state. The ability to transfer water from the Central Valley to Southern California could 

                                                      
66 Irrigated land area decreases less in the Less Resource Intensive scenario than in the Current Trends scenario, leading 
to greater agricultural water use in the Less Resource Intensive scenario. 
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be constrained by existing conveyance facilities, area-of-origin issues, environmental impacts, and other third-

party effects. 

If future water demand changes are more like the More Resource Intensive scenario, water 

management challenges would be even greater. Demand would increase in all areas of California, and 

agricultural demand would not decrease as much as it does in the other three scenarios. Consequently, the 

reduction in agricultural demand would only offset a portion of the increase in urban demand. The demand 

changes in the Less Resource Intensive and Low Water Demand scenarios would be more manageable than 

the other two scenarios. If, however, future water supplies are lower due to climate change, for example, then 

even these scenarios could present considerable challenges for California water management. 

Other challenges not captured by this analysis exist as well. As local demands increase, future 

droughts could result in more severe local water shortages than in recent experience. Moreover, the challenges 

of flood management, protecting water quality, and managing water systems to help restore the environment 

will all require California’s water managers to develop strong water plans that go well beyond just meeting 

water demand increases in average years. 

7.2 Methodological observations 
The three Water Plan scenarios do not appear to bracket the plausible range of water demand, 

because low resource intensive urban development leads to less urban sprawl in this model, it also leads to 

lower reductions in agricultural land and thus less reduction in agricultural water demand. This issue raised 

concern during the January 2005 Advisory Committee meeting, though this result is not due to an erroneous 

quantification of the scenarios. Instead, it is due to basing the two bracketing scenarios on resource 

sustainability rather than another factor more correlated to water use.  

Such unanticipated results help provide better clarity of the implications of the scenarios. It also 

illustrates an important limitation to conventional scenario analysis. First, for collaborative decision making 
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processes, a few scenarios are unlikely to reflect all the important futures that stakeholders will have concern 

about. For example, the analysis presented here motivated a study by the Pacific Institute (Gleick et al. 2005) 

to develop a high efficiency water demand scenario based on a modified version of the water demand model 

described above. The purpose of this scenario is to quantify a scenario of water demand that is congruent with 

Pacific Institute’s 2003 assessment of plausible cost-effective urban water efficiency (Gleick et al. 2003).67  

Finally, there is no guarantee that the scenarios developed by DWR and quantified in this chapter are 

those most relevant to the choice of policies. In Chapter 5, I describe a quantitative method for identifying 

scenarios that represent vulnerabilities to the leading policies. I argue that scenarios developed in this way are 

often more relevant to the decision making process than those scenarios developed before the consideration of 

policies. 

                                                      
67 I collaborated with researchers at the Pacific Institute to identify a unique set of urban and agricultural water demand 
parameters and included greater levels of efficiency, much of which would be achieved only with new programs and 
policies. This highlights an attractive feature of using less complex models to support decision making – it enables 
interested stakeholder groups to not just critique an analysis, but actually to participate in it. The scenario also includes 
higher urban and agricultural water prices (this may also require policy action). The authors also considered an 
alternative method for evaluating changes in crop water use. 
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CH 5: A NEW ANALYTIC METHOD FOR IDENTIFYING ROBUST 
POLICIES 

1 Introduction 

Standard decision theory, although useful for many policy decisions, can be ill-suited to support 

long-term decision making, particularly when the uncertainty about the future cannot be well characterized, 

the set of feasible policies is expansive, or decision makers and stakeholders have diverse preferences over 

outcomes. For such long-term decision making, analysts often turn to scenario planning and analysis to 

consider how policies will perform under different plausible future states. Scenario analysis can highlight 

particularly favorable outcomes that should perhaps be induced or supported by appropriate policies. 

Alternatively, some scenarios may represent undesirable or particularly challenging outcomes that policy 

makers may want to avoid. Scenario exercises also present opportunities for stakeholders to be involved in the 

analysis. 

Standard scenario analysis, however, may not always provide all the needed guidance to decision 

makers. Scenario exercises typically only construct and evaluate a few scenarios, as narrative scenario 

development requires substantial effort, and decision makers can usually only think through a handful of 

scenarios. Small sets of scenarios may neglect many important factors facing decision makers, potentially 

leaving decision makers vulnerable to surprise. Traditional scenario analysis also provides no systematic means 

to compare alternative policy choices (such as through standard quantitative analysis), and this often leaves 

decision makers unclear about how a set of scenarios ought to be employed. Finally, if the policy 

recommendations are sensitive to the few scenarios selected at the beginning of an analysis, stakeholders with 

views of the future that are not represented by one of the scenarios may challenge the entire process.   

As an example, some members of the California Water Plan Advisory Committee who had drafted 

the original three scenario narratives for the 2005 CWP expressed dissatisfaction with the scenario results 
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presented in Chapter 4 and adopted by DWR for the 2005 CWP. They had anticipated different water 

demand projections for the scenarios. Others expressed concern that the scenarios may not be the best ones to 

use as a basis for future scenario analysis. Lastly, some members expressed confusion over how the scenario 

analysis would ultimately be used to recommend policies (Advisory Committee for California Water Plan 

2005). The Water Plan scenario analysis, thus, raises several important questions. Are the three Water Plan 

scenarios the best scenarios against which DWR should evaluate various management response packages? 

Would other analysts and stakeholders have come up with alternatives? How should DWR weigh the 

performance of the management strategies in each of the scenarios? Would alternative scenarios lead to 

different guidance on the choice of policies?  

In this chapter, I present a new analytic method for decision making under deep uncertainty (called 

Robust Decision Making) that may help future water planning efforts address some of these questions. 

2 Robust Decision Making  

Robust Decision Making (RDM) is an analytic method for identifying robust policies for deeply 

uncertain and challenging problems. Robust policies are those whose favorable performance is relatively 

insensitive to the key uncertainties and different preferences held by decision makers. RDM is different from 

standard Bayesian-based decision theory, particular in the way in which it represents uncertainty and 

emphasizes policy discovery.  

RDM’s roots lie in long-term policy analysis, exploratory modeling, and scenario analysis. The 

development of RDM has drawn heavily on the computer science, psychological, and judgment and decision 

making literatures. The most thorough treatments of its motivation and method are presented in Lempert et 

al. (2005; 2003). 
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RDM uses computer models to estimate the performance of policies for individually quantified 

futures, where futures are distinguished by unique sets of plausible input parameter values. Exploiting recent 

advances in computing power, RDM evaluates policy models once for each combination of candidate policy 

and plausible future state of the world to create large ensembles of futures. These ensembles may include a few 

hundred to hundreds of thousands of cases.  

For policy problems that have a large or unlimited number of possible policy approaches, RDM 

provides a systematic way of exploring these possible policies to efficiently identify and evaluate the policies 

that are likely to be robust. RDM first uses visualization and statistical analysis to identify policies (from the 

initial set) that perform well over many possible states. RDM then uses data-mining techniques to reveal 

under which future conditions such policies are vulnerable to poor performance. Examination of these key 

vulnerabilities (which can be considered “scenarios”) can suggest ways to craft new policies that hedge against 

the vulnerabilities. The analysis then identifies one or more new candidate robust policies and re-evaluates the 

performance of all policies against the different plausible future states. Through each iteration, the candidate 

policies become increasingly robust, and those key scenarios to which the policies are vulnerable are identified. 

Importantly, RDM avoids the contentious process of assigning probabilities to deeply uncertain 

forces driving the future. At the end of the analysis, RDM presents the remaining uncertainty and differential 

policy performance to the decision maker in a way that facilitates his or her own application of values and 

beliefs about the uncertainty and performance tradeoffs. This can facilitate cooperation and support for the 

process, and it is often revealed through such analysis that differences in views of the future may not 

necessitate disparate policies. 

Chapter 3 described several conditions, often characteristic of long-term policy challenges, which 

make it difficult to successfully implement standard decision theory: (1) the probabilities of states in which 

the policies actions are unknown (e.g. the uncertainty is poorly characterized or ambiguous), (2) the set of 



 

  126

potential policies is too large for each to be explicitly considered in a policy assessment, and (3) there is no 

single agreed upon utility function expressing preferences over multiple outcome metrics.  

RDM employs five key strategies for grappling with these challenges:  

1) Exploratory analysis 
2) Use of robustness as policy selection criterion 
3) Identification of vulnerabilities or scenarios in which the policies perform poorly 
4) Improvement of policies through hedging or adaptive policies 
5) Presentation of remaining uncertainties to decision makers 

 
In the following sections, I describe each of these analytic components of RDM. Note that the 

terminology used in this discussion is different than that used in Lempert et al. (2005; 2003).1 

2.1 Exploratory analysis 
Exploratory analysis can be used to understand the behavior of complex and deeply uncertain systems 

(Bankes 1993; Bankes 2002; Davis and Hillestad 2002). Exploratory analysis uses computer models not to 

predict the future, but instead to run “experiments” of how conditions might evolve in the future and how 

policies might fare under a wide range of plausible future conditions. Rather than calculating probabilistic 

outcomes for a policy by assigning fixed probability representations of deeply uncertain parameters, 

exploratory analysis interactively explores across the numerous plausible outcomes obtained by evaluating the 

model for a wide range of discrete and plausible input parameter values.  

                                                      
1 This dissertation seeks to bridge standard decision theory, scenario planning, and RDM, yet their terminologies are at 
odds. In standard decision theory the term “state” refers to the future conditions in which decisions act. In standard 
scenario planning, general views of the future or “state” are referred to as scenarios. In Lempert et al. (2005; Lempert et 
al. 2003), however, the term “future” is used to refer to the state of the world in which policies act, and a “scenario” is 
the outcome of a particular policy played out in a specific future. Finally, a “scenario ensemble” is a data set containing 
all combinations of policies and futures. In order to stay consistent with the terminology adopted by the California water 
planning community with regards to scenarios, I refer to the states of the world in which policies acts as “states” or 
“scenarios” (if I’m referring to a more general view of the future of a cluster of similar states). A particular outcome of a 
policy in a particular state or scenario is a “future.” 
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RDM relies on exploratory analysis techniques, in part, to consider how the performances of policies 

vary in many different plausible states. Using computer tools such as CARs™2 the analyst is able to evaluate 

how policies will perform under any combination of the parameters representing poorly understood or poorly 

characterized input factors. “Exploration” reveals insights into the function of the system and the performance 

of various policies that would likely be overlooked by the evaluation of one or a few probabilistic forecasts. 

Note, that by using an exploratory modeling computation strategy, RDM does not require the assignment of 

probabilities to deeply uncertain model parameters. 

2.1.1 Scenario generators 

Exploratory analysis and RDM generally use low-resolution computer models (or scenario generators) 

to evaluate the performance of policies across numerous plausible states of the world (Lempert et al. 2003). 

Scenario generators do not predict the future. Instead they represent many disparate but plausible views of the 

future. A scenario generator may be an existing systems-model evaluated using discrete input parameter 

values, or it may be a reduced-form derivative of a more complex model. Scenario generators should be quick 

running and be easily adaptable, enabling the analysis to reflect improved understanding of the underlying 

processes, the decision problem, or promising policy strategies.  

A major difference between a scenario generator and a probabilistic prediction model is how they 

address uncertainty. A prediction model typically assigns a probability distribution (derived from historical 

data, other modeling or experiments, expert judgment, or speculation) to all the unknown parameters in the 

model. The model’s results are thus represented by probability distributions. The degree of uncertainty in a 

prediction model may be reduced by improving the model’s representation of relevant processes, using more 

                                                      
2 The Computer Assisted Reasoning system (CARs™), available from Evolving Logic, is a software tool that “provides the 
means for using any model or modeling technique to run the required compound computational experiments, selection 
methods for generating and examining the results of such experiments, and visualizing the output in a manner that 
provides integrated interaction between human operator, computational engine, and available information (Lempert et 
al. 2003).” 
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accurate input data, or increasing the model’s temporal or spatial resolution. These strategies, however, can 

increase the complexity of prediction models, requiring more time to produce and interpret the results. 

Increased model complexity can also lead to a loss of intuition and understanding of the model’s behavior. 

Finally, some highly uncertain factors, like human behavior, are often ignored by prediction models because 

the analyst does not have sufficient information about the factor to assign a probability distribution. A hazard 

of this approach is that by ignoring an influencing factor, a model is implicitly assuming that the factor is a 

zero if it is additive or a one if it is multiplicative. 

Scenario generators, in contrast, quantify individual, internally consistent stories about the future. 

Internal consistency is achieved by explicitly representing known relationships between inputs, independent 

driving forces, and outputs (Lempert et al. 2003). Single values are assigned to each of the uncertain 

parameters. These parameter values are drawn from the literature and can reflect alternative hypothetical 

values. Scenarios are then distinguished from each other by assigning different sets of values to these 

parameters. A good test of the validity of a scenario generator is examining how well it can replicate the 

predictive results of alternative more detailed models or how well it can represent an arbitrary plausible future 

proposed by an interested stakeholder. 

Scenario generators are typically less complex than prediction models. Because pure scenario 

generators are not intended to compute the probability distribution of an outcome, they only need to model 

processes that are required for internal consistency and also be of interest to decision makers (because they 

may be influenced by policies, for example). They also can be designed to include important but highly 

uncertain components of a decision problem (those based on the actions of other humans, for example) that 

are often not included in a standard decision-support model.  

Bigelow and Davis (2003) provide a taxonomy of low-resolution models and their relationship to 

higher-resolution models. Low-resolution models may be empirical, theory-based, or metamodels. The first 
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two have no direct connection to any high-resolution models. Empirical models are statistical fits to data, 

such as a simple extrapolation forecasts of water-use trends, while theory-based models represent low-

resolution phenomenology, such as simplified representations of hydrology (see Beven (2001) for a discussion 

of how detailed hydrologic models need to be).  

Metamodels, or models of models, are generated by fitting a low-resolution model to the results of 

one or more high-resolution models. Metamodels can be based on purely statistical fits (e.g., response 

surfaces) or the results of the high-resolution models. They can also be theory-motivated and developed by 

first using physical and behavioral reasoning to suggest the structure of the model and then determining input 

parameters that reproduce the results of the high-resolution model runs. The water demand model presented 

in Chapter 4 can be classified as a theory-motivated metamodel. 

Scenario generators sometimes trade off predictive power and detail for the ability to be quick 

running, easily modifiable, and interpretable. Figure 5-1 shows notional representations of the relationship 

between a model’s complexity and its accuracy in predicting the future (on left) and model complexity and its 

interpretability (on right). As a model becomes complex through higher temporal and spatial resolution, for 

example, its ability to accurately predict future conditions increases. For many trajectories of model 

development, however, the returns to complexity decrease with increasing complexity (concave shape on the 

left in Figure 5-1).  

A model’s interpretability (loosely defined here to include the time for analysis, intuitiveness of its 

results, and ease of understanding of its behavior) rises initially with complexity – as a model more realistically 

captures important factors, it becomes more useful and understandable. At a certain level of complexity, 

however, additional complexity can reduce a model’s interpretability and usefulness (downward sloping curve 

on the right of Figure 5-1). A complex model is often only fully understood by one or a few people, 

complicating its use or hindering decision makers’ trust in it. For example, the model used by DWR and 
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USBR to guide operations of the State Water Project and Central Valley Project, CALSIM II, is so complex 

that no one person can fully understand it. The output from model runs is extensive, requiring substantial 

analysis time to interpret results. Many argue that these features of CALSIM II make it to be inappropriate for 

long-term water planning (Close et al. 2003).  
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Figure 5-1: Notional representation of the relationships between a model’s complexity and its forecast 
accuracy (left) and interpretability (right).  

The proper balance between accuracy and interpretability must be evaluated individually for each 

application. In general, the more broadly defined the policy questions and outputs of interest are, the further 

the balance point shifts (left) towards a less complex and easily interpretable model.  

2.1.2 Ensembles of futures 

In exploratory analysis, the analyst considers the large ensemble of futures that could be generated by 

evaluating the scenario generator for each policy across a large set of plausible states. Returning to the matrix 

notation used in Chapters 3 and 4, let a future, fyz, correspond to the discrete outcome, myz, of a specific 

policy, ly, played out against a particular state of the world, xz: 

 yz yzf m  (1) 

An ensemble of futures (Figure 5-2) is thus equivalent to the outcome matrix presented in Figure 3-1: 
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Figure 5-2: Futures ensemble corresponding to each pair of policies and states.  

Futures in an ensemble typically do not have preferences or probabilities associated with them, as exploratory 

analysis is used when such characteristics cannot be uniquely identified.3 

A futures ensemble is created by evaluating a model separately for each policy (l) across some sample 

(or experimental design) of the exogenous factors (xj) defining the states. RDM analyses often sample the 

exogenous factors uniformly across plausible ranges or with a Latin Hypercube sampling procedure, to avoid a 

systematic sampling bias (there are situations where other sampling procedures may be more appropriate).4 

This sampling strategy is used to fully explore the performance of policies across the entire space of plausible 

future states. This practice should not be confused with assigning a uniform probability distribution to the 

exogenous factors, as the resulting ensembles are not generally evaluated using metrics that consider the 

relative frequency of the observations.  

The size of a futures ensemble evaluated in this way depends upon the number of policies evaluated, 

the number of uncertain parameters in the model, and sampling density across the plausible ranges for each 

parameter. Past applications of RDM have generated ensembles comprised of a few policies and a large 

numbers of states (Lempert et al. 2003; Robalino and Lempert 2000), a large set of policies and few states 

                                                      
3 Some uncertain parameters within a scenario generator may be represented by probability distributions instead of single 
values. In these cases the outcomes corresponding to each scenario would be probabilistic. 
4 A Latin hypercube sample is created by dividing each exogenous factor into segments with sizes inversely proportional 
to the number of samples desired for each segment. The actual sample is then randomly sampled from within each of the 
segments. 
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(Brooks et al. 1999; Lempert and Schlesinger 2000), and a modest number of policies (25) across a modest 

number of states (Lempert et al. 2005). 

Finally, this exploratory model strategy can be employed to evaluate policies independently for 

different outcome measures, m, in lieu of using multi-attribute utility functions. 

2.2 Robust policies 
2.2.1 Robustness criterion 

Optimality cannot be used as a criterion for selecting policies if the probabilities or preferences over 

outcomes are not uniquely specified – or, stated another way, if the right-most column of the Expected Utility 

matrix (Figure 3-2) cannot be calculated. An exception is if one policy dominates all others across all states. In 

such a case, it would be best regardless of the likelihoods of each state. Such dominant strategies seldom, if 

ever, exist.5 In the absence of a dominant strategy, the decision maker must turn to alternative criteria to 

compare the performance of policies across states.  

Let KS(l) be an evaluation criterion reflecting preferences over the performance of policy l across all 

states (right-most column in Figure 5-3). If such an acceptable criterion is identified, then the analyst would 

choose the policy that scores the highest based upon this criterion, or choose l such that ( ) ( )S SK l K l  for 

all l L . 

                                                      
5 A set of policies, L, that contains a dominant policy is likely to be artificial, as there most likely would be a way to 
identify a similar policy that performs slightly better in one or some of the futures yet performs slightly worse in the 
other futures. Neither this nor the original policy, then would dominate all others. 
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Figure 5-3: Scenario Matrix with policy evaluation criteria, KS(l). 

Careful reasoning can suggest the relative usefulness of different criteria. For example, a decision 

maker could choose the policy with the best possible performance in one of the many plausible states. Such a 

“maxi-best” criterion is akin to investing all one’s money in the highest-paying lottery. The outcome is likely 

to be the loss of all one’s money, but such a strategy does maximize the likelihood of experiencing the best 

possible outcome – winning the lottery. Alternatively, a criterion which minimizes the maximum loss (or 

“mini-max”) could be used. Both of these approaches focus only on the single best or worst outcome, often at 

the expense of most others. As a result, these are not generally suitable for most public policy applications. 

A robustness measure is a more balanced criterion for many public policy decision problems. A 

robust policy generally is one whose performance is relatively insensitive to unknown probabilities of the 

states and preferences over outcomes (Lempert et al. 2003). Such a criterion is particularly appropriate when 

uncertainty makes it difficult to credibly evaluate outcome likelihoods. The next two subsections discuss 

options for implementing a robustness criterion. 

2.2.2 Regret versus absolute performance 

A robustness criterion may be based upon the absolute or relative performance of policies in each 

future state or relative. Empirical evidence suggests, however, that decision makers consider more than the 

absolute performance (or absolute expected performance) of a policy when weighing the merits of long-term 

policies. A study by Kahneman and Tversky (1979), for example, suggests that decision makers choose 
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policies based in part upon gains and losses, not total outcomes. Such a “prospect-” based decision criteria 

would perhaps weigh gains differently than losses. Loomes and Sugden (1982; 1987), evaluating the same 

evidence, suggest that decision makers are sensitive to the difference in outcomes of a specific decision and 

what the best outcome could have been (called Regret Theory). Decision makers experience regret when their 

choice results in an outcome substantially worse than the best choice. They rejoice when their decision yields 

an outcome close to the best possible one.  

Lempert et al. (2003) argue that a regret-based decision criterion is most appropriate when evaluating 

policies for robustness, as it appears to mimic the decision criterion of many decision makers.6 A measure of 

regret considers the difference between the actual outcome and the outcome for the ex post “best” choice. If 

outcomes with greater values of m are preferred, then regret, R, of a policy (l) in a particular state (x) could 

then be defined as the difference between the actual outcome and the maximum outcome.  

 y z y'z yz
y'

R l ,x = Max m m  (2) 

Several previous applications of RDM have used such a robustness measure (Lempert et al. 2005; 

Lempert et al. 2003). The use of a regret measure over one based on absolute performance or utility, however, 

is not central to RDM theory. Each RDM application should carefully consider which criterion is the most 

compelling for the problem at hand. 

An important potential future application of RDM would be to use a regret-based measure to balance 

preferences over the various policy performance metrics.  

2.2.3 Ranking strategy 

Once a performance criterion is selected, the analyst must choose a procedure for evaluating the 

performance of a strategy based on its performance in each plausible state considered. The numerous ranking 

                                                      
6 This claim is supported by substantial anecdotal evidence and is currently under scientific evaluation by RAND’s NSF-
funded project on Decision Making Under Uncertainty. 
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strategies can be placed in two groups: those that consider single outcomes and those that consider the 

distribution of performance across futures. 

A standard candidate based on a single outcome is Savage’s mini-max criterion (Savage 1954). Policy 

selection based on the mini-max criteria would identify the policy with the least amount of regret for any 

single outcome. The analyst thus chooses l to: 

 ' '( , )y z
y' z'

Min Max R l s  (3) 

 Such a criterion, as well as one based on maximizing the best policy, however, is highly sensitive to 

individual plausible scenarios. This can be problematic for scenario-based analyses which strive to be inclusive 

of alternative viewpoints when constructing scenario ensembles. It would be easy, in many cases, for a single 

highly unlikely but plausible scenario to perform disastrously for an otherwise very well performing policy. 

The inclusion of this single plausible scenario in the analysis, therefore, would result in the choice of an 

alternative policy which would perform less well in the other futures. Other criteria based solely on outcomes 

in a single scenario share similar pathologies. 

Alternatively, one may prefer policies which lead to a low number of policies which perform poorly. 

Rosenhead (1989) describes such a criterion as one which minimizes the number of bad bets. For this 

criterion, the performance of the policy is less sensitive to performance in an individual scenario. Instead, 

robust policies are defined to be those in which satisfactory performance is achieved in the greatest number of 

scenarios. This draws on the concept of satisficing policies (Simon 1959).  

Minimizing bad bets can be operationalized in a couple of ways. One could simply choose the policy 

(l) which performs better than a satisficing level, , in the greatest number of states, x, or choose ly to:  

 '
'

# |z y z
y

Max x f  (4) 
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where # is notation of the cardinality of the set. One could also choose the policy whose median performance 

(or other quantile) is the greatest: 

 '
'

| 1,...,y z
y

Max Med f z Z  (5) 

where 1,..., NMed x x is the median of the N values 1,..., Nx x . As with the robustness criterion, there is no 

proven superior choice for policy ranking strategies.  

2.3 Identifying scenarios stressing to policies 
2.3.1 Vulnerability characterization 

Initial policies are not likely to be robust across all scenarios, nor balanced across the preferences of all 

decision makers and/or stakeholders. When faced with deeply uncertain outcomes, decision makers typically 

are concerned with what can go wrong. Good decision makers use this knowledge to develop contingency 

plans, thus reducing the vulnerability of a policy from performing poorly.  

RDM draws on this behavior and characterizes those states in which candidate robust policies 

perform poorly. RDM focuses on vulnerabilities of policies for two important reasons. First, since the 

likelihoods of all plausible scenarios are unknown, decision makers are usually concerned with how a chosen 

policy will perform in less desirable circumstances. Second, characterizing the vulnerabilities of existing 

policies can then reveal promising hedging actions that will increase the robustness of the policies. This 

approach builds off Dewar’s (2002) work on assumption-based planning.7 

In RDM, the analyst, often working with stakeholders and decision makers, uses computer 

visualization techniques and data mining algorithms to identify vulnerabilities of one or a few favored policies 

identified using the robustness criterion and ranking strategy (described above). Useful vulnerability 

                                                      
7 Assumption Based Planning focuses on a systematic assessment of load-bear assumptions – or those whose failure 
would have large impacts to the organization – and the plausible events that would cause such assumptions to fail. 
Actions are then identified to reduce the likelihood and consequences of assumption failure. 
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characterizations are those which resemble a narrative scenario, in that they are clusters of futures which can 

be described in a compelling way to decision makers and stakeholders.  

A key difference between these scenarios identified through vulnerability characterization and those 

developed through narrative scenario exercises (after Schwartz (1991)) developed independently of any policy 

assessment, is that the former are more likely to be those most critical to the decision maker’s choice of policy. 

For example, if a decision maker believes that none of the scenarios characterizing vulnerabilities are likely to 

come about, then he or she can be confident that the candidate policy is the best one. Alternatively, if the 

decision maker believes that one of the scenarios is significantly likely, then the decision maker should perhaps 

choose an alternative policy. RDM then provides the decision maker with the information to make this 

choice. 

A vulnerability can be defined by a set of rules specifying input values for exogenous factors which 

lead to poor outcomes for a particular policy. Below I suggest five criteria that should be met in a vulnerability 

characterization analysis. 

1) Vulnerabilities should be defined using ranges of adjacent values of exogenous input 
parameters: The  states corresponding to the vulnerabilities should be similar to ease 
interpretability.  

2) Vulnerabilities should be defined by the fewest number of exogenous factors: The rule sets 
should be as simple as possible to ease interpretability.  

3) The number of vulnerabilities should be few: Ideally, all the major vulnerabilities of a particular 
policy would be characterized by a small number of rule sets. If too many vulnerabilities are 
identified, their usefulness for developing hedging strategies is compromised.  

4) Each rule set should define a high concentration of states which lead to poor performance: 
If the rules are too general, the vulnerability characterization could capture many good outcomes as 
well as bad ones. It is not constructive to develop hedges against good performance.  

5) Rule sets collectively should span all vulnerabilities evident in the futures ensemble: It is 
desirable for the identified rule sets to identify all plausible vulnerabilities. 
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Formally, let a scenario, S, be a cluster of adjacent states8 (defined by ranges of input parameters) 

within the state-space, X. The remaining states can be denoted by Sr, such that: 

 S Sr X  (6) 

A vulnerability would be one such scenario, Sv, in which the candidate policy l performs poorly compared to 

the performance under all other states: 

   Sv SrE l E l  (7) 

In a classic RDM analysis, the performance of the current policy (or favored alternative) in other 

possible future conditions is evaluated using exploratory analysis, data mining techniques, or other statistical 

methods.  

Exploratory analysis is commonly used to identify small sets of exogenous factors across which 

policies are vulnerable to poor performance.9 For example, by examining many different two- and three-

dimensional area plots (where the axes of the space represent the parameter values of selected exogenous 

factors) analysts can identify ranges of input parameters which lead normally good-performing policies to 

perform poorly. Visuals showing these “red regions” and “cliffs” are particularly compelling to show to 

decision makers. 

This method is successful in meeting the first and second criteria of ideal vulnerability 

characterizations defined above. The graphics easily reveal ranges of values which lead to poor outcomes (rule 

1). The constraints of two-dimensional visualization limits the numbers of parameters per vulnerability 

displayed (rule 2). In general, for simple and well understood models, it is quite easy to anticipate or 

systematically discover through exploration which factors define compelling vulnerability regions.  

                                                      
8 Assume that the states are characterized by vectors of random variables, and therefore have the Euclidian property of 
nearness. 
9 The graphical capabilities within CARs™ have typically been used to identify such vulnerabilities (Lempert et al. 2003). 
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There is no guarantee, however, that this method will not require many rule sets to cover all 

vulnerabilities (rule 3). The dimensionality constraints also may lead the rule sets to span broad numbers of 

states, including many that lead to good performance (rule 4). Finally, there is no guarantee that all 

vulnerability regions will be found (rule 5). For complex models it becomes even more challenging to identify 

good regions using exploratory methods alone.  

2.3.2 Patient Rule Induction Method (PRIM) 

Lempert, Groves, Popper, and Bankes (2005) use a data-mining algorithm, called “Patient Rule 

Induction Method” (described in Friedman and Fisher (1999)) to analytically identify vulnerabilities to 

candidate robust policies from large futures ensembles. PRIM identifies n-dimensional “boxes,” or hyper-

cubes, defined by a set of rules applied to the input parameters which lead to clusters of outputs that have 

either particularly high or low values.  

 The boxes are induced from the entire dataset using a “patient” (as opposed to “greedy”) algorithm. 

The algorithm is patient because it begins with a rule set that encompasses the entire dataset and then refines 

the rules incrementally by successively peeling away small sub-boxes (defined by a range of values for a single 

input parameter). In each iteration, the single subbox that leads to the largest mean value in the remaining 

box is removed. This peeling procedure generates a series of successively smaller boxes each with increasing 

means. The peeling stops once the box size decreases to a pre-selected threshold value.10 Each box can be 

characterized by its mean function value and a particular level of support (e.g., the fraction of values inside the 

box). These are typically inversely correlated; a box with a larger mean value also contains a smaller fraction of 

the total values in the dataset.  

                                                      
10 The size of the peeling subboxes is determined by a parameter, alpha. The minimum box size, or support, is specified 
by the parameter, beta. The smaller the subboxes, the more “patient” the strategy is. Too-small subboxes may, however, 
be overly influenced by noise in the data, yielding a suboptimal final box. Noise within the data may also render PRIM's 
initial set of peels arbitrary leading to significantly different results when evaluating different randomly selected subsets of 
the original data. 
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Although Friedman and Fisher claim that the PRIM algorithm is largely stable, the rules defining the 

final box are influenced by the procedure’s meta-parameters, such as alpha.11 The identified boxes are also 

vulnerable to noise within the data. In the case of a scenario ensemble generated by sampling from plausible 

input parameter values, the noise would refer to extreme and possibly implausible outcomes that result from 

particular rare combinations of input parameters. 

Friedman and Fisher’s implementation12 of the PRIM algorithm generates multiple “peeling 

trajectories,” where each trajectory is generated using slightly different meta-parameter values and slightly 

modified input data.13 A graph of box mean versus support for the multiple peeling trajectories is then 

presented to the analyst to aid selection of the final box. It is unlikely that a box which has equal mean but a 

large support or equal support but lower mean would be preferred. Therefore, in practice, the graphs showing 

multiple peeling trajectories are “thinned” by eliminating the dominated boxes. The final peeling trajectory is 

thus convex in the mean versus support space.  

From the final peeling trajectory graph the analyst selects the box with the most appropriate balance 

of high mean value and support. The final box comprising a set of rules for the input parameters is readily 

interpretable as a vulnerability. For some data structures, the final boxes presented to the analyst may focus on 

distinct vulnerabilities, enabling the analyst to weigh the final boxes interpretability as well as mean and 

support. Additional vulnerabilities are identified by PRIM using the data that remains after removing the 

elements contained within the previous box. 

                                                      
11 Other meta-parameters are described in Section 14 of Friedman and Fischer (1999). 
12 Friedman and Fisher implement the PRIM algorithm in the S-Plus data analysis package which is available from www-
stat.stanford.edu/~jhf/SuperGEM.html. 
13 Multiple trajectories can be induced by randomly perturbing, or “bumping”, the data. This helps mitigate instability in 
the selected peeling trajectory. 
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The final box can often be improved by adjusting some boundaries through a bottom-up “pasting” 

strategy and by removing redundant parameters. Starting with the peeling procedure's final box, the pasting 

algorithm iteratively identifies small subboxes that when added to the main box, resulting in a higher mean 

value. This process stops when no expansion increases the mean. These adjustments are usually modest but 

can be significant.  

Finally, redundant parameters can occur if there is significant colinearity in the data. The analyst can 

apply class knowledge to identify and remove redundant parameters. This process is aided by ranking the 

rules for each box by their importance (each rule constrains a single input parameter). The least important 

rule is the one which when eliminated, results in the least change in mean value. 

Other methods exist that might usefully generate such clusters. PRIM seems particularly useful for 

RDM because it aims to optimize both the classification accuracy of the boxes, that is, the percentage of large 

function values they contain, and the interpretability of the boxes, that is the simplicity of the rules needed to 

define them.14 It does, however, require a fair amount of analyst interaction which could result in different 

analysts identifying different high-value regions.  

PRIM also meets most of the conditions outlined at the beginning of this section. Specifically, (1) it 

defines vulnerabilities through rules constraining the range of input parameters, (2) it enables the rule set to 

be pruned to include only the most important ones, (3) it generates multiple rules corresponding to different 

vulnerabilities and permits the analyst to generate an appropriate number of rules, and (4) the analysts is able 

to choose among candidate rules with varying support and concentration of high values. 

 

                                                      
14 Friedman and Fisher, for instance, use PRIM with marketing data to identify the small number of factors (e.g. age, 
gender, marital status) most important to characterizing likely consumers of a new product. 
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There are, however, a few key limitations to PRIM. First, PRIM “boxes” are “hyper-cubes,” that is 

their sides are all mutually perpendicular and faces are parallel, and they will not efficiently cover regions 

which are non-cubic. For example, if the output, z, is defined as the sum of inputs a and b (z = a + b), 

outputs will be large when both inputs are large, small when both inputs are small, and intermediate sized 

when one is small and another is large (Figure 5-4). If an analyst were interested in outcomes greater than 5, 

they would seek a rule set which produced the triangular region in the figure. PRIM, however, could only 

identify one of the two sub-optimal square regions. 

PRIM also performs poorly for datasets which have high values at the corners of the output spaces, as 

the algorithm begins with a box spanning the entire space and then peels from the outside. For such datasets a 

better algorithm would perhaps begin peeling from the interior. 
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Figure 5-4: Graph of z (numbers in the graph’s interior) versus a and b (where z = a + b) and different 

characterizations of high value regions. The triangular region optimally characterizes regions where z > 5. The 
square regions are suboptimal characterizations that PRIM would identify. 

2.4 Expanding the policy set through hedges  
RDM is based on the premise that for decisions pertaining to long-term or deeply uncertain policy 

problems, any initial set of policies for consideration will not include all possible policies. By identifying 
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scenarios that characterize the states in which the candidate strategy performs poorly, analysts and decision 

makers can develop hedging actions to expand the analysis to consider more robust policies.  

In the water resource planning arena the “adaptive management” concept has gained traction as a 

useful way to organize water planning methods that can hedge against uncertainties (National Research 

Council 2004). Adaptive management seeks to build in flexibility and learning into its strategies, thus 

enhancing the resilience of management strategies to the uncertain future. It has served as a driving principle 

for several large and challenging ecosystem restoration activities, such as restoration of the Florida Everglades 

(National Research Council 2003). 

Hedging actions can be operationalized in a scenario generator by adding additional policy levers to 

the existing policies. Formally, policy strategy space can be expanded (from L to L’ ) through the additions of 

N new policy levers, l̂ , to each policy, l’ : 

 1 1
ˆ ˆ( ,..., , ,..., )S Nl l l l l L  (8) 

Typically the additional policy levers, ˆ
nl , make the policies more flexible and adaptable. Examples 

include adding a time-dimension to the enactment of components of the policy, considering alternative 

locations for infrastructure projects, and considering alternative types of solutions (demand management 

versus supply augmentation). If the strategy defines a portfolio of actions, additional policy levers could 

represent new actions.  

Lempert et al. (2005), for example, demonstrate that the robustness of policies limiting the emissions 

of greenhouse gasses (to assure globally sustainable development) can be greatly enhanced by expanding the 

policy set to include cost thresholds which if exceeded would trigger the relaxation of emission limits (so 

called safety-valve policies). As another example, the CALFED Bay-Delta process is considering constructing 

additional surface supply projects. In this case, the policies under consideration are discrete policy options. An 
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additional policy lever could be the timing of project construction. For example, a more robust strategy might 

consider the time when each level of infrastructure is built, to better assure that such infrastructure is actually 

needed.  

Upon expanding the policy space to hedge against one or some of the vulnerabilities, the analyst then 

can re-evaluate the performance of all policies, including those with the new policy levers, to identify a new 

robust policy, or identify l such that: 

 ( ) ( )E l E l  for all l L  (9) 

As before, the vulnerabilities of this new robust policy can be characterized and new hedges can be 

identified. Alternatively, the analyst may determine that the identified vulnerabilities need not or cannot be 

hedged against. In this case, the scenarios representing the key vulnerabilities are identified and used to 

present key policy tradeoffs to decision makers (as described next). 

It is important to note that in each iteration the policy set is expanded to include the newly created 

policies. This ensures that the search for improved policies does not converge upon a local robust maximum 

within the policy space. RDM thus offers a sensible approach for selectively evaluating a small subset of 

possible policies that are likely to be robust.15 

2.5 Present remaining uncertainties to decision makers 
It is unlikely that any truly robust policies will be found – there will always be some states in which a 

candidate robust policy performs poorly. Through the process of characterizing these vulnerabilities, RDM 

identifies the critical scenarios which, if they were to happen, would induce decision makers to alter their 

choice in policies. 

                                                      
15 A similar method for expanding the policy space to increase the overall performance of an “optimal” policy could also 
be created. However, a decision-support model that is focused on prediction may be difficult to modify easily to reflect 
new policies. 
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The final step of RDM is to present visualizations of the remaining tradeoffs of policy performance 

across the identified scenarios (those states which challenge the robust policies). This enables the decision 

makers (and stakeholders) to assign their own judgments to the likelihood of each scenario, thus providing 

quantitative decision support appropriate to their assessment of the remaining uncertainty. For example, if 

decision makers believe that none of the identified scenarios are likely to happen, they may choose to adopt 

the identified robust policy. On the other hand, if one scenario seems particularly troubling, the decision 

makers may choose to give up performance in all other states to hedge against this scenario. Alternatively, if 

there is still disagreement or an inability to resolve the likelihoods of the scenarios, RDM provides the 

information in order to compromise across alternative policies to make a final policy choice. Note that RDM 

defers any contentious probability assignment to this last stage of the analysis. Because of this, the analytic 

process itself is less likely to be the focus of disagreement by interest groups with different notions of the 

future. 

3 Key steps to Robust Decision Making 

The above discussion motivated the key individual components of Robust Decision Making. I now 

describe the generic steps of an RDM analysis to facilitate the application of the methodology to many 

different problems (Figure 5-5). In Chapter 6, I demonstrate the use of these steps to evaluate strategies for 

addressing Southern California’s water demand and supply challenge. 
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Figure 5-5: Key steps to Robust Decision Making methodology. 
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3.1 Generate ensemble of futures 
In the first step, a model is evaluated parametrically across all uncertain parameters for each policy 

lever. This generates the Futures Ensemble Matrix shown in section 2.1.2. These calculations can be 

facilitated through the use of exploratory modeling software. 

3.2 Select candidate policy 
Next, the analyst selects a candidate policy. To do this, the performance of each policy under 

consideration is ranked by its performance across all the future states represented in the futures ensemble. A 

measure of regret is often used to rank strategies, as regret is congruent to decision makers’ objectives to avoid 

surprise. It is also reasonable to use the leading “optimal” strategy as the first candidate strategy. Later 

iterations would then use a robustness criterion. 

3.3 Identify key scenarios stressing to candidate policy 
Using visualizations and PRIM or another data mining method, the analyst next identifies and 

characterizes clusters of states to which the candidate robust policy is particularly vulnerable. The futures 

ensemble is then examined to identify alternative robust policies that perform better in these key scenarios. 

3.4 Expand the policy set through hedges and iterate 
Using the key scenarios as guidance, the analyst (often with the participation of decision makers, 

other analysts, and stakeholders) next develops hedges to improve the leading policy. If no suitable hedging 

options can be identified or the vulnerabilities of the candidate robust strategy are deemed acceptable, the 

analyst proceeds to the next step. The final robust policies are often different than those initially considered. 

They are also likely to contain adaptive elements in order to be robust. 



 

  147

If hedges are identified, the model is then revised to reflect the expanded policy set. The analyst then 

returns to the first step and generates an ensemble of futures. This new futures ensemble will include the 

futures considered in the previous iteration as well as the new ones reflecting the expanded set of policies. 

3.5 Present tradeoffs to decision maker(s) 
In the last step, the decision makers are provided with a set of policies that are robust, yet whose 

selection will depend upon a likelihood assessment of the vulnerability scenarios. RDM provides visualizations 

for the decision maker to (1) consider the performance of the robust policies in scenarios representing their 

key vulnerabilities and all other outcomes; and (2) enable the decision makers to apply their own assessments 

of the likelihoods of the different scenarios.  
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CH 6: ROBUST WATER MANAGEMENT STRATEGIES FOR SOUTHERN 
CALIFORNIA 

1 Introduction 

The South Coast hydrologic region, encompassing the heavily urbanized Los Angeles, Riverside, 

Orange, and San Diego counties, is home to more than half of California’s population. There is no doubt 

that without the region’s extensive and diverse water system, its urban development would have been 

hindered. Although the region’s major water suppliers and purveyors, including the Metropolitan Water 

District (MWD) and Los Angeles Department of Water and Power, have remained largely ahead of this 

demographic growth in the past, existing and emerging challenges may make it difficult to assure a reliable 

water system in the future. 

The region’s population is expected to grow from 18.2 million in 2000 to 23.8 million by 2030 

(DOF 2004). Imports from the Colorado River, a major component of the region’s water supply, have 

recently been scaled back as a consequence of a renegotiated settlement among the states in the Lower 

Colorado Compact, and imports may decline further if the drought in the upper Colorado basin continues. 

Supply from Northern California via the State Water Project (SWP) will continue to fluctuate from year to 

year and be uncertain over the long-term due to the unknown effects of global climate change and Bay-Delta 

restoration efforts. Finally, although innovative groundwater conjunctive use projects continue to increase 

supply flexibility, new contamination threatens long-term groundwater yield. 

The main options available to water managers to assure sufficient supply to meet future demand 

include (1) moderating urban demand growth through efficiency and demand management programs, (2) 

constructing urban wastewater reuse and desalination facilities to increase supply, (3) constructing new surface 

or groundwater water storage and conveyance projects to store surplus supply for use during times of deficit, 

(4) facilitating transfers from the agricultural to urban sectors, and (5) purchasing supplies from other regions. 
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What portfolio of management strategies will adequately and cost effectively assure sufficient water resources 

for Southern California in the deeply uncertain future? 

2 Analytic approach 

In this chapter, I demonstrate how Robust Decision Making (RDM) can be used to identify robust 

and affordable management policies that would ensure that Southern California meet its future water needs. 

RDM is ideally suited for this type of long-term planning because it is explicitly designed to address the deep 

uncertainty that is inherent in long-term water resource planning. Specifically, I use RDM to evaluate the 

implications of uncertain water demand and changes in average water supply in the region.  

The analysis begins by focusing on changes in urban water demand and explores which water 

management strategies would enable Southern California to meet future water needs under uncertain 

population growth and water-use patterns. Policies under consideration include policy-induced urban water-

use efficiency and capital-intensive new supply. Later in the analysis, I evaluate the effects of supply reductions 

on the identified robust policies.  

 I use the water demand model developed for the Chapter 4 scenario analysis, coupled with a 

notional representation of the cost and yield of new water supply and efficiency. Table 6-1 summarizes the 

exogenous parameters, policy levers, measures, and models used in this RDM analysis. This analysis is not 

prescriptive – it does not make specific recommendations to South Coast water management agencies. 

Instead, the analysis demonstrates how RDM can be used to complement existing analyses to directly support 

decision making, and it characterizes the risk reducing benefits of water use efficiency and adaptive strategies 

for infrastructure development. Reflecting realistic cost and yield estimates of efficiency and new supply in the 

model is part of an on-going research effort. 
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Table 6-1: Exogenous parameters, policy levers, measures, and models for RDM analysis. Dotted lines 
demarcate different stages of the RDM analysis. 

Exogenous Parameters Policy Levers 
Population growth 
Housing patterns 
Commercial and industrial employment 
Urban demand elasticities 
Naturally occurring conservation 
Policy-induced efficiency marginal cost increases 
Water supply trends 

New supply projects (0-3) 
 
 
Policy-induced efficiency (percentage) 
 
 
Sign-posts for new supply 

Measures Models 
Cost: 

- additional efficiency 
- new supply (300 TAF) 
- spot supply (when demand > supply) 

Urban water demand forecast module (to 2030) 
- scenario generator (Chapter 4) 

Water supply forecast module (to 2030) 
- year 2000 supply (with and without trend) 
- phased new supply  

 
The steps to an RDM analysis, described in Chapter 5, are the following: 

1) GGenerate ensemble of futures: Generate a large set of futures reflecting the 
performance of each management strategy (or policy) across plausible states. 

2) SSelect candidate policy: Use a robustness criterion to select one or a few initial 
candidate policies.1 The choice of criterion depends on the specific RDM 
application and is often (but not required to be) based on a measure of regret. 

3) IIdentify key scenarios stressing to candidate policy: Use visualizations and data 
mining methods to identify and characterize clusters of states (or scenarios) to which 
the candidate policy is vulnerable. Evaluate the tradeoffs between alternative policies 
across these scenarios. 

4) EExpand the policy set through hedges and iterate: Develop hedges to the leading 
policy and revise model to reflect expanded policy set. Return to Step 1. 

5) PPresent remaining uncertainty to decision maker(s): If no more hedging options 
can be or are identified, present the remaining uncertainty to decision makers to 
enable them to assign their own subjective assessments of the likelihoods of critical 
scenarios.  

 

3 A simple model of South Coast water supply and demand 

The model used for this demonstrative analysis produces estimates of long-term average water 

demand and supply for the urban sector of the South Coast hydrologic region. Water used by the agricultural 

                                                      
1 One could also choose a solution generated from another study, or an optimal solution for a particular state. 
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sector is assumed to be constant. This allows for a simple demonstration of the RDM method while still 

addressing some of the critical water management issues of meeting future urban water demand. 

3.1 Water demand 
The water demand model described in Chapter 4 is used to evaluate average-year urban water 

demand in the South Coast over a wide range of future conditions from 2000 to 2030. Individual estimates of 

future water demand are calculated using individual values of the exogenous factors from a range of plausible 

values listed in Table 6-2. Management strategies designed to increase efficiency are implemented using the 

OtherEffects parameter in Chapter 4, equation 15. Additional policy-induced efficiency moderates urban 

demand growth.  

Table 6-2: Parameter ranges used in the RDM analysis and values for Current Trends scenario described in 
Chapter 4. The parameter ranges are drawn from the parameters used to quantify the four narrative water 

demand scenarios in Chapter 4.  
Parameter Range Parameter 

low high 
Current Trends 

scenario 
Population growth (% of DOF estimate) 0.75 1.25 1.0 
Share of multi-family houses (% change from Current Trends)  -5% +10% +0% 
Single family household size (% change from Current Trends) 0 20% 0 
Multi-family household size (% change from Current Trends) 0 20% 0 
Single family use price elasticity -0.35 -0.05 -0.16 
Multi-family use price elasticity -0.07 -0.03 -0.05 
Single family use income elasticity 0.20 0.60 0.40 
Multi-family use income elasticity 0.25 0.65 0.45 
Single-family use household size elasticity 0.20 0.60 0.40 
Multi-family use household size elasticity 0.30 0.70 0.50 
Median income (1996 $) $87,225 (2000)  $116,269 (2030) 
Employed fraction (% change from Current Trends ) +0 +2.5% +0% 
Commercial use price elasticity -0.25* -0.07 -0.085 
Industrial use price elasticity -0.25* -0.07 -0.085 
Public use price elasticity -0.25* 0.0 0.0 
Urban naturally occurring conservation (includes 5% efficiency) 5% 25% 15% 

* lower bound of price elasticity factors suggested by Pacific Institute (Gleick et al. 2005). 
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3.2 Water supply 
To begin the analysis, I assume that the base-level of supply is constant and equal to year 2000 

supply. Policies to increase supply in the future (in discrete quantities) are included. In section 5, the base-

level supply is specified to decrease by 20% over the 30 year simulation period, reflecting perhaps reductions 

in imports due to climate change impacts on Sierra Nevada snowpack or restrictions on Bay-Delta water 

exports. Decision makers can choose to invest in a fixed number of new supply projects (with increasing 

marginal costs). Finally, any supply deficit is accommodated through the purchase of “spot supply”, which is 

more expensive than all of the new supply projects.  

This characterization of California water supply is simplistic. For example, the year 2000 supply 

taken as the base supply is not necessarily the maximum amount of supply that could have been provided that 

year – there is some supply slack in the system. Supply, as well as demand, varies from year to year in response 

to meteorological conditions. Spot supply also can not always be made available to all regions that are 

experiencing overwhelming water demand. Despite these simplifications, this treatment of supply provides the 

necessary ingredients to demonstrate how RDM could be applied to water resource planning problems. 

In the year 2000, the water supply for the South Coast region was comprised of imports from 

Northern California (via the State Water Project), the Colorado River (via the Colorado River Aqueduct), 

and Owens Valley (via the Los Angeles Aqueduct); groundwater; and other local supplies (Figure 6-1). I 

specify the year 2000 water supply to represent the average baseline water supply for the region. The baseline 

water supply may decrease in the future due to climate change impacts on Sierra snowpack, continued 

drought in the Colorado River basin, restrictions on exports from the Bay-Delta, or newly discovered 

Southland groundwater contamination. The model thus includes a parameter representing a specified 

percentage reduction in the baseline supply. 
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Figure 6-1: Relative share of South Coast water supplies in the year 2000 based on DWR data. Total supply 
was 5.2 MAF. SWP = State Water Project, CRA/Fed = Colorado River Aqueduct and other Federal deliveries, 
LAA/Local/Reuse/Env = Los Angeles Aqueduct deliveries and other local, reuse, and environmental supplies.  

In this simple model, supply may also be expanded through the construction of up to three new 

supply projects (NS = 0, 2, or 3). These projects do not represent any particular projects under consideration. 

Instead, they reflect the following basic features of new supply projects: (1) they require considerable planning 

and construction lead-time, (2) less expensive projects are developed first, and (3) their project construction 

cost is amortized over the lifetime of the project, and (4) the amortized costs must be paid even if the supply 

is unneeded.2 

The fixed-yield projects come online according to a specified schedule corresponding to the total 

number of projects specified by the policy. The schedule is designed to spread out the construction across the 

modeling period. Once a project is constructed, the new supply is delivered regardless of need. If new supply 

is developed but not needed, it still is added to the regional supply, thus increasing the average cost of water 

for the region. 

Drawing off Schwartz (1991), Lempert (2003), Dewar (2002), and National Research Council 

(2004), the model enables the consideration of adaptive new supply strategies that uses “signposts” to trigger 
                                                      
2 For real projects, a portion of the amortized unit cost is due to marginal costs (energy costs for desalination, for 
example). This cost would not be incurred if the supply were not used. 



 

  155

increased investment in new supply in response to stressing trends in water demand or water supply. In 

general, a signpost policy changes if specified conditions are met in the future. For this model, signposts 

provide a possibility for more supply to be procured at a higher cost if it appears that conditions will evolve in 

a way that it will be needed. Signpost policies are used in Section 4.5 to hedge against identified vulnerability 

to policies that included new water use efficiency and new supply projects. 

Figure 6-2 summarizes how the new supply policies are modeled. The bars in the figure indicate 

when supply is available for each policy (indicated on the left). For example, under the 1 supply project policy 

(NS = 1 or ns1), the supply is available in 2015 (top bar in figure). Under the two projects policy (NS = 2 or 

ns2), supply from the first project is available in 2010 and from the second in 2020.  

The signpost policies act to enable the new supply policies to adapt to include additional projects if 

needed. For example, if the signpost option were considered for the NS = 0 policy, then the first signpost 

would be triggered at the simulated year 2010 (indicated as 1sp in Figure 6-2). The model would then 

extrapolate the previous 10 years of water demand and supply changes out to 2020 (open triangle in figure). If 

the 2020 forecast suggests that the supply of one new project would be needed, then the project is built and 

the NS = 0 policy effectively converts to a NS = 1 policy with increasing supply available in 2015 (but at a 

higher price). At 2015 a second signpost would then be triggered (2sp). The model would again look forward 

10 years (based on the previous 10-year trend of demand and supply). If another project is expected to be in 

need then the second new supply project is constructed by 2020. Finally, at 2020 the third signpost is 

triggered. As a result, if water demand trends are considerably higher than expected the signposts would end 

up triggering up to three new supply projects. 

If the policy with one new supply project and signposts were selected, the first supply project would 

be built regardless of need by 2010 and the second and third signposts would be triggered at 2015 and 2020, 

respectively. 
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Figure 6-2: Schedule for new supply projects. Bars denote years in which projects provide new supply. Arrows 

indicate the year when a signpost is evaluated. At the signpost, net water supply needs are extrapolated 10 
years in the future (white triangle) to determine if the new supply will be constructed. 

The total project supply (PSt) is thus equal to the sum of the annual capacity of each project that is 

completed at or before time t. When additional project supply is insufficient to accommodate increases in 

demand, the acquisition of spot supply is simulated. “Spot supply” (SS), is acquired in any time period in 

which demand exceeds supply: 

 2000( )t t tSS D D PS  if 2000( )t tD D PS  else  0tSS  (1) 

where Dt  is the amount of water demand in year t.  

3.3 Policy performance 
The scenario generator is configured to reflect policies specifying additional water use efficiency and 

new supply procurement. A vector representing the management policies is defined as: ( , , )l NS E SP , 

where NS is the number of new supply projects (from 0 to 3) and E is the percentage of efficiency gain (from 

0% to 25%), and SP indicates if the signpost option is active. The first iteration of the RDM analysis only 

considers new supply. The second and third iterations include efficiency and signposts, respectively, as 

hedging strategies. 
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The performance of each scenario is evaluated by the present discounted cost of additional 

management.3 For this simple example, costs are incurred through water use efficiency programs, Ceff(E,D); 

procurement of one or more of the three new supply options, Cns(NS,SP); and purchase of spot supply to 

make up any shortfall between water demand increases and new supply, Css( D-Qns). The total policy cost 

(TC) is thus: 

 ,eff ns ss nsTC=C E D C NS C D Q  (2) 

where E is the % of additional efficiency, D is the total demand, D is the change in demand from year 2000, 

NS is an integer indicating the number of new supply projects, and Qns is the quantity of new supply. If the 

amount of new supply is greater than the change in demand (influenced by efficiency), no spot supply is 

required. New supply projects triggered by a signpost policy cost an additional 20%. This cost premium is 

notional, but seeks to reflect higher costs associated with a more rapid planning and construction schedule, 

higher land acquisition costs, and other relevant factors. 

The marginal cost of reducing water demand through efficiency is specified to increase as a function 

of the percentage reduction. In other words, the first percentage of reduction in water demand due to 

efficiency is less expensive than subsequent reductions. This marginal cost schedule is simply represented by 

the following formula: 

  %effMC a b Efficiency  (3) 

The scenario generator can reflect uncertainty in both parameters a and b. For this example, a = 10 and b 

ranges between 0.5 and 2. Figure 6-3 shows the marginal cost of efficiency savings (in cost units per acre-foot 

of savings) as a function of efficiency levels and the parameter b. 

 

                                                      
3 I use a small discount factor in order to ease interpretation of the example.  
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Figure 6-3: Marginal cost of efficiency savings (in cost units per acre-foot of savings) by efficiency amount and 

slope of marginal cost increase. 

This example considers three such notional projects, each with a yield of 300 TAF per year and each 

more expensive than the previous. The fixed costs of the new supply are amortized over the life of the project. 

The price of spot supply is set to be higher than all three new supply options. The marginal cost of new 

supply is specified to be 15 units for the first new supply project, 25 units for second new supply project, and 

35 units for the third new supply project. The marginal cost of spot supply is 50 units. Figure 6-4 plots the 

marginal cost for new supply (assuming that the cheapest available supply is used), and spot supply.  
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Figure 6-4: Marginal costs for new and spot supply. 



 

  159

3.4 Economics 
The water demand and supply model used in this example reflect some but not all relevant economic 

forces. Water demand by households, employees, and public services all vary in response to water price and 

income (for household use) through the use of elasticity factors (see Chapter 4). Water price, however, is 

treated exogenously in this model.  

In a fully functioning market, price acts as a thermostat, rising in response to more expensive supply 

or greater demand and falling as supply becomes less expensive or demand lessens. Water prices for consumers 

in California, to a large extent (and particularly in the short term) do not reflect the relative scarcity of water, 

however. For example, groundwater supply is generally freely available and users only must pay for the 

pumping costs. Although pumping costs rise as the resource becomes scarce, the total cost of use is lower then 

the cost imposed upon the resource. Without a pricing mechanism over-use is frequent and many 

groundwater basins have been over-exploited and hence adjudicated.  

For users that receive water through a utility or water district, water price is largely a function of the 

cost of long-term water contracts, water transport, treatment, and disposal. Regulation and public oversight of 

water utilities makes it generally difficult to modify prices in response to the availability of water. In 

California, however, water prices are generally rising in response to scarcity as well as the cost of procurement, 

treatment, and disposal. Thus there is likely to be a link in water price, demand, and supply over the long-

term, and these connections are not reflected in the model. For a non-demonstration application, such effects 

should be included.  

4 Robust water management strategies for a rapidly growing urban sector 

In Chapter 4, the discrete scenarios of urban water demand revealed a potential range of water 

demand changes for the South Coast region under existing policies and a slight water price increase – between 
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–0.74 MAF (for the Low Water Demand scenario) and 2 MAF (for the More Resource Intensive scenario). 

These changes are driven largely by a growing population moderated by increased water use efficiency. 

This RDM analysis addresses the following question: “What mix of water management strategies 

would enable Southern California to accommodate a growing population?” As motivated throughout the 

dissertation, such a question is difficult to answer due to the considerable uncertainties surrounding future 

water demand, supply, and performance of policies. As demonstrated in Chapter 4, future urban water 

demand throughout California is uncertain because numerous driving forces are uncertain, including: 

population trends, housing patterns, household incomes, growth of the commercial and industrial sectors, 

and increased efficiency through natural equipment upgrades.  

There are two main types of policies to ensure sufficient supply to meet demand – those that reduce 

demand and those that increase supply. At the start of the RDM analysis, I consider new supply options only. 

Although efficiency certainly should be considered, I let the RDM analysis suggest that this may be a 

promising hedge against investing in too much or too little supply. For this simple example, the performance 

of policies across scenarios is evaluated solely by the cost of additional water management strategies. If future 

water supplies are too low to accommodate demand, relatively expensive spot supply must be procured. If 

investments in new supply are too great, money is wasted. 

4.1 Plausible outcomes under new supply policies 
To begin this RDM analysis, I generate an ensemble comprised of 500 water supply and demand 

scenarios for each policy option. The set of policies considered includes only new supply options and is thus 

represented by the following vector: l=[NS] where NS is the number of new supply projects (between 0 and 

3). The outcome of a policy is computed as the present discounted cost of additional management from 2000 

to 2030, and I assume that decision makers prefer lower cost outcomes. As described in Section 6, a more 
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realistic application of RDM to water management will require the evaluation of multiple performance 

measures including reliability, environmental sensitivity, and equity.  

The futures ensemble is generated by evaluating the model for many different sets of exogenous 

parameter values for each management strategy. Following Lempert et al. (2003), I use a Latin Hypercube 

procedure to sample across the plausible ranges of each exogenous factor. Parameters whose probability 

distributions are well known could have been represented by probability distributions, but for simplicity I 

sample across all exogenous parameters in the model. Table 6-2 (above) shows the ranges for each of the 

parameters and the parameter value for the Current Trends scenario described in Chapter 4.  

As this model is highly linear, a sample size of 500 appears to be sufficiently large to characterize the 

plausible outcomes. Figure 6-5 shows a histogram of the urban water demand change for the South Coast 

from 2000-2030 assuming no new efficiency programs. The four scenarios quantified in Chapter 4 are 

represented by triangles along the x-axis. Changes in demand range from about –500 TAF to about 2 MAF. 

The shape of the histogram resembles a normal distribution, reflecting the uniform sampling procedure used 

and the linearity of the demand model. The histogram provides a range of outcomes, but should not be 

interpreted as a probability distribution. The sampling procedure used is not intended to represent the 

likelihoods of possible futures, instead it is used to explore across the space of possible futures.  
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Figure 6-5: Histogram of South Coast urban water demand change from 2000 to 2030 for a 500 element 

ensemble (assuming no new efficiency). Discrete scenarios from Chapter 4 are indicated by triangles 
(CT=Current Trends, LRI=Less Resource Intensive, MRI=More Resource Intensive, LWD=Low Water 

Demand). 

Figure 6-6 shows histograms of cost by future for each of the four new supply policies. For the NS = 

0 policy, the cost distribution resembles that of the water demand changes shown in Figure 6-5, because only 

spot supply (with high but constant marginal costs) is purchased to meet additional demand. For the NS = 1 

policy, the distribution of costs is shifted to the left suggesting that in most futures developing an additional 

300 TAF is more cost effective then purchasing spot supply. For the NS = 2 policy, the cost is about 100,000 

for about 200 futures – those in which the purchase of 300 TAF is sufficient to meet new demand. Futures in 

which demand is greater than 300 TAF incur additional costs to purchase spot supplies. For the NS = 3 

policy, a greater share of the scenarios incur only the cost of the new supply. As more new supply is procured, 

the risk of needing high cost spot supply is reduced, but with the tradeoff of eliminating the potential for low 

cost outcomes. 

Although the RDM application has just begun, a few key conclusions are already apparent. First, 

without additional demand management or efficiency policies, urban demand for water will grow, requiring 

new supply. Meeting the demand through new supply projects only, however, carries risk. Securing too little 
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supply leads to many plausible outcomes requiring expensive spot supply (or delivery cutbacks). Securing too 

much supply leads to many outcomes that have an overabundance of supply and thus could have been meet at 

a lower expense. 
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Figure 6-6: Histograms of cost per future for each of the four new supply policies (left y-axes), and cumulative 
distribution functions of cost for each policy (right y-axes). Five hundred futures are evaluated for each policy. 

4.2 Select candidate policy 
For any single scenario, an optimal new supply policy could be identified. Table 6-3 shows the 

discounted cost for each new supply policy in each of the four discrete scenarios of water demand evaluated in 

Chapter 3. The decision maker’s best choice is dependent upon which water demand scenario comes to pass. 

For example, in a Low Water Demand scenario, the no new project policy is the best option. In the More 
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Resource Intensive and Current Trends scenarios, however, three projects minimize cost. One new supply 

project is best for the Less Resource Intensive scenario.  

Table 6-3: Performance of management strategies (in 105 cost units) in the four discrete water demand 
scenarios. Strategies include only new supply. Un-shaded cells indicate the best performing strategy. 

Management 
Strategy 

Current 
Trends 

Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

NS = 0 5.7 2.2 12.2 0.0* 
NS = 1 4.1 1.0 10.6 0.6 
NS = 2 2.7 1.6 9.2 1.4 
NS = 3 2.4 2.4 7.9 2.4 

* The cost of the Low Water Demand scenario under the NS = 0 policy is zero because there is no increase in 
demand, and thus no spot supply is required. 
 

A similar table could be constructed for each of the 500 states evaluated in the futures ensemble. But 

as there is no way to accurately characterize the likelihood of each state, an optimal policy cannot be 

identified. Instead, an evaluation criterion must be applied to select a “candidate” robust policy. Were this 

criterion used to make the final policy recommendation, the choice of criterion would have significant effect 

on the conclusions of the analysis. In RDM, however, the candidate policy serves only as a reference case 

against which to identify vulnerabilities. If decision makers have multiple views on the best criterion to use, a 

different criterion could be used for each iteration until the analysis converges on a single or few robust 

policies. 

As described in Chapter 5, an appropriate robustness criterion may be based on regret and an 

ordering statistic, such as the median. In this example, I select the candidate policy, l , to be the policy whose 

median regret across the 500 futures is the lowest. Other criteria could be used and a formal RDM study 

should present a sensitivity analysis of the choice of criteria.4 The box-and-stem plots in Figure 6-7 show the 

range of regret for each policy (the middle line of each box denotes the median). The NS = 0 (ns0) policy 
                                                      
4 The first candidate policy could also be the one that a conventional analysis would favor. This may be the policy that 
performs best under the Current Trends scenario (in this case three projects) or another scenario selected to represent the 
“most likely” future state (see Table 6-3). When stakeholders do not agree on the assumptions behind an optimal 
solution, it can be preferable to use a robustness measure at the onset of the RDM analysis. 
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results in the largest range of regret, and policy NS = 2 has the smallest range of regret. Policy NS = 3 has the 

lowest median regret and is thus selected as the candidate policy. This policy is also the one that minimizes 

cost in the Current Trends and More Resource Intensive scenarios. Note that if a mini-max criterion were 

applied, NS = 2 would be the candidate policy.  
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Figure 6-7: Box-and-stem plots of regret (103 discounted cost) for each new supply policy. The bottom, 

middle, and top of the boxes indicate the 25th, 50th, and 75th quartile values respectively. The bottom 
“whisker” indicates the lowest value, and the top whisker indicates the highest observation in the set of 
observations between the 75th quartile value and 3/2 of the inter-quartile range higher. The “x” symbols 

indicate outlier values. The 100,000 cost level is indicated by a dashed line and is discussed in section 4.3. 

4.3 Identify key scenarios stressing to the candidate policy 
A major component of RDM is identifying scenarios (or clusters of states) that merit more detailed 

attention. After the candidate robust policy is identified, RDM seeks to identify key scenarios in which the 

candidate policy performs poorly compared to others. These scenarios represent those that are most policy-

relevant, or those that are most critical to a decision maker’s choice of policies.  

Following Lempert et al. (2005), I use a data-mining procedure called PRIM (see Chapter 5 for more 

discussion) to explore and characterize scenarios in which the candidate robust policy (ns3) performs poorly 
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(here defined as those performing below a satisficing level). PRIM identifies compact sets of rules that define 

regions within the space of input parameters that lead to clusters of states in which the considered policies 

perform poorly, or in this case have high regret. 

To facilitate interpretation of PRIM results, I first divide up the futures into two sets – those with 

regret below and those with regret above a notional satisficing value of 100,000 cost units (the dashed line in 

Figure 6-7). Such a satisficing level is usually specified by key decision makers and stakeholders, and in this 

case it could reflect the size of budget of the lead agencies responsible for financing the management strategies. 

For the candidate policy (NS = 3), 65 of the 500 futures are classified as high regret (or have regret 

higher than 100,000 cost units). PRIM then identifies a single collection of contiguous states that are 

problematic for the NS = 3 policy. This PRIM-identified scenario encompasses 64% of the high regret cases 

yet only spans 13% of the entire input space. This region is defined by population growth below the annual 

growth rate equal to 98% of the DOF (2004) annual forecasted growth rate, and naturally occurring 

conservation greater than about 20%.  

Following Schwartz, it is helpful to provide names to the identified scenario. I call this one the “Soft 

Landing” scenario, implying that in this scenario population growth is not as severe as expected and 

conservation is higher. Table 6-4 describes the Soft Landing scenario in detail. Further iteration with PRIM 

identifies no new compelling characterizations of the remaining high regret cases. 
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Table 6-4: Description of the Soft Landing scenario, derived from a PRIM vulnerability analysis of candidate 
policy NS = 3. 

Scenario statistics for policy NS=3 Scenario characterizations for policy NS=3 
 
Number of high regret cases: 1101 (20%) 
 
Number of high regret cases in scenario: 665 (64%) 
 
Relative size of scenario: 113% 
 
Density of high regret cases in scenario: 994% 
 
Input ranges defining region: 
   Population < 98% 
   NOC > 19.8% 
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The PRIM procedure has revealed that policy NS = 3 is most vulnerable to those states characterized 

by the Soft Landing scenario – those in which population growth rate is lower than expected and naturally 

occurring conservation is high. In such a scenario, low future demand renders three new supply projects 

unnecessary. One would expect that one of the other policies would perform better under such a scenario.  

To test this proposition, I divide the futures into two groups – those inside the Soft Landing scenario 

and those outside the Soft Landing scenario. On the left of Figure 6-8, I show box-and-stem plots for each 

policy for those futures within the Soft Landing scenario. On the right, I show the same for those futures 

outside of the vulnerability region. As expected, policy NS = 3 has the lowest median regret outside the 

vulnerability region (on the right). Within the vulnerability region (on the left, however), policy NS = 3 

performs poorly, with regret exceeding 150,000 for more than half of the cases. Within the Soft Landing 

scenario, NS = 1 is by far the best choice.  

Plots such as Figure 6-8 can be useful to help decision makers assess the consequences of 

implementing the chosen candidate policy but facing conditions not favorable to that policy. It also shows 

that if one is concerned with facing the Soft Landing scenario, they could either sacrifice performance in all 
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other states and choose a policy such as NS = 2, or they could seek to improve the policy options, as described 

below. 
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Figure 6-8: Box-and-stem plot of regret for each new supply policy for futures in (left) and out (right) of the 

Soft Landing scenario (vulnerability region for policy NS = 3). The 100,000 regret satisficing level is indicated 
by a dashed line. 

4.4 Improve policies through efficiency and iterate 
The PRIM results above suggest that the new supply policies are highly sensitive to changes in water 

demand (caused, in part, by population growth and rates of naturally occurring conservation). The sensitivity 

to uncertain population growth can be lessened, however, by decreasing the per capita water use through 

policy-induced efficiency. 

I, therefore, expand the set of policies to include six discrete levels of policy-induced efficiency 

improvement (0%, 5%, 10%, 15%, 20%, and 25%) in addition to the new supply choices. Each policy, l’, is 

now expressed by the vector l’ = [NS, Efficiency]. 

Once new policies are identified and implemented in the model, RDM returns to the first step and 

generates a new ensemble of futures. There are now 24 different New Supply / Efficiency policies, and the 

entire ensemble contains 12,000 futures. 
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4.4.1 Identify new candidate policy 

To provide a point of reference to the discrete scenarios analyzed in Chapter 4, Table 6-5 lists the 

lowest cost New Supply / Efficiency policy for each discrete demand scenario. For the Low Water Demand 

and Less Resource Intensive scenarios, the best policies remain as they were previously: 0-0% and 1-0%, 

respectively. The lowest cost policy for the Current Trends and More Resource Intensive scenario, however, 

includes additional efficiency. The best policy in the Current Trends scenario (1-10%) reduces the number of 

new supply projects from three to one and increases efficiency by 10%. The best policy in the More Resource 

Intensive scenario increases efficiency by 15%. 

Table 6-5: Best New Supply / Efficiency policy for discrete demand scenarios and corresponding cost. 
Discrete Demand Scenario Best Policy Cost 

Current Trends 1-10% 1.9 
Less Resource Intensive 1-0% 1.0 
More Resource Intensive 3-15% 4.6 
Low Water Demand 0-0% 0.0 
 

I next evaluate each of the 24 policies against an ensemble of 500 states similar to those evaluated 

above, but with the addition of a parameter representing the cost of efficiency (the parameter b in Equation 

3). Figure 6-9 shows a box-and-stem plot depicting the distributions of regret for each policy. Clearly, policies 

with 3 new supply projects are dominated by other policies with less supply, but there is no policy that 

performs better than all others across all futures. Using the same selection criterion as above, I select policy 1-

10% which has the lowest median regret. Expanding the policy set to include efficiency has unequivocally 

improved policy choices. 
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Figure 6-9: Box-and-stem plot of regret (103 discounted cost units) for each New Supply – Efficiency policy. 
The new candidate policy, 1-10%, and the previous candidate policy, 3-0%, are indicated on the figure. The 

100,000 regret satisficing level is indicated by a dashed line. 

4.4.2 Identify key scenarios stressing to the candidate policy 

The 1-10% policy still exhibits unsatisfactorily-high regret in some of the futures (as indicated by 

outcomes above the satisficing 100,000 regret level). For the 1-10% policy, 86 of the 500 futures would lead 

to high regret. I follow the same procedure described in Section 4.3 to characterize scenarios in which the 1-

10% policy performs poorly. Upon its first iteration, PRIM identifies a scenario that comprises 40 of the 86 

high regret cases (46%) and spans about 13% of the entire input space. This cluster is defined by higher than 

expected population growth (above a rate equal to 95% of the DOF forecasted growth rate) and low naturally 

occurring conservation (less than 10%). I call this the “Rapid Growth” scenario. In this scenario, faster than 

expected population growth swells the population of the inland areas, where naturally occurring conservation 

is likely to be low due to larger housing plots. 

I next remove all futures falling within the Rapid Growth scenario from the ensemble and use PRIM 

to identify another cluster of states to which the 1-10% policy is vulnerable. The second region spans about 
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9.3% of the input space and captures 25 of the remaining 46 high regret cases. This region is similar to the 

Soft Landing scenario and is defined by lower than expected population growth (a growth rate 97% or less 

than the DOF forecasted growth rate), particularly high naturally occurring conservation (greater than 

18.7%), and relatively expensive efficiency costs. This scenario thus captures futures in which the levels of 

new supply and efficiency of the 1-10% policy are too high for the demand growth. Furthermore, in this 

scenario, the cost of efficiency is greater than expected, further indicating that lower efficiency would be a 

better option. Because of the similarities between this scenario and the original Soft Landing scenario, I 

update the Soft Landing scenario to reflect this cluster. Table 6-6 describes both scenarios characterizing 

vulnerabilities to the 1-10% policy. 

Table 6-6: Description of two key scenarios representing vulnerabilities for candidate policy 1-10%. 
Scenario statistics for policy 1-10% Scenario characterizations for policy 1-10% 

Rapid Growth 

High regret cases: 886 of 500 (17%) 
High regret cases in scenario: 440 (46%) 
Relative size of region: 113.3% 
Density of high regret cases in region: 661% 
Input ranges defining region: 
   Population > 0.95 
   NOC < 10% 

Soft Landing 

High regret cases: 446 of 444 (10.4%) 
High regret cases in scenario: 225 (55%) 
Relative size of region: 99.3% 
Density of high regret cases in region: 663% 
Input ranges defining region: 
   Population < 0.97 
   NOC > 18.7% 
   Efficiency cost slope > 1.04 
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As before, the performance of the candidate policy (1-10%) will be poor in both of the two identified 

scenarios. The next two figures show how each of the policies perform inside and outside of each scenario. 

Figure 6-10 shows the performance (based on median regret) of each policy inside and outside the Rapid 
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Growth scenario. As expected, the candidate policy, 1-10%, performs best in all states outside of the Rapid 

Growth scenario (x-axis of figure). Policies inducing more efficiency (such as 1-15% and 1-20%) perform 

better within the scenario. The policies connected by lines are those that should be considered if one is 

concerned only with being in the Rapid Growth scenario. For example, Policy 1-15% may be a reasonable 

policy to hedge against the Rapid Growth scenario, as median regret within the scenario is less than 50,000 

and median regret in all other states is less than 75,000, both less than the satisficing level of 100,000. The 

unlabeled points indicate those policies that are dominated by those on the tradeoff curve. It is important to 

remember that this figure shows median regret over many futures. Some of the individual states 

corresponding to the policies depicted along the tradeoff curve may still lead to regret greater than 100,000. 
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Figure 6-10: Median regret for each of the 24 policies inside (y-axis) and outside (x-axis) for the Rapid 

Growth scenario. The curve in the lower-left of the plot indicates those policies that best balance performance 
within and outside of the scenario. 

Figure 6-11 plots the median regret for each New Supply / Efficiency policy for the Soft Landing 

scenario and all other states. As before, the candidate policy, 1-10%, performs best in all other states (it has 
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the lowest median regret). Policy 0-5% performs the best within the Soft Landing scenario (close to a median 

regret of 0), but not well in the other states (greater than 200,000 median regret). The plot suggests, however, 

that a strategy such as 1-5% performs quite well inside and outside the Soft Landing scenario.  
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Figure 6-11: Median regret for each of the 24 policies inside (y-axis) and outside (x-axis) of the Soft Landing 
scenario. The curve in the lower-left of the plot indicates those policies that balance performance within and 

outside of the scenario. 

Identifying these scenarios serves two main purposes. First, the scenarios represent future conditions 

that could be of legitimate concern to the policy choice. The analysis also shows that uncertainty of the other 

parameters in the model that do not define these vulnerability scenarios (within the ranges specified) have a 

relatively low impact upon the choice of policy. Second, identifying these scenarios helps focus the analysis 

and policy process on identifying policy strategies that hedge against the important vulnerabilities represented 

by these scenarios.  

The two scenarios identified by PRIM describe fundamentally different types of vulnerabilities to the 

candidate policy (1-10%). In the Rapid Growth scenario, there is greater than anticipated water demand. In 
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such states, significant expensive spot supply is required. In the Soft Landing scenario, less urban water 

demand materializes and too much new supply is developed and/or too much efficiency is implemented. If 

decision makers are concerned that the future may be characterized by one of these scenarios, then the 

candidate policy 1-10% may not be the best choice. To perform better in states characterized by the Soft 

Landing scenario, policymakers should consider policies with less supply and efficiency, such as policies 0-

10% and 0-15%. To hedge against the Rapid Growth scenario, policymakers should invest in more efficiency 

or additional supply (e.g. policies 1-15% or 2-10%).  

At this point of the analysis, the analyst could decide that no additional policy improvement is 

needed, and he or she could present the tradeoffs to decision makers as the last step of the analysis. 

Alternatively, the analyst may want to engage the decision makers and stakeholders to either determine if new 

hedges are needed or to suggest hedging possibilities. In this example, I demonstrate the latter. 

4.4.3 Present tradeoffs to decision makers 

At the beginning of the RDM analysis, no probability assessments were made for the deeply 

uncertain parameters. At this stage in the analysis, the decision makers and analysts can now offer-up their 

individual assessments of their beliefs over the likelihoods of being in either the Soft Landing or the Rapid 

Growth scenario. For example, I show three hypothetical decision maker probability assessments for the two 

scenarios and all other states (Figure 6-12). Decision maker A believes that the Rapid Growth scenario is very 

likely. Decision maker B believes that neither scenario is likely. Decision maker C believes that the Soft 

Landing scenario is likely. Remember, any probability assessments of these scenarios occurring will be highly 

subjective (even if supported by a detailed prediction model) and the decision makers may not have much 

confidence in them. RDM now enable the decision makers to impose their own views on the problem to see 

which policies are preferred. 
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Figure 6-12: Likelihood assessments of the Rapid Growth, and Soft Landing scenario, and all other states 

(Others) for three hypothetical decision makers (A, B, and C). 

In Figure 6-13, the information shown in Figure 6-10 and Figure 6-11 is collapsed into a single 

visualization for decision makers to ponder. The figure shows which policy would lead to the lowest expected 

mean regret5 for a given likelihood assessment for each of the two scenarios (x- and y-axis) and all others 

(implied z-axis). For example, decision maker A might consider policy 2-10%, as it leads to the lowest 

expected regret for his or her subjective probability assessment of the different scenarios. Alternatively, 

decision makers B and C might consider policies 1-10% and 1-5%, respectively.  

                                                      
5 At this stage of the analysis, alternative probability assessments are considered, and thus the more standard criterion of 
expected regret can be used. 
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Figure 6-13: Policies with lowest mean regret under different expectations of facing the Rapid Growth 

scenario (y-axis), Soft Landing scenario (x-axis), or neither (implied z-axis).  

This step is significant for several reasons. First, it focuses any debate over characterizations of future 

uncertainty to only that which is critical to the choice of policy. In this case, only the likelihoods of either the 

Rapid Growth or Soft Landing scenarios are relevant. The implication of different beliefs about the likelihood 

of these scenarios is easily visualized and often suggests that less difficult compromises need to be made. 

Finally, it provides a basis for determining how to focus additional analysis. Options include, (1) improving 

the ability to assess the probabilities of the two scenarios in order to narrow the range of policies under 

consideration (e.g. bringing the probability assessments of decision makers A, B, and C, closer together 

through better information or understanding), (2) compromising among the various policies revealed as best 

for each decision maker, and (3) identifying new ways to hedge against the uncertainties characterized by the 

two scenarios. Below, I pursue the third option and consider additional hedging actions to reduce the 

sensitivity of policy choice to the likelihood assessments of the two scenarios. 
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4.5 Hedging against uncertain needs through signposts policies 
The candidate policy is still sensitive to uncertainties about future demand growth (driven primarily 

by population growth and efficiency trends). It is natural at this point of the analysis to consider new hedging 

strategies and iterate again through the method. As both vulnerability scenarios are associated with 

unexpected population and NOC growth rates, a strategy that adapts as trends in population and NOC 

unfold may improve policy performance. For example, the simulation period could be divided into two 

periods in which new supply investment decisions were made. Investments made in the second period would 

have 15 years of additional data upon which to forecast future needs. Alternatively a “signpost” strategy could 

be employed, in which the number of new supply projects constructed would increase if a need materialized. 

In section 3.2, I described the model’s signpost policy implementation. As a reminder, the 1-10%-

signpost policy would be one in which one new supply project was constructed regardless of need, and 

policies were implemented to induce 10% more efficiency over the 30 year simulation period. In year 2015, 

the analysts would then look back 10 years (to 2005) and extrapolate the trends in supply and demand out to 

2025. If the supply deficit is sufficiently large to warrant new supply, then the second new supply project 

would be constructed. In 2020, the next signpost would be triggered enabling another supply project in 2025. 

Figure 6-14 shows how the addition of the signpost option modifies the strategies to include 

additional supply, but only for those futures in which new supply is needed. As expected, the more efficiency 

employed, the fewer the states that trigger additional new supply.  

Using the same procedure as in Section 4.4.1, a new candidate policy is identified: 0-10% w/ 

signposts. In a complete RDM analysis, new vulnerability scenarios would be characterized next. In this 

simple example, however, the vulnerabilities to policy 0-10%sp are similar to the vulnerabilities to policy 1-

10%. Therefore, I continue to use the Rapid Growth scenario and Soft Landing scenarios as characterizations 

of the key vulnerabilities to the new candidate policy.  
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Figure 6-14: Percent of futures with 1, 2, and 3 projects for each New Supply / Efficiency policy with 

signposts. For example, the 0-10% signpost policy specifies no new supply in about 40% of the futures. In 
60% of the futures, however, one, two, or three projects are constructed, reflecting those futures in which 

demand growth is relatively strong. 

Figure 6-15 shows which New Supply / Efficiency signpost policies have the lowest mean regret for 

different likelihoods of the two scenarios and all other futures. Note that the area of the probability region in 

which the 2-10%sp policy has the lowest mean expected regret is smaller than for the 2-10% (without 

signposts) policy. The best policy for decision makers B and C is now 0-10%sp. These findings again show 

how adding new policy levers to the policy set (in this case, time-adaptivity through signposts) can improve 

the choices facing decision makers. Furthermore, as policies become more robust, the trade-offs among the 
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best policies become less significant. For example, about half of the region in Figure 6-15 suggests the 0-

10%sp policy, with only a fourth of the region calling for more new supply. Note, however, that as these are 

signposts, more futures would lead to new supply then under 0-10% policy. This would likely be less 

contentious, however, than adopting the 1-10% policy, as new supply triggered by the signpost would only be 

developed if it were clearly needed (although it would cost more). 
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Figure 6-15: Best New Supply / Efficiency - Signpost policies (by lowest mean regret) under different 

expectations of facing the Rapid Growth scenario (y-axis), the Soft Landing scenario (x-axis), or neither 
(implied z-axis). 

4.6 Presenting remaining uncertainty to decision makers 
Figure 6-15 (above) shows which policy would lead to the lowest mean regret depending upon 

various likelihoods of being in one of the two scenarios. Decision makers may also want to know the 

implications of incorrectly assessing the likelihoods of each scenario. This information is contained in the 

futures ensemble generated in this analysis and a three-dimensional figure could be constructed to show the 

performance of each of the leading policies across the three dimensional space defined by the probability of 
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being in the Soft Landing or Rapid Growth scenarios. Such visualization is best observed using interactive 

computer graphics. To demonstrate how this information can be simplified for a 2-dimensional figure, I 

assume that the likelihood of a Soft Landing scenario is 10% and the uncertainty lies only in the likelihood of 

the Rapid Growth scenario. In Figure 6-16, I thus show the performance of the five leading policies and two 

previous candidate strategies (3-0% and 1-10%) as a function of the probability of the future being 

characterized by the Rapid Growth scenario (this graph thus represents a vertical slice through Figure 6-15).  
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Figure 6-16: Mean regret for different New Supply / Efficiency Signpost policies as a function of the 

likelihood of facing the Rapid Growth scenario (with a 10% fixed likelihood of a Soft Landing scenario). 

Figure 6-16 shows that policy 2-10%sp has the lowest mean regret if there is a 55% or greater 

likelihood of the future being characterized by the Rapid Growth scenario. If the likelihood of a Rapid 

Growth scenario is less than 55% then the 1-10%sp and 0-10sp policies are better. The results are shown for 

the candidate robust strategies from the first two iterations (3-0% and 1-10%) as well. Note that all the 

displayed signpost policies have lower mean regret than policy 3-0%, and all but two are better than the 1-

10% policy for any assessment of probability of the Soft Landing scenario. 
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The plot shown in Figure 6-16 provides several key insights. First, it demonstrates that RDM leads to 

the discovery of policies that are more robust across remaining uncertainties. The worst policy shown across 

the important uncertainty about the likelihood of facing a Rapid Growth scenario is the original candidate 

policy which includes new supply only (e.g. 3-0%). The introduction of efficiency and signpost policies 

provide improvement regardless of one’s view of the likelihood of facing a Rapid Growth scenario.  

Second, the plot provides decision makers with the information needed to make compromises and 

tradeoff performance across different assessments of future likelihoods of the key scenarios. For example, a 

decision maker who believes that there is a 60% or more chance of a Rapid Growth scenario, might prefer 

policy 2-10%sp. They may, however, be unsure of their subjective probability assessment and choose policy 

1-15%sp, which performs less well at high probabilities of the Rapid Growth scenario, but performs better at 

lower probabilities. Reciprocally, a decision maker who believes that the Rapid Growth scenario is highly 

unlikely may choose policy 0-15%sp instead of 0-10%sp to hedge against being incorrect in his or her 

probability assessment.  

5 Implications of long-term supply changes 

There is a growing perception in California that anthropogenic climate change will have an impact 

on California and in particular its water resources. As described in Chapter 2, however, such long-term 

hydrologic changes are extremely complex and difficult to anticipate or forecast, and there is no consensus on 

how to characterize (descriptively or quantitatively) these risks in a planning model. As a result, all major 

water resource plans in California (that are based on a conventional modeling approach) have not explicitly 

considered climate change risks.  

An RDM study, however, can credibly evaluate such poorly characterized risks. Instead of building in 

probabilistic characterizations of the potential impacts into a water supply model, a scenario generator used in 

an RDM study might instead represent the complex impacts of climate on California hydrology with a simple 
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what-if representation of its effect. For example, “What if climate change reduced average water imports to 

Southern California by 10% or 20% by 2030?” Such a statement, although simplistic, can reflect much of the 

policy debate surrounding climate changes impact on Southern California’s water resources. This is not to say 

that the details are not important, but until we understand the detailed effects, regional planning efforts can 

and should reflect the large-scale potential effects of climate change. 

In this last section, I preview how the RDM analysis can be expanded to consider the effects of 

decreasing supplies due to climate change on Southern California long-term water planning.6 For this simple 

example, I consider up to a 20% decline in the base supply (excluding recycled water) over the 30-year 

simulation period. Figure 6-17 shows the histograms of net water need in 2030 under no new policies for 

constant base supply and for a 20% decrease in base supplies. For all futures, the 20% decrease in non-

recycled base supply increases net water needs by 600 TAF. 
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Figure 6-17: Histogram of net water needs (changes in demand minus changes in supply) under constant base 

supplies and 20% reductions in base supply.  

                                                      
6 This also represents a preview of on-going work to include more of the complexity of the water management challenge 
facing Southern California. 
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The first step, as before, is to generate an ensemble of plausible futures reflecting the performance of 

all policies under consideration against a large set of plausible states. In this case, I evaluate 24 New Supply / 

Efficiency Signpost policies against 500 states, reflecting the uncertainties considered above as well as 

uncertain base supply reduction (between no reduction and a 20% reduction).  

If the additional uncertainty related to climate change were unimportant to the model, we would 

expect the candidate policy to be the same as before (0-10sp). This is not the case, and the additional climate 

change risk leads policy 1-10%sp to have the lowest median regret and is thus selected as the new candidate 

robust policy. 

For the 1-10%sp policy, 125 of the 500 futures lead to regret greater than the 100,000 satisficing 

level. Without the climate change risk only 86 futures were high risk (see Table 6-6 above). The additional 

supply risk strains the New Supply / Efficiency Signpost policies under consideration. In particular, PRIM 

reveals that the 1-10sp policy is vulnerable to futures in which the supply trend is large (greater than a 9.6% 

reduction by 2030) and the key demand factors resemble those in the Rapid Growth scenario (high 

population growth and low conservation) (Table 6-7). 

The best policy choice for would now depend upon their beliefs about the likelihoods of this new 

scenarios. As before, it may be that the tradeoffs between policies best suited for different expectations for the 

future are too large and new hedging strategies should be sought. I defer this analysis to a future on-going 

study. 
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Table 6-7: Description of the key scenarios representing vulnerabilities to candidate policy 1-10%sp under 
conditions of demand and supply uncertainty. 

Scenario statistics  Scenario characterizations for policy 1-10%sp 

Rapid Growth / Supply Decrease 

High regret cases: 1100 of 500 (20%) 
High regret cases in scenario: 442 

(42%) 
Relative size of region: 99.0% 
Density of high regret cases in region: 
94% 
Input ranges defining region: 
   NOC < 9.9% 
   Population > 0.91 
   Supply Trend < -9.6% 
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6 Summary 

This chapter has provided a stylized application of Robust Decision Making to a long-term water 

resource planning problem facing Southern California – assuring sufficient supply to meet long-term water 

needs. The RDM analysis in this chapter began by evaluating the performance of different new supply 

strategies across many uncertainties about future water demand in Southern California. Using a robustness 

measure, the NS = 3 policy (three new supply projects) was identified as the candidate robust policy. Key 

vulnerabilities to this strategy were then identified using the PRIM data-mining algorithm. Scenarios in which 

population growth was lower than expected and naturally occurring conservation was greater than expected 

pose the greatest risk to the NS = 3 strategy. In these scenarios the construction of three new supply projects is 

excessive and the NS = 1 policy would be preferable.  

Interestingly, this part of the analysis captures the concerns of many stakeholders in the current 

California Water Planning process. Although many in the water community believe that new supply will be 
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required to meet future demand, others are concerned that needs are being overestimated with the undesirable 

result of unnecessary costly and potentially environmentally damaging new supply projects. Advocates of 

increased water efficiency routinely point out that water demand forecasts are notoriously inaccurate and 

often over estimate water demand (Gleick et al. 2005).  

The vulnerabilities of the first candidate policy suggested the need to hedge against a large range of 

potential future water demand. The analysis thus introduced policy-induced efficiency as a hedging strategy, 

and a new candidate robust strategy was identified: 1-10% (one new supply project and a 10% policy-induced 

efficiency increase).7  

Two new risks to the 1-10% policy were identified using PRIM. Scenarios reflecting a Soft Landing 

(lower than expected population growth and higher than expected conservation) or Rapid Growth (lower 

than expected population growth and higher than expected conservation) led to alternative preferred policies.  

These two scenarios motivated the consideration of adaptive new supply policies to reduce the risk to 

over or under investment in new supply facilities. Adaptivity for the new supply policies was implemented in 

the model through the use of signposts. This improved the robustness of the candidate policy further and 

reduced the number of guaranteed new supply projects from one (in the 1-10% policy) to zero (in the new 

candidate policy: 0-10sp).  

Visualizations next showed how decision makers could apply their own beliefs to the likelihoods of 

facing the two scenarios and perhaps bargain among one another to identify a compromise policy suitable to 

all parties. Importantly, the tradeoffs faced by the decision makers at the end of the analysis were less 

problematic than those faced at the beginning when only new supply policies were considered. 

                                                      
7 These results are illustrative only, and they are highly sensitive to the specified relative costs of new supply and water 
use efficiency. 
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Finally, the analysis demonstrated how additional uncertainty about future supply could be 

incorporated into the analysis. Specifically, introducing possible supply reductions due to climate change 

suggested a candidate robust policy with one new supply project (1-10sp), but also suggested that additional 

hedges should be sought.  

7 Next steps 

This example uses only a single metric, cost, to evaluate the performance of policies across the 

plausible future conditions. Although the cost of water shortages was monetized through the use of spot 

supply, other benefits and costs of water management were not included. As discussed in earlier chapters, any 

water resource planning problem will encompass many different objectives and purposes, and the important 

tradeoffs among them will need to be considered. For example, the management of a river primarily for water 

supply purposes rather than for ecosystem preservation would likely be dramatically different.  

A standard metric used by most water supply and demand studies is water supply reliability. Even this 

concept, however, has many meanings. Reliability can vary significantly throughout a region including the 

South Coast. It also has a strong temporal component. For example, a reliability measure based on the 

probability that annual available water supply will meet annual demand will not capture seasonal shortages. 

To implement water supply reliability in a future RDM analysis, the water supply module will need to 

include a stochastic component and the modeling time step would need to be seasonal or monthly.   

The inclusion of an additional metric (such as reliability) into a policy evaluation, adds an additional 

dimension to the decision problem. The analysis could reduce this dimensionality by monetizing reliability 

through the use of damage functions. In this case, water shortages would be converted to costs. As the 

appropriate damage function would be difficult to establish, the analyst could introduce additional exogenous 

factors that manipulate the damage functions. If this approach were adopted, it would be helpful to also 



 

  187

present the reliability results to decision makers to ease interpretation of the scenario outcomes (even though 

their effects are captured by the total “cost” of the future).   

Alternatively, RDM could be used to evaluate policy performance across multiple metrics (cost and 

reliability, for example). This method would be necessary to include other impacts that were not easily 

monetized such as the impact of management activities upon aquatic ecosystems.8 The ensembles of future 

could be expanded to include the outcomes from the different measures. This information would then be 

used to identify policies which perform sufficiently well across multiple performance measure (such as 

reliability, cost, and environmental protection) as well as in many different plausible future states. As with 

RDM’s strategy for poorly-characterized uncertainty, a key innovation of the RDM approach would be to 

defer the specification of the utility function which values the relative performance of a policy across all the 

performance metrics to the end of the analysis. 

A promising way to operationalize RDM for use with multiple metrics would be to combine the 

different metrics into a single performance index which would weight each metric depending upon an 

exogenously specified weighting parameter. This measure would then be included with all other exogenous 

parameters when seeking scenarios that lead to the vulnerabilities of the candidate policies (RDM Step 3).  

To illustrate this idea, consider the analysis by Lempert et al. (2005; 2003) looking at global 

sustainability. They use an outcome index measure that combines an economic measure (output per capita), 

demographic (death rate), and two environmental measures (pollution flow and environmental carrying 

capacity). Three new variables could be created reflecting the relative importance of the demographic and two 

environmental measures to the economic measure. RDM would then “explore” across various combinations 

                                                      
8 The Contingent Valuation method can be used to infer the monetary value of ecosystems through surveys, although 
significant care must be used to arise at unbiased estimates (Mitchell and Carson 1989). 
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of these parameters and would seek policies that are robust to values of these parameters. The performance of 

these robust policies would then be relatively insensitive to different weightings of the output measures. 
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CH 7: SUMMARY AND KEY INSIGHTS 

California faces many daunting challenges to assure sufficient future water supplies. Water needs are 

likely to grow while climate change, surface and groundwater pollution, infrastructure aging, and changing 

management priorities may decrease future supply and impact its reliability. Choosing an appropriate 

management response using standard methods will be extremely difficult and contentious.  

This dissertation argued that many characteristics of long-term water resource planning complicate 

the use of standard decision analysis. Specifically, the existence of deep uncertainty about future demand and 

supply and the existence of diverse objectives and values could render decisions based upon standard 

probabilistic analysis misleading, contentious, or vulnerable to error. To address this challenge, the 

dissertation put forth two analytic approaches and applied them to California long-term water resources 

planning. First it implemented a quantitative scenario analysis of future California water demand in support 

of DWR’s California Water Plan Update 2005. Second, it applied Robust Decision Making to a stylized 

representation of Southern California to identify robust long-term water management strategies for the 

region. 

For the first analysis, I developed a simple model to generate numerous scenarios of California water 

demand to help decision makers and stakeholders ponder the effects that different assumptions about the 

future (such as demographic trends or background conservation) would have on water needs (Chapter 4). I 

demonstrated that several water demand scenarios, as opposed to a single forecast, better characterize the 

management challenge of meeting future water demand, and I revealed several important insights about 

future water demand in California. I ended the chapter by describing some of the limitations of evaluating 

only a few scenarios. I argued that an even larger set of scenarios would likely need to be evaluated (using new 

analytic techniques, perhaps) to credibly inform California’s long-term water management planning activities. 
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I next presented a new analytic method, Robust Decision Making (RDM), which overcomes many of 

the limitations of standard scenario analysis for deeply uncertain policy problems (Chapter 5). RDM is an 

analytic method for identifying robust (as opposed to optimal) policies for deeply uncertain and challenging 

problems. RDM invokes an iterative process of scenario generation and evaluation to identify robust policies. 

In the first step of RDM, a model is evaluated parametrically across all uncertain parameters and for 

each policy to create an ensemble of plausible futures. Next, the analyst selects a candidate robust policy based 

on a policy ranking criterion – a measure of regret was used in this dissertation. Using visualizations and 

PRIM (or other data mining method), the analyst then identifies and characterizes clusters of future states to 

which the candidate robust policy is particularly vulnerable. The analyst develops hedges to improve the 

leading policy and then revises the model to reflect the expanded policy set. The analysis is then repeated and 

a new futures ensemble is generated. When no additional hedges are identified, the decision makers are 

provided with a set of policies that are robust, yet whose selection will depend on a likelihood assessment of 

the vulnerability scenarios. RDM uses visualizations to aid in the final choice of policy.  

I demonstrated how to implement RDM by applying it to a stylized representation of Southern 

California’s water supply and demand challenge (Chapter 6). Methodologically, the example demonstrated 

how a policy problem with numerous dimensions of poorly characterized uncertainty can be distilled down to 

just a few uncertainties, in this case, those characterized by two key demand scenarios (Rapid Growth or Soft 

Landing). The analysis demonstrated how new hedging strategies could be created by identifying those 

scenarios to which the candidate policies are vulnerable. In the example, the same strategies used to hedge 

against uncertain demand (efficiency improvements and signpost policies) also hedge against reductions in 

supply. Finally, the analysis provided important examples of how decision makers can apply their own 

assessments of the remaining uncertainty at the end of the analysis to select a robust policy. The process of 
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iteratively identifying increasingly robust strategies reduced the level of disagreement that decision makers 

with divergent views about the future would have regarding the final choice of management strategy.  

 The RDM analysis also highlighted several key insights into long-term water planning. First, it 

showed how water use efficiency can hedge against long-term uncertainty (in addition to providing benefits 

such as reducing the need for new supply, reducing water treatment costs, and being more environmentally-

benign than new supply projects). Efficiency improvement alone may be able to accommodate much of the 

anticipated demand growth in the stylized representation of Southern California. The analysis also showed 

that more supply or efficiency would be needed if demand increases or supply reductions were larger than 

expected. This suggested that implementing adaptive supply strategies – those that defer commitments to 

constructing large and expensive infrastructure projects until the need is more certain – could hedge against 

uncertainty and improve the overall robustness of a region’s water management plans. 
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APPENDIX 1: ADDITIONAL WATER DEMAND SCENARIO RESULTS 

This appendix provides additional results from the scenario analysis presented in Chapter 4. Please 

see Figure 4-4 for a description of the five geographic regions used here. 

Table A-1: Urban demand drivers for 2000 and 2030 for each scenario. 
Demand Drivers Year 2030 by scenario 

 (in millions) 
Year 2000 

Current Trends Less Resource 
Intensive 

More Resource 
Intensive 

Low Water Demand

Population 34.1 48.1 48.1 52.3 44.7 
  Mountain North 0.7 1.0 1.0 1.1 1.0 
  Valley North 2.6 4.6 4.6 5.3 4.1 
  Valley South 3.6 6.5 6.5 7.5 5.8 
  Coast Central 7.6 9.7 9.7 10.2 9.2 
  South 19.6 26.3 26.3 28.3 24.7 

Houses (SF%)* 11.6 (64) 16.7 (66) 15.9 (56) 17.9 (71) 14.8 (56) 
  Mountain North 0.3 0.4 0.4 0.4 0.4 
  Valley North 1.0 1.7 1.6 1.9 1.4 
  Valley South 1.2 2.1 2.0 2.4 1.8 
  Coast Central 2.7 3.6 3.4 3.7 3.2 
  South 6.5 8.8 8.4 9.4 7.9 

Employees (C%)** 19.8 (83) 28.8 (86) 30 (86) 32.5 (86) 28 (86) 
  Mountain North 0.4 0.6 0.6 0.6 0.6 
  Valley North 1.4 2.7 2.8 3.2 2.5 
  Valley South 1.7 2.9 3.1 3.5 2.7 
  Coast Central 5.1 7.2 7.4 7.7 7.0 
  South 11.1 15.5 16.2 17.4 15.2 

* Number in parentheses indicates percentage of single-family housing.   
** Number in parentheses indicates percentage of commercial employees.   
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Table A-2: Urban water use coefficients for 2000 and 2030 for each scenario. 
Water Use Coefficients Year 2030 by scenario 

 (AF/unit-year) 
Year 2000 

Current Trends Less Resource 
Intensive 

More Resource 
Intensive 

Low Water Demand

Per Household Demand 
   (SF/MF)* 

0.48 
(0.54/0.36) 

0.47 
(0.52/0.37) 

0.4 
(0.45/0.34) 

0.55 
(0.6/0.41) 

0.4 
(0.52/0.37) 

  Mountain North 0.36 0.33 0.29 0.38 0.29 
  Valley North 0.53 0.52 0.43 0.61 0.43 
  Valley South 0.80 0.73 0.68 0.80 0.68 
  Coast Central 0.32 0.29 0.26 0.34 0.26 
  South 0.49 0.47 0.39 0.56 0.39 
Per Employee Demand 
   (C/I)** 

0.11 
(0.09/0.17) 

0.09 
(0.08/0.15) 

0.08 
(0.07/0.14) 

0.1 
(0.09/0.16) 

0.08 
(0.08/0.15) 

  Mountain North 0.16 0.13 0.12 0.14 0.12 
  Valley North 0.16 0.12 0.12 0.13 0.12 
  Valley South 0.14 0.10 0.09 0.11 0.09 
  Coast Central 0.07 0.06 0.05 0.06 0.05 
  South 0.11 0.09 0.09 0.10 0.09 

Per Person Public Demand 0.02 0.02 0.02 0.03 0.02 
  Mountain North 0.02 0.02 0.02 0.02 0.02 
  Valley North 0.04 0.04 0.03 0.04 0.03 
  Valley South 0.01 0.01 0.01 0.01 0.01 
  Coast Central 0.02 0.01 0.01 0.01 0.01 
  South 0.03 0.03 0.03 0.03 0.03 

* Numbers in parentheses are SF and MF household use coefficients.  
** Numbers in parentheses are commercial and industrial employees water use coefficients. 
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Table A-3: Agricultural land use and effective crop water use for 2000 and 2030 for each scenario. 
Year 2030 by scenario 

Parameter Year 2000 Current 
Trends 

Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

Irrigated Crop Area* 9,510 9,050 9,520 9,500 9,050 
  Mountain North 450 500 480 500 490 
  Valley North 2,040 2,070 2,200 2,190 2,080 
  Valley South 5,270 4,920 5,210 5,210 4,930 
  Coast Central 680 620 650 620 630 
  South 1,080 930 990 980 920 

Irrigated Land Area* 8,980 8,080 8,530 8,080 8,300 
  Mountain North 450 500 480 500 490 
  Valley North 2,020 1,940 2,060 1,940 2,000 
  Valley South 5,050 4,410 4,680 4,410 4,550 
  Coast Central 510 460 480 460 470 
  South 950 780 830 780 800 

Multi-cropped Area* 540 970 990 1420 750 
  Mountain North 0 0 0 0 0 
  Valley North 20 130 140 250 80 
  Valley South 220 510 530 800 390 
  Coast Central 170 170 170 170 170 
  South 130 160 160 210 120 

Effective Crop Water Use** 3.42 3.41 3.30 3.58 3.26 
  Mountain North 2.72 2.63 2.53 2.70 2.54 
  Valley North 3.73 3.75 3.59 3.98 3.53 
  Valley South 3.15 3.19 3.09 3.38 3.00 
  Coast Central 2.11 2.02 1.93 2.06 1.98 
  South 5.23 5.13 4.99 5.22 5.26 

* Areas in thousands of acres.     

** Effective crop water use is the ratio of irrigation water use divided by the irrigated land area (acre-fee per acre). 

 

 
 



 

  196

Table A-4: Statewide urban water demands by sector for 2000 and 2030 for each scenario. 
Water Demand Year 2030 by scenario 

 (in MAF) 
Year 2000 

Current Trends Less Resource 
Intensive 

More Resource 
Intensive 

Low Water Demand

Total Urban* 8.9 11.9 10.3 14.7 9.5 
  Mountain North 0.2 0.2 0.2 0.3 0.2 
  Valley North 0.9 1.4 1.2 1.8 1.1 
  Valley South 1.3 2.0 1.8 2.5 1.6 
  Coast Central 1.4 1.6 1.4 1.9 1.4 
  South 5.2 6.7 5.7 8.3 5.3 

Household 5.5 7.8 6.4 9.8 5.9 
  Mountain North 0.1 0.1 0.1 0.2 0.1 
  Valley North 0.5 0.9 0.7 1.2 0.6 
  Valley South 0.9 1.6 1.4 2.0 1.2 
  Coast Central 0.9 1.1 0.9 1.2 0.8 
  South 3.1 4.2 3.3 5.3 3.1 

Economic 2.1 2.6 2.5 3.1 2.3 
  Mountain North 0.1 0.1 0.1 0.1 0.1 
  Valley North 0.2 0.3 0.3 0.4 0.3 
  Valley South 0.2 0.3 0.3 0.4 0.3 
  Coast Central 0.4 0.4 0.4 0.5 0.4 
  South 1.2 1.5 1.4 1.8 1.3 

Public 0.84 1.15 1.08 1.36 0.98 
  Mountain North 0.01 0.02 0.02 0.02 0.02 
  Valley North 0.11 0.17 0.16 0.20 0.14 
  Valley South 0.05 0.08 0.08 0.10 0.07 
  Coast Central 0.12 0.13 0.12 0.14 0.11 
  South 0.55 0.75 0.71 0.90 0.64 

* Total urban demand includes losses and groundwater recharge (0.12 MAF). 
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Table A-5: Statewide agricultural and environmental water demands by sector for 2000 and 2030. 
Water Demand Year 2030 by scenario 

 (in MAF) 
Year 2000 Current 

Trends 
Less Resource 

Intensive 
More Resource 

Intensive 
Low Water 
Demand 

Agricultural Sector 34.3 30.8 31.4 32.4 30.3 
  Mountain North 1.3 1.4 1.3 1.4 1.3 
  Valley North 8.7 8.4 8.5 8.9 8.2 
  Valley South 17.8 15.8 16.2 16.8 15.3 
  Coast Central 1.1 1.0 1.0 1.0 1.0 
  South 5.3 4.2 4.4 4.3 4.5 

Environmental Sector 39.41 39.90 40.39 39.41 40.89 
  Mountain North 19.53 19.71 19.88 19.53 20.05 
  Valley North 13.49 13.58 13.67 13.49 13.76 
  Valley South 6.04 6.27 6.50 6.04 6.73 
  Coast Central 0.15 0.15 0.15 0.15 0.15 
  South 0.19 0.19 0.19 0.19 0.19 

 

Table A-6: Water demand changes from 2000 to 2030 by scenario and hydrologic region. 
Water Demand Change from 2000 to 2030 

 (in TAF) Current 
Trends 

Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

Statewide 83 -344 4,024 -1,832 
North Coast 179 296 59 460 
San Francisco 209 60 392 24 
Central Coast -103 -139 -9 -173 
South Coast 649 -113 1,723 -226 
Sacramento River 303 339 1,160 -84 
San Joaquin River -148 180 424 -75 
Tulare Lake -945 -763 -272 -1,391 
North Lahontan 127 36 148 68 
South Lahontan 60 25 186 -5 
Colorado River -248 -265 214 -431 

 

Table A-7: Statewide water demand changes from 2000 to 2030 by sector. 
Water Demand Change from 2000 to 2030 

 (in TAF) Current 
Trends 

Less Resource 
Intensive 

More Resource 
Intensive 

Low Water 
Demand 

All Sectors 83 -344 4,024 -1,832 
Urban 3,071 1,483 5,884 672 
Agricultural -3,482 -2,815 -1,860 -3,984 
Environmental 494 987 0 1,481 





 

  199

BIBLIOGRAPHY 

A&N Technical Services, I. (2004). "Urban Water Conservation Potential: 2003 Technical Update." 
prepared for California Urban Water Agencies. 

Advisory Committee for California Water Plan. (2005). "The Advisory Committee View - Thoughts on the 
California Department of Water Resource's (DWR) Water Plan Update Public Review Draft." 
Sacramento, CA. 

Bankes, S. C. (1993). "Exploratory Modeling for Policy Analysis." Operations Research, 41(3), 435-449. 

Bankes, S. C. (2002). "Tools and Techniques for Developing Policies for Complex and Uncertain Systems." 
Proceedings of the National Academy of Sciences. 

Barnett, T. P., Malone, R., Pennell, W., Stammer, D., Semtner, A., and Washington, W. (2004). "The 
Effects of Climate Change on Water Resources in the West: Introduction and Overview." Climatic 
Change, 62(1), 1-11. 

Beven, K. (2001). "How far can we go in distributed hydrological modelling?" Hydrology and Earth System 
Sciences, 5(1), 1-12. 

Bigelow, J. H., and Davis, P. K. (2003). "Implications for Model Validation of Multiresolution, 
Multiperspective Modeling (MRMPM) and Exploratory Analysis." MR-1750-AF, RAND 
Corporation, Santa Monica, CA. 

Brooks, A., Bankes, S. C., and Bennett, B. (1999). "An Application of Exploratory Analysis: The Weapon 
Mix Problem." Military Operations Research, 4(1). 

Brunke, H., Howitt, R., and Sumner, D. (2004). "Future Food Production and Consumption in California 
Under Alternative Scenarios." 2004 Water Plan Update, California Department of Water Resources, 
Sacramento, CA. 

Budescu, D. V., Kuhn, K. M., Kramer, K. M., and Johnson, T. R. (2002). "Modeling certainty equivalents 
for imprecise gambles." Organizational Behavior and Human Decision Processes, 88, 748-768. 

CALFED. (2000a). "Agricultural Water Use Efficiency Details of Quantifiable Objectives." CALFED Bay 
Delta Program, Sacramento, CA. 

CALFED. (2000b). "California's Water Future: A Framework for Action." CALFED Bay-Delta Program. 

CALFED. (2002). "Evaluating and Comparing Proposed Water Management Actions - DRAFT." CALFED 
Bay-Delta Program. 

Camerer, C., and Weber, M. (1992). "Recent Developments in Modelling Preferences: Uncertainty and 
Ambiguity." Journal of Risk and Uncertainty, 5, 325-370. 

Christensen, N. S., Wood, A. W., Voisin, N., Lettenmaier, D. P., and Palmer, R. N. (2004). "Effects of 
Climate Change on the Hydrology and Water Resources of the Colorado River Basin." Climatic 
Change, 62(1), 337-363. 

Close, A., Haneman, W. M., Labadie, J. W., Loucks, D. P., Lund, J. R., McKinney, D. C., and Stedinger, J. 
R. (2003). "A Strategic Review of CALSIM II and its Use for Water Planning, Management, and 
Operations in Central California." California Bay Delta Authority Science Program Association of 
Bay Governments, Oakland, CA. 



 

  200

Costa. (2003). "CALFED Bay-Delta Authority Act." SB 1653. 

CUWCC. (2004). "Memorandum of Understanding Regarding Urban Water Conservation in California." 
California Urban Water Conservation Council, Sacramento, CA. 

Dai, A., Washington, W. M., Meehl, G. A., Bettge, T. W., and Strand, W. G. (2004). "The ACPI Climate 
Change Simulations." Climatic Change, 62, 29-43. 

Davis, P. K., and Hillestad, R. (2002). "Exploratory Analysis for Strategy Problems with Massive 
Uncertainty." RAND Corporation, Santa Monica, CA. 

Davis, W. Y. (2003). "Water demand forecast methodology for California water planning areas - work plan 
and model review." Planning and Management Consultants, Ltd., Carbondale, IL. 

Dettinger, M., Bennett, W., Cayan, D., Florsheim, J., Hughes, M., Ingram, B. L., Jassby, A., Knowles, N., 
Malamud-Roam, F., Peterson, D., Redmond, K., and Smith, L. "Climate Sciences Issues and Needs 
of the CALFED Bay-Delta Program." 84th AMS Annual Meeting, Seattle, WA. 

Dewar, J. A. (2002). Assumption-Based Planning - A Tool for Reducing Avoidable Surprises, Cambridge 
University Press, Santa Monica, CA. 

Dewar, J. A., Bankes, S. C., Edwards, S. J. A., and Wendt, J. C. (2000). "Expandability of the 21st Century 
Army." MR-1190-A, RAND Corporation, Santa Monica, CA. 

DeWeerd, H. A. (1967). "Political-Military Scenarios." P-3535, RAND Corporation, Santa Monica, CA. 

Dixon, L. S., Moore, N. Y., and Pint, E. M. (1995). "The Effect of Urban Water Supply Reductions During 
the 1987-92 California Drought." PM-407-CUWA/CDWR, RAND Corporation, Santa Monica, 
CA. 

DOF. (1998). "County Population Projections with Age, Sex, and Race Detail, July 1, 1990-2040 in 10-year 
Increments." California Department of Finance, Demographic Research Unit, Sacramento, CA. 

DOF. (2001). "Interim County Population Projections." Department of Finance, Sacramento, CA. 

DOF. (2004). "Population Projections by Race/Ethnicity, Gender and Age for California and Its Counties 
2000-2050." Available at: 
http://www.dof.ca.gov/HTML/DEMOGRAP/DRU_Publications/Projections/P3/CALIFORNIA_.
XLS. 

Dracup, J. A., Vicuna, S., Leonardson, R., Dale, L., and Hanneman., M. (2005). 
"Climate Change and Water Supply Reliability." CEC-500-2005-053, California Energy 
Commission, PIER Energy-Related Environmental Research. 

DWR. (1957). "Bulletin No. 3: The California Water Plan." California Department of Water Resources, 
Sacramento, CA. 

DWR. (1966). "Bulletin No. 160-66: Implementation of the California Water Plan." California Department 
of Water Resources, Sacramento, CA. 

DWR. (1970). "Bulletin No. 160-70: The California Water Plan -- Outlook in 1970." California 
Department of Water Resources, Sacramento, CA. 

DWR. (1974). "Bulletin No. 160-74: The California Water Plan -- Outlook in 1974." California 
Department of Water Resources, Sacramento, CA. 



 

  201

DWR. (1975). "A Program for Revision of the Water Management Element of the California Water Plan." 
California Department of Water Resources, Sacramento, CA. 

DWR. (1978). "The 1976-1977 California Drought: A Review." California Department of Water Resources, 
Sacramento, CA. 

DWR. (1987). "California Water: Looking to the Future." California Department of Water Resources, 
Sacramento, CA. 

DWR. (1994). "Bulletin 160-93, The California Water Plan Update." California Department of Water 
Resources, Sacramento, CA. 

DWR. (1998). "Bulletin 160-98: California Water Plan Update." California Department of Water Resources, 
Sacramento, CA. 

DWR. (2002a). "Management of the California State Water Project (Bulletin 132-01)." California 
Department of Water Resources, Sacramento, CA. 

DWR. (2002b). "The State Water Project Delivery Reliability Report." California Department of Water 
Resources, Sacramento, CA. 

DWR. (2003). "Bulletin 118: California's Groundwater: Update 2003." California Department of Water 
Resources, Sacramento, CA. 

DWR. (2004a). "Download </cgi-progs/iodirraw/WSIHIST>." Available at: http://cdec.water.ca.gov/cgi-
progs/iodir/WSIHIST. 

DWR. (2004b). "DWR Completes Jones Tract Pumpout." Available at: 
www.publicaffairs.water.ca.gov/newsreleases/2004/12-20-04jones.cfm. 

DWR. (2004c). "Unpublished projections of housing based on U. S. Census data for 1980, 1990, and 2000 
and Woods and Poole (2004), developed in support of California Water Plan Update 2005." 
California Department of Water Resources, Sacramento, CA. 

DWR. (2005a). "Balances Spreadsheet." Available at: www.waterplan.water.ca.gov/waterpie/faf_data.cfm. 

DWR. (2005b). "CALAG." Available at: 
http://www.waterplan.water.ca.gov/docs/tools/descriptions/CALAG-description.doc. 

DWR. (2005c). "California Water Plan Update 2005 (DRAFT)." California Department of Water 
Resources, Sacramento, CA. 

DWR. (2005d). "Unpublished water use data developed in support of California Water Plan Update 2005." 
California Department of Water Resources, Sacramento, CA. 

DWR. (2005e). "Water Plan Data." Available at: www.waterplan.water.ca.gov/waterpie/faf_data.cfm. 

DWR/USBR. (2002). "Benchmark Studies Assumptions." California Department of Water Resources and 
U.S. Bureau of Reclamation, Sacramento, CA. 

Dziegielewski, B., Garbharran, H. P., and Langowski Jr., J. F. (1993). "The Great California Drought of 
1987-1992: Lessons for Water Management." Planning and Management Consultants, Ltd., 
Carbondale, IL. 

Ellsberg, D. (1961). "Risk, Ambiguity, and the Savage Axioms." The Quarterly Journal of Economics, 75(4), 
643-669. 



 

  202

Frederick, K. D., and Schwarz, G. E. (2000). "Socioeconomic Impacts of Climate Variability and Changes on 
U.S. Water Resources." 00-21, Resources for the Future, Washington, D.C. 

Friedman, J. H., and Fisher, N. I. (1999). "Bump Hunting in High-Dimensional Data." Statistics and 
Computing, 9, 123-143. 

Gardenfors, P., and Sahlin, N.-E. (1982). "Unreliable Probabilities, Risk Taking, and Decision Making." 
Synthese, 53, 361-386. 

Gleick, P. H. (2000). "Water: The Potential Consequences of Climate Variability and Change for the Water 
Resources of the United States." Pacific Institute for Studies in Development, Environment, and 
Security, Oakland, CA. 

Gleick, P. H., Cooley, H., and Groves, D. (2005). "California Water 2030: An Efficient Future." The Pacific 
Institute, Oakland, CA. 

Gleick, P. H., Haasz, D., Henges-Jeck, C., Srinivasan, V., Wolff, G., Cushing, K. K., and Mann, A. (2003). 
"Waste Not, Want Not: The Potential for Urban Water Conservation in California." Pacific 
Institute for Studies in Development, Environment, and Security, Oakland, CA. 

Groves, D. G., Matyac, S., and Hawkins, T. (2005). "Quantified Scenarios of 2030 California Water 
Demand." California Water Plan Update 2005, California Department of Water Resources, 
Sacramento, CA. 

Hillestad, R. J., and Davis, P. K. (1998). "Resource Allocation for the New Defense Strategy: The DynaRank 
Decision Support System." MR-996-OSD, RAND Corporation, Santa Monica, CA. 

Hsiao, T. C., and Xu, L. (2000). "Evaporation and Relative Contribution by the Soil and the Plant." Funded 
by CALFED Bay Delta Program and California Department of Water Resources. 

Hundley, N. (2001). The great thirst: Californians and water: a history, University of California Press, Los 
Angeles, CA. 

IPCC. (2001). "Climate Change 2001: The Scientific Basis." Intergovernmental Panel on Climate Change. 

Johnson, H. P. (1999). "How Many Californians? A Review of Population Projections for the State." 
California Counts - Population Trends and Profiles, 1(1), 1-12. 

Kahn, H. (1967). The Year 2000: A Framework for Speculation on the Next Thirty-Three Years, MacMillan 
Publishing Company. 

Kahn, H., Brown, W., and Mertel, L. (1976). The Next 200 Years - A Scenario for America and the World, 
William Morrow and Company, Inc., New York. 

Kahneman, D., and Tversky, A. (1979). "Prospect Theory: An Analysis of Decision under Risk." 
Econometrica, 47(2), 263-292. 

Keeney, R. L., and Raiffa, H. (1993). Decisions with Multiple Objectives, Cambridge University Press, 
Cambridge, UK. 

Kim, J. (2001). "A nested modeling study of elevation-dependent climate change signals in California 
induced by increased atmospheric CO2." Geophysical Research Letters, 28(15), 2951-2954. 

Kim, J., Kim, T. K., Arritt, R. W., and Miller, N. L. (2002). "Impacts of Increased Atmospheric CO2 on the 
Hydroclimate of the Western United States." Journal of Climate, 15, 1926-43. 



 

  203

Kiparsky, M., and Gleick, P. H. (2003). "Climate Change and California Water Resources: A Survey and 
Summary of the Literature." Pacific Institute for Studies in Development, Environment, and 
Security, Oakland, CA. 

Knowles, N., and Cayan, D. R. (2002). "Potential Effects of Global Warming on the Sacramento/San 
Joaquin Watershed and the San Francisco Estuary." Geophysical Research Letters, 29(18), 1891. 

Knowles, N., and Cayan, D. R. (2004). "Elevational Dependence of Projected Hydrologic Changes in the 
San Francisco Estuary and Watershed." Climatic Change, 62, 319-336. 

Landers, J. (2002). "Climate change to alter California's water supply." Civil Engineering, 72(8), 16-17. 

Lempert, R., Nakicenovic, N., Sarewitz, D., and Schlesinger, M. (2004). "Characterizing Climate-Change 
Uncertainties for Decision-Makers." Climatic Change, 65, 1-9. 

Lempert, R. J., and Bonomo, J. (1998). "New Methods for Robust Science and Technology Planning." 
RAND, Santa Monica, California. 

Lempert, R. J., Groves, D. G., Popper, S. W., and Bankes, S. C. (2005). "A General, Analytic Method for 
Generating Robust Strategies and Narrative Scenarios." Submitted to Management Sciences. 

Lempert, R. J., Popper, S. W., and Bankes, S. C. (2003). Shaping the Next One Hundred Years: New methods 
for quantitative, long-term policy analysis, RAND, Santa Monica, California. 

Lempert, R. J., and Schlesinger, M. E. (2000). "Robust Strategies for Abating Climate Change." Climatic 
Change, 45(3/4), 387-401. 

Lempert, R. J., Schlesinger, M. E., and Bankes, S. C. (1996). "When We Don't Know the Costs or the 
Benefits: Adaptive Strategies for Abating Climate Change." Climatic Change, 33(2), 235-274. 

Lempert, R. J., Schlesinger, M. E., Bankes, S. C., and Andronova, N. G. (2000). "The Impact of Variability 
on Near-Term Climate-Change Policy Choices." Climatic Change, 45(1), 129-161. 

Loomes, G., and Sugden, R. (1982). "Regret Theory: An Alternative Theory of Rational Choice Under 
Uncertainty." The Economic Journal, 92(368), 805-824. 

Loomes, G., and Sugden, R. (1987). "Some Implications of a More General Form of Regret Theory." Journal 
of Economic Theory, 41, 270-287. 

Lund, J. R., Howitt, R. E., Jenkins, M. W., Zhu, T., Tanaka, S. K., Pulido, M., Taubert, M., Ritzema, R., 
and Ferriera, I. (2003). "Talking about the Weather: Climate Warming & California's Water 
Future." U.C. Davis, Sacramento, CA. 

McCabe, G. J., and Dettinger, M. D. (2002). "Primary Modes and Predictability of Year-to-Year Snowpack 
Variations in the Western United States from Teleconnections with Pacific Ocean Climate." Journal 
of Hydrometeorology, 13-25. 

Miller, T. (2002). "California's uncertain population future." The Growth and Aging of California’s 
Population: Demographic and Fiscal Projections, Characteristics and Service Needs. 

Mitchell, R. C., and Carson, R. T. (1989). Using Surveys to Value Public Goods - The Contingent Valuation 
Method, Resources for the Future, Washington, DC. 

Morgan, M. G., Kandilikar, M., Risbey, J., and Dowlatabadi, H. (1999). "Why Conventional Tools For 
Policy Analysis Are Often Inadequate for Problems of Global Change." Climatic Change, 41, 271-
281. 



 

  204

Mount, J., and Twiss, R. (2005). "Subsidence, sea level rise, seismicity in the Sacramento-San Joaquin Delta." 
San Francisco Estuary and Watershed Science, 3(1), Article 5. 

MWD. (2004). "Integrated Water Resources Plan - 2003 Update." Metropolitan Water District of Southern 
California, Los Angeles, CA. 

Nadeau, R. (1997). The Water Seekers, Crest Publishers, Santa Barbara, CA. 

National Research Council. (2003). "Adaptive Monitoring and Assessment for the Comprehensive Everglades 
Restoration Plan." Committee on Restoration of the Greater Everglades Ecosystem, National 
Research Council, Washington, D.C. 

National Research Council. (2004). "Adaptive Management for Water Resources Project Planning." The 
National Academies. 

Nichiporuk, B. (2005). "Alternative futures and Army force planning: implications for the future force era." 
MG-219, RAND Corporation, Santa Monica, CA. 

NOAA. (2004). "HCS 4-2: State, Regional, and National Monthly Precipitation." Available at: 
http://www5.ncdc.noaa.gov/climatenormals/hcs/HCS_42_seq.txt. 

NOAA. (2005). "Water Supply Outlook - February 2005." California Nevada River Forecast Center, 
Sacramento, CA. 

NRC. (2001). "Climate Change Science: An Analysis of Some Key Questions." National Research Council. 

Park, G., and Lempert, R. J. (1998). "The Class of 2014: Preserving Access to California Higher Education." 
MR-971-EDU, RAND Corporation, Santa Monica, California. 

Perlman, D. (2001). "California: Global warming to affect water supply - More rainfall means smaller Sierra 
snowpack." San Francisco Chronicle, San Francisco. 

PMCL. (1992). "Evaluation of Urban Water Conservation Programs: A Procedures Manual." Planning and 
Management Consultants, Ltd., Carbondale, IL. 

PMCL. (1999). "IWR-MAIN Water Demand Management Suite, User's manual and system description." 
Planning and Management Consultants, Ltd., Carbondale, IL. 

Quade, E. S., and Carter, G. M. (1989). Analysis for Public Decisions, North-Holland, New York, NY. 

Raiffa, H. (1970). Decision analysis: Introductory lectures on choices under uncertainty, Addison-Wesley. 

Reisner, M. (1993). Cadillac Desert: The American West and its Disappearing Water, Penguin Books, New 
York, NY. 

Renwick, M., Green, R., and McCorkle, C. (1998). "Measuring the Price Responsiveness of Residential 
Water Demand in California's Urban Areas." Funded by: California Department of Water 
Resources. 

Robalino, D. A., and Lempert, R. J. (2000). "Carrots and Sticks for New Technology: Abating Greenhouse 
Gas Emissions in a Heterogeneous and Uncertain World." Integrated Assessment, 1(1), 1-19. 

Roos, M. (2003). "The Effects of Global Climate Change on California Water Resources." California Energy 
Commission, Sacramento, CA. 

Rosekrans, S., and Hayden, A. (2003). "Quantification of Unmet Environmental Objectives in State Water 
Plan 2003 using actual flow data for 1998, 2000, and 2001." Available at: 



 

  205

http://www.waterplan.water.ca.gov/docs/cwpu2005/Vol_4/04-Environment/V4PRD3-
EnviroDefenseMemo.pdf. 

Rosenhead, J. (1989). "Robustness analysis: keeping your options open." Rational Analysis for a Problematic 
World, J. Rosenhead, ed., John Wiley & Sons, Chichester. 

Savage, L. J. (1954). The Foundation of Statistics, Dover Publications. 

Schwartz, P. (1991). The Art of the Long View, Currency-Doubleday, New York, NY. 

Schwartz, P. (1996). The Art of the Long View - Planning for the Future in an Uncertain World, Currency-
Doubleday, New York, NY. 

Simon, H. A. (1959). "Theories of Decision-Making in Economic and Behavioral Science." The American 
Economic Review, 49(3), 253-283. 

Smithson, M. (1989). Ignorance and Uncertainty - Emerging paradigms, Springer-Verlag, New York, NY. 

Snover, A. K., Hamlet, A. F., and Lettenmaier, D. P. (2003). "Climate-Change Scenarios for Water Planning 
Studies - Pilot Applications in the Pacific Northwest." Bulletin of the American Meteorological Society, 
84(11), 1513-18. 

Snow, L. A. (2004). "Upper Jones Tract Levee Break." Available at: 
http://calwater.ca.gov/Levee_Break/Upper_Jones_Tract_Levee_Break.pdf. 

Snyder, M. A., Bell, J. L., Sloan, L. C., Duffy, P. B., and Govindasamy, B. (2002). "Climate Responses to a 
Doubling of Atmospheric Carbon Dioxide for a Climatically Vulnerable Region." Geophysical 
Research Letters, 29(11). 

State Water Resources Board. (1951). "Water Resources of California - Bulletin no. 1." State Water 
Resources Board, Sacramento, CA. 

State Water Resources Board. (1955). "Water Utilization and Requirements of California - Bulletin no. 2." 
State Water Resources Board, Sacramento, CA. 

Stewart, I. T., Cayan, D. R., and Dettinger, M. D. (2004). "Changes in Snowmelt Runoff Timing in 
Western North America Under a 'Business As Usual' Climate Change Scenario." Climatic Change, 
62, 217-232. 

Stokey, E., and Zeckhauser, R. (1978). A Primer for Policy Analysis, W.W. Norton and Company, New York, 
NY. 

SWRCB. (2003). "2002 California 305(b) report on water quality." State Water Resources Control Board, 
Sacramento, CA. 

Teitz, M. B., Dietzel, C., and Fulton, W. (2005). "Urban Development Futures in the San Joaquin Valley." 
Public Policy Institute of California, San Francisco, CA. 

University of California. "Proceedings of the conference on economics of California's water development." 
Conference on economics of California's water development, Lake Arrowhead, CA. 

USBEA. (2004). "Gross State Product." Available at: http://www.bea.gov/bea/regional/gsp/. 

USBR. (2002). "Southern California Comprehensive Water Reclamation and Reuse Study Phase II Final 
Report." 

USBR. (2005). "About the CVP." Available at: www.usbr.gov/mp/cvp/about.html. 



 

  206

USDA. (2004). "California Livestock and Dairy." Available at: 
ftp://www.nass.usda.gov/pub/nass/ca/AgStats/2003cas-lvs.pdf. 

van der Heijden, K. (1996). Scenarios: The Art of Strategic Conversation, Wiley and Sons, Chichester, UK. 

von Neumann, J., and Morgenstern, O. (1944). Theory of Games and Economic Behavior, Princeton 
University Press, Princeton, NJ. 

Wack, P. (1985a). "The Gentle Art of Reperceiving - Scenarios: Shooting the Rapids (part 2 of a two-part 
article)." Harvard Business Review(September-October), 2-14. 

Wack, P. (1985b). "The Gentle Art of Reperceiving - Scenarios: Uncharted Waters Ahead (part 1 of a two-
part article)." Harvard Business Review(September-October), 73-89. 

Wallsten, T. S., and Budescu, D. V. (1995). "A review of human linguistic probability processing: General 
principles and empirical evidence." The Knowledge Engineering Review, 10(1), 43-62. 

Water Resources Board. (1951). "Bulletin No. 1: Water Resources of California." State Printing Office, 
Sacramento. 

Water Resources Board. (1955). "Bulletin No. 2: Water Utilization and Requirements of California." 
California Water Resources Board, Sacramento. 

Woods & Poole Economics. (2004). "2004 State Profile - Sate and County Projections to 2030 (California)." 
Available at:  

Wu, S. M., Huang, G. H., and Guo, H. C. (1997). "An Interactive Inexact-Fuzzy Approach for 
Multiobjective Planning of Water Resource Systems." Water Science and Technology, 36(5), 235-242. 

Yates, D., Gangopadhyay, S., Rajagopalan, B., and Strzepek, K. (2003). "A technique for generating regional 
climate scenarios using a nearest neighbor algorithm." Water Resources Research, 39(7), 1199. 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [150 150]
  /PageSize [612.000 792.000]
>> setpagedevice




