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CALFED Science Fellows Proposal:
Climate change and in-stream flows: Methods for application of risk analysis
to modeling of environmental water supplies

1 Introduction and overview

1.1  Background

CALFED agencies have invested heavily in restoration activities in aquatic ecosystems. These investments are
contingent on the reliability of the quantity and quality of in-stream flows to assure benefits to species of
concern. Water law and water planning in California, including that for in-stream flows, implicitly or explicitly
assumes that future hydrologies will resemble, or be identical to, the observed historical record. However,
scientific consensus indicates that the Earth’s climate is changing, and that under even the best-case scenarios
of emissions and climate sensitivity, climate impacts are virtually certain [4, 5]. Adaptation (adjustment of
human systems to moderate harm from climatic stimuli) will be a critical component of regional and local
responses to climate change, in natural resource management [6-11]. For CALFED agencies, this will involve
incorporating uncertainties from climate and other sources into water planning and management decisions
[12].

Because of the inherent uncertainties, climate change assessment and adaptation strategies are fundamentally
about risk." As methods advance for incorporating probabilistic information into climate models, it is
becoming increasingly clear that climate change impacts assessments need to move from deterministic
approaches towards incorporating uncertainty and risk [15, 16]. Indeed, with the CALFED community,
uncertainty and a changing environment are increasingly recognized as critically important, as are
acknowledgements that natural resource planning and management processes are not appropriately equipped
to manage these uncertainties [17].

While some instream flows are set by regulations that seasonally varying minimum flow requirements, others
are more flexible, and thus uncertain. In recent years, schemes have incorporated aspects of market- and
gaming-based management (e.g. Environmental Water Account) or negotiated agreements among multiple
supplying entities (e.g. Vernalis Adaptive Management Program). All of these methods of providing
environmental flows are at risk from climate change and variability.

While management of in-stream flows may not exist in the exact form of EWA and VAMP in the next
iteration of California’s management of the Delta and its watersheds, , strategies akin to these efforts will
certainly be incorporated in future as water management becomes more innovative of necessity [18]. The
most effective efforts of this kind will require adaptive, flexible management, bolserted by robust methods to
quantify the tradeoffs in decisions under multiple sources of uncertainty.

The proposed dissertation research will develop tools and methods for quantifying the risks in such
approaches to instream flow management, and will produce a method to clarify decision-making given risk
and risk aversion by decision makers. The questions driving this research include:

* How can we quantify the risks in complex resource management questions like managing in-stream
flows for California’s aquatic ecosystems?
* How can we craft an acceptable level of risk for environmental flows and ecosystem objectives?

! Although definitions of uncertainty and risk vary widely, for the purposes of this proposal, uncertain events are
those with unknown probabilities [13], because of error in measurement, natural variability or epistemic
uncertainties [14]. Risky events are those for which probabilities can be estimated [13], and risk generically is the
product of these probabilities times the consequences of the events. More concrete definitions of economic risk and
risk aversion follow in the text.



*  Can novel approaches to risk management and risk sharing distribute risks between human and
environmental uses for California’s water?

1.2 The importance of climate change

Climate change is a global environmental problem, but humans will be most concerned with the local and
regional effects. Integrated assessments [19] of climate change can be used to shift both the scale and
granularity of analysis from that of coupled Ocean-Atmosphere General Circulation Models (GCMs) to local
models [6], and to translate the variables observed from climatic ones (e.g. temperature and precipitation) to
those of more direct relevance to human interests (e.g. hydrologic impacts).

Hydrologic systems are among those most vulnerable to climate change [6]. Hydrology is directly influenced
by climatic variables, and modeling studies consistently suggest that hydrology will be sensitive to changes in
climate [20, 21]. Indeed, these changes are already upon us; observations have revealed climate-driven
hydrologic changes at multiple spatial scales [22-25]. Two decades ago, Gleick [26] demonstrated the
sensitivity of California’s snowmelt-dominated hydrology to climate warming scenarios. Since then, the
fundamental conclusion that climate warming will lead to an earlier hydrograph peak in snowmelt-dominated
basins has proven robust over dozens of studies globally [23], in the Western U.S. [27], and in California |28,
29]. Such changes in hydrology may impact the ability of California’s water system to deliver water during
peak demand in the dry summer months for human and environmental needs [30].

Recent studies disagree about the potential difficulty of adapting to climate change in water resources. For
example, Tanaka et al. [31] apply an economic optimization model to adaptation in California water, and
conclude that the costs of adapting to climate change will be high for the water sector, but small relative to
California’s overall economy or budget. However, they acknowledge that their approach may produce
optimistic results, partly because it assumes perfect foresight by water users in the face of hydrologic
uncertainty and partly because it overlooks key geographical and institutional aspects of the system.
VanRheenan et al. [30] integrate hydrology modeling to their impacts analysis and conclude that “...achieving
and maintaining status quo ... system performance in the future would be neatly impossible, given altered
climate scenario hydrologies.” The contrast between the above studies suggests that impacts need to be
further studied, that efforts to quantify the risks to the system from these impacts may be useful to those who
will need to manage those risks, and that choice of methods matters.

1.3 Risk and risk aversion

Risk aversion is a central component of human decision-making. The central notion is that a risk averse
decision maker will evaluate uncertain quantities not on the basis of their expected value but rather by adding
a risk factor (a risk premium) that serves to discount expected gains (raise expected losses) associated with the
uncertainty [13]. The risk premium is greater the larger the degree of risk aversion and the greater the
magnitude of the uncertainty. The importance of risk aversion is only recently beginning to receive attention
in the context of climate change.

Risk aversion manifests in instream flow management in California primarily because of the potential for
extended dry (or warm) conditions to have profound impacts on the populations of species of concern in
California’s heavily managed aquatic systems. Thus, management to avoid impacts from such extreme events
means that they may need to be given more weight in decision-making. Put in terms of a simplified example,
extended dry conditions at particular times have greater impacts on species of concern, and thus are of
proportionally greater concern to managers than variability within “normal” years. These differences are not
captured by engineering risk analyses that define risk as linear relationships like “probability x consequences”.



In spite of the acknowledged ubiquitous importance of risk aversion [13, 32], climate impacts assessments
have not explicitly taken the risk aversion of public and private decision-makers into account. Since human
decision-makers have risk averse tendencies [13], incorporating risk aversion into models of impacts and
responses may be a critical next step in understanding human responses to a changing geophysical setting.
Impacts assessments in water management analysis could benefit from more sophisticated risk analysis.

1.4  Research objectives

The proposed research will address these issues of climate impacts on instream flow management by

integrating climatology, hydrology, and decision analysis. I will incorporate risk aversion into a regional
integrated assessment model [19] of water resources in California’s Stanislaus, Tuolumne and Merced River

Basins (STM Basins). I will build a spatially explicit hydrology and water operations model of these basins,
and drive it with downscaled, re-sampled General Circulation Model (GCM) data, generating probabilistic
output of instream flow reliability under various climate and management scenarios. I will also elicit risk
preferences from decision makers in these basins using economic techniques of utility theory and choice
experiments to generate utility functions based on distributions of water deliveries. I will then combine the
modeling output with the elicited utility functions to generate clearer estimates of the severity of climate
impacts in the water sector and better understanding of potential adaptive responses to climate change.

The expected products of the proposed work will be

* A water resources model that incorporates water operations and hydrology, including snowmelt
dynamics, and is able to thus address limitations in existing tools for assessing climate impacts in
California. The model will also be more transparent and accessible to managers and stakeholder
groups.

* A method for uncertainty analysis in this model, based on Latin Hypercube analysis of 1) resampled
downscaled GCM output 2) land use and land cover and 3) population projections. The model
output will be probabilistic estimates of instream flows and water deliveries under a variety of
scenarios, for use in a risk analysis.

¢ A generalizable method for empirical application of economic risk analysis techniques to evaluation
of management decisions under uncertainty.

* Case studies demonstrating empirically the importance of risk aversion in decision-making under
climate change and the potential applicability and implications of this method for negotiated, flexible
and adaptive in-stream flow agreements.

2  Literature review

2.1 Probabilistic approaches

To the extent that estimates of water supply reliability [sensu 33, 34, 35] estimate probabilities of water
deliveries, these probabilities tend to be derived from historical climate [36]. However, historical data neither
accurately represents past [37-39] nor future [28, and refs therein, 29] climatic conditions. This disconnect
motivates integration of climatology into water modeling, and the uncertainties inherent in both water
systems modeling and climate modeling suggest that formally incorporating risk analysis could improve tools
for water planners.

Only recently have scientists begun to incorporate probabilistic methods into sensitivity analyses for
describing impacts of climate change [40-43]. Such analyses have mostly been done at a global scale, for
example to estimate exceedence probabilities of global average temperature rise [42] or used to evaluate
emissions thresholds for ‘dangerous climate change’ with integrated assessment [40, 41]. Using similar
methods in regional and local scale analysis for adaptation is not common [42, but see 44], and suggests a
logical next step for impacts analysis.



2.2 Risk-based frameworks

Decision-making without estimates of uncertainty or risk amounts in effect to ignoring the uncertainty
present in any model [45, 46], which may hinder the effectiveness of decision-making by water managers.
Risk assessment combines probabilistic estimates of impacts with the consequences to given agents, but the
definition of ‘risk’ depends on the context. While a large body of theoretical and empirical literature
demonstrates that risk aversion is a critical to the real-world implications of uncertainty for human behavior
[13, 32], this has scarcely been used in climate change assessments in spite of the inherently uncertain nature
of climate change.

The focus of this study is instream flows in California’s Central Valley and Delta, determined by decision-
makers at CALFED agencies in conjunction with relevant stakeholders. The different agents have different
potential responses to disruptions in flows. They face different costs and have different tolerances for risk,
and therefore different risk premiums. Managers’ risk preference will reflect some weighting of the various
components of the ecosystem.

23 Institutional context

Water planning and management in the U.S. is primarily a local affair for several reasons. A fundamental
principle of state law for surface water in the Western U.S. is that water rights should be based on historical
use — this is enshrined in the prior appropriation doctrine [47]. This is a system that elevates history over
rationality, equity or flexibility [48, 49]. The system is also pootly suited to climate non-stationarity [50]
because, at least at present, there is no legal precedent in most western states for modifying existing water
rights to accommodate different climatic conditions [51].

Against this backdrop of a legal system unlikely to be resilient in the face of climate change, there exists a
disconnect between institutional assumptions and scientific understandings of climate. The historical climate
in which the institutional system evolved [47] does not capture extreme droughts in the paleoclimate record
[37, 39, 52], a projected drying trend in Southewestern North America [53], or the increase in extreme events
projected by climate modelers [5, 6]. Water users and the environment alike may thus be more vulnerable to
climate risk than managers realize.

The importance of legal and management institutions as drivers of local responses to a global phenomenon,
combined with a tendency towards risk aversion by water managers [54-57], suggests that local-scale
assessment of climate adaptation with estimates of risk aversion will improve projections of adaptive response
to climate change. I propose to build on the theoretical work cited above by quantifying the implications of
this risk aversion for decision-making.

2.4 Relationship to other CALFED science efforts

CALFED has funded a large effort to connect climate simulations to ecosystem effects [CASCaDE, 58],
along with many other efforts to increase understanding of ecosystem dynamics in relation to hydrology. The
research proposed here is complimentary to these efforts. CASCaDE will provide important information of
the potential impacts of climate and other scenarios on aquatic ecosystems. However, as was discussed at the
May 19, 2008 meeting of the CALFED Independent Science Board, the CASCaDE effort will not provide a
framework for using its various modeling inputs in decision making, as its independent outputs and the values
placed on them by managers are not comparable in a single analytic framework.

CASCaDE will overlay scenarios of impacts on aquatic assemblages and their dependencies on in-stream
flows. Because of uncertainties and complexity of key elements being modeled, and because of the multi-
objective nature of decisions about in-stream flows, actually using this model output for decision-making may
prove non-trivial. The methods I propose to develop will build on applications in other complex decision-
making processes where voluminous and sometimes conflicting information must be processed and
integrated. They will explicitly provide probabilistic outputs as opposed to ‘bracketing’ uncertainties [58], and



provide a framework for decision-makers to combine probabilistic data with the knowledge they gain from
other CALFED-funded efforts about ecosystem function in relation to scenarios of instream hydrologic
conditions.

3 Research goals and objectives

My goal for this research is to develop an integrated assessment risk and decision analysis method for
analyzing instream flow decisions in the face of climatic and other uncertainties. The tools developed in my
research will be developed in conjunction with, and made available to, CALFED agencies and stakeholders,
and add value to multiple areas of water resources planning and management.

* Stage 1 objective: Produce an integrated hydrology/water operations model that will enable.

¢ Stage 2 objective: Generate climate input timeseries by resampling method described below; begin
probablistic model runs on computer cluster. Begin developing analogues for novel water
management instruments.

¢ Stage 3 objective: Develop method for elicitation of utility functions from resource managers;
conduct interviews; generate utility functions for instream flow reliability.

¢ Stage 4 objective - final synthesis: Combine results from Stage 2 and Stage 3 using Multi-attribute
Utility Theory to inform decisions with multiple objectives in the face of uncertainties.

4  Research questions and hypotheses

The main challenge for the proposed research is to finish building a generalizable risk analysis method and a
modeling tool for the study area. The main output from the model will be time series of water flows at each
node in the model under each scenario of climatic and management conditions. Such data can be used to ask
a multitude of questions. In this section, I describe my research questions. Following this overview, I will
detail my planned methods.

4.1 Research questions

* How will climate-induced changes to California hydrology impact reliabilty of instream flows?

*  What are the risks and uncertainties in planning for instream flow regimes in the face of climate-
change and other sources of uncertainties?

* How might risk preferences of various decision-makers influence estimates of the severity of climate
change on their water supply? How do (or should) their risk preferences influence decisions about
water management?

4.2  Hypotheses

Using modeling methods described below, I will evaluate the following primary hypotheses:

* Reliability of instream flows will decrease during spring and summer under projected climate change.

* Projected climatic impacts will be distributed unevenly among water users because of the variation in
seniority of water rights. Under current water law in the west, junior rights holders (including those
of recent and future efforts like EWA), those with little access to storage or groundwater, and those
without opportunities to develop other sources of water will face an increasing likelihood of shortfall
in their water supply under climate change.

* Projected impacts of climate change will be greater when incorporating risk aversion than under
assumptions of risk neutrality.

¢ Utility function for resource managers will exhibit characteristics different from standard theoretical
models based on financial markets.



*  Water management strategies that formally take risk into account (e.g. formal quantification of water
portfolios, dry year options, weather derivatives, inter-basin coordination) could be used to manage
climate-induced risk.

*  Evaluating climate adaptation options with a formal risk analysis will increase the attractiveness of
inter-basin coordination to individual decision-makers as well as from a system-wide perspective.

5  Study area: Stanislaus, Tuolumne, and Merced River Basins, California

The Stanislaus, Tuolumne, and Merced River Basins (STM) in California’s Central Valley together form an
ideal area for integrating risk assessment into a study of climate adaptation.? The three basins are on the
western slope of the Sierra Nevada Mountains, where hydrology will be sensitive to climate change [e.g. 26,
27, 59, 60]. Constraints below (water quality regulations at Vernalis) and above (diversions at Friant Dam
deplete flows above the Merced River in all but the wettest years)? the three basins allow for modeling local
dynamics within a large and complex system using some reasonable assumptions. Thus, modeling these
basins will allow me to ask meso-scale questions on a dissertation time scale in order to produce a
generalizable model for extension to other areas.

The three basins also have physical and management characteristics that will allow me to investigate the
geographical determination of climate-induced water supply risk, as well as geographical diversification as a
risk reduction strategy. In spite of their physical proximity and similar characteristics when viewed at large
extent and coarse grain, the basins may differ significantly. Knowles and Cayan [61] suggest that the
elevation band from approximately 1300 to 2700 meters will be the most sensitive to projected climate
warming, and each basin has a different proportion of its upper watershed within this band (Stanislaus, 62%;
Tuolumne, 47%; Merced, 43%), and a different ratio of total area in this band to available water storage
(Stanislaus, 2.05; Tuolumne, 1.34; Merced, 1.28). These observation, bolstered by anecdotal evidence from a
recent water year [62], suggests that the basins may have different hydrologic response to climate warming,
with the Stanislaus potentially the most vulnerable. These geophysical characteristics, combine to make the
STM basins a potentially rich arena for analysis relevant to climate change impacts and adaptation.

I propose to conduct several case studies to develop my methods for settings of concern to CALFED:
instream flows, urban, and agricultural water supply. First, I will focus on the risks and reliability of a
negotiated flow augmentation program, the Vernalis Adaptive Management Program (VAMP), which
combines pulse flows from the STM basins with export modifications to adaptively understand the
relationship between flows and juvenile salmon survival. One interesting aspect of VAMP is that
augmentations diminish after multiple dry years, which may be when fisheries managers want them the most.
Given the projected increases in occurrence of extreme events of this type, this case may prove illustrative of
the risks perceived and faced by the aquatic ecosystem and its managers.

2 To the question, “why make another model?” I am working with the WEAP framework for a several reasons. 1)
Using WEAP will allow me to improve on existing modeling tools such as CALSIM and CALVIN that have limited
ability to represent the most important first- and second-order hydrologic impacts of climate change, since they do
not endogenously represent mountain hydrology. 2) The WEAP platform provides a more transparent and user-
friendly interface that will ultimately be accessible to a broader range of agency and stakeholder users, and thus will
be a major contribution to the environmental and water resources community that currently may lack the resources
to conduct sensitivity analysis with existing models. 3) Note that the WEAP modeling proposed as part of this
dissertation research proposed here will link with other WEAP modeling efforts in California, eventually resulting in
a state-wide implementation of this model that will complement existing tools. This modeling approach is being
taken seriously by decision-makers: DWR will include results from these efforts in its California Water Plan Update
for 2009.

? Proposed settlement of pending lawsuits on San Joaquin River flows would be easily integrated into model
scenarios.

* The basins each are on the Western Slope of the Southern Sierra Nevada Mountains, have large dams contributing
significant storage capacity in the foothills, and have heavy agricultural water use in the lowlands, managed by
Irrigation Districts and punctuated by urban centers using a combination of groundwater and surface water.



In the water supply arena, a compelling example to investigate will be the San Francisco Public Ultilities
Commission (SFPUC, gets water from the Tuolumne Basin) and the Oakdale Irrigation District (OID, gets
water from the Stanislaus Basin), who are negotiating a water transfer [63]. Investigating « priori expectations
that the risk aversion of the two agencies (a more risk-averse residential purveyor and a less-risk averse
agricultural supplier) should differ based on the sensitivity of their constituencies to water supply reductions
could allow for a directly informative application of these techniques.

6  Methods

The proposed research will use an integrated assessment model to translate climate change impacts from
global-scale models to a regional and watershed scale water model, with the added innovation of using
economic utility theory to integrate risk preferences of decision-makers and more accurately gage the impacts
of increased risk to water supply.

The analysis will proceed in several stages. First, I am implementing an integrated hydrology and water
operations simulation model of the STM Basins using the Water Evaluation and Planning [WEAP, 64]
modeling framework. Second, re-sampling synthetic historical weather time series (and perturbing them based
on downscaled GCM data) over many model runs will allow me to generate probability distributions for
water supply at each demand node in the model. Third, risk preferences for water organizations in the study
basins will be described using an application of economic techniques for utility function elicitation. Combined
with probabilistic output from the hydrology model, these utility functions will allow estimation of expected
utility. Finally, scenarios of management options for adapting to projected changes will be run under different
assumptions of emissions trajectories, allowing for comparison of the expected utility to water organizations
under each modeled scenario.

The overall goal is to evaluate the utility to each decision maker of each climate and adaptation scenatio to
generate both positive and normative evaluations of decision-making and provide a framework for clarifying
complex decisions.

6.1 Integrated Assessment overview

Integrated Assessments [19] quantitatively describe potential impacts and adaptation options by integrating
results from multiple models. This can be done using a cascade of modeling information, from large-scale,
coarse-grained models, to finer resolution models that cover less spatial or conceptual area but represent
specific processes of interest in more detail. The Conceptual Model for this proposal gives an overview of the
structure of the proposed integrated assessment. The following sections describe its component parts.

6.2  Hydrology and water operations modeling

To understand impacts of climate change and possible adaptive responses in my study area, I am building a
spatially explicit hydrology and water operations model of the STM Basins using a Geographic Information
System (GIS) and the WEAP modeling platform. WEAP adopts a semi-distributed water balance approach to
representing hydrology [64], enabling integration of both water operations and physical hydrology. WEAP has
the capacity to represent hydrological processes including snowmelt dynamics, groundwater and
groundwater-surfacewater interactions, and water quality constituents including temperature and dissolved
oxygen.

Within each weekly time step, the physical hydrology module first routes water through the watershed using a
series of quasi-physical parameterized equations. The results of these calculations provide constants that are
used to drive a linear program to simulate allocation of water in the managed part of the watershed in the
same time step. Preliminary data in Figure 2 shows temperature sensitivity of the hydrograph in the Merced
River Basins, based on initial modeling of the hydrology above Lake McClure. Similar results are available for
the Stanislaus and Tuolumne Rivers.



I have developed a spatially explicit GIS of the case study basins using ArcGIS [65]. The GIS incorporates
the information in Figure 1: elevation [60], vegetation and landcover including cropping patterns [67], a
stream network derived from 30 meter Digital Elevation Models [66] using ArcHydro [68], soils [69], water
district areas [70-72], population centers and projections, dams [73], canals and other conveyance, and
streamflow gage data and locations [74]. These data are being used to develop 1) quasi-physical lumped
parameter representation of the hydrology for each sub-catchment within the basins, and 2) a representation
of the built infrastructure and demand points to model water allocation to human and environmental
demands based on institutional boundaries and water rights. These data are being used to parameterize a
WEAP model of these basins (Figure 1).

6.3  Climate inputs

To drive my hydrology model, I will use data from ensembles of coupled ocean-atmosphere GCMs [5, 75]. I
will use statistical downscaling to translate GCM data to a scale relevant to my research. Statistical
downscaling compares historical GCM results to historical results at a given location, and via regression
analysis determines a bias correction factor that can correct the GCM output to have the same statistical
distribution as the historical data [76]. This bias correction factor is then applied to GCM projections of
future climate scenarios at a regional level.

Multi-model ensembles can estimate the overall spread of GCM projections [75, 77, 78], and I will use them
as inputs for stochastic modeling [44]. Studies are beginning to appear in the literature that use ensembles of
GCM data to estimate hydrologic uncertainty [79, 80]. I will use philosophically similar methods, but extend
the available data by using re-sampling methods to generate many synthetic weather time series. I will use
Markov Chain-Monte Carlo methods developed by Yates et al. [81] to re-sample from a daily time-step model
designed to represent weather patterns in complex terrain (DAYMET, www.daymet.org) [82]. This method
will allow me to generate new time series with the same statistical properties to historical and GCM-derived
scenarios, allowing for multiple model runs and generation of probabilistic output from deterministic models.

6.4  Uncertainty and reliability analysis

The uncertainty analysis will be conducted using a Latin Hypercube approach [14, 83], a re-sampling scheme
that allows for efficient stratified sampling of input parameter space. This will allow me to maximize my
representation of extreme events of greatest interest to risk averse managers, and most efficiently utilize my
computational resources (see Budget for more details). I will use the Computer Assisted Reasoning software
(CARS, www.evolvinglogic.com) to manage the input and output data for these Latin Hypercube analyses.

Reliability statistics will be modified slightly from standard event or time-based approaches [33-35] to take
seasonality into account. I will also employ the xQy statistic [84] (a metric of the lowest (or highest) x-day, y-
year flow), using it to generate projected distributions of extended low flows over specific seasonal windows,
a metric that may be particularly useful to managers concerned with instream flow regimes.

6.5  Utility theory and risk aversion

Unlike many engineering risk analyses commonly applied in water resources, economic risk describes
decisions with assumptions like risk aversion made explicit, which can lead to very different results from
standard expected value modeling. I will use multiple attribute utility theory (MAUT) as the theoretical basis
for my risk analysis [85-87]. Operationalizing MAUT in this system will require eliciting utility functions for
resource managers concerned with in-stream flows (and/or of water managers concerned with water
deliveries at the level of water organizations). These functions will be combined with probabilistic flow
reliability statistics to get the expected utility for each decision-making organization under each scenario.

In essence, univariate expected utility takes the form Eu(w) = f u(w)p(w)dw  (Eq. 1),

with u(w) the utility function over the random vatiable W of interest, and p(w) the probability distribution



function of that random variable. Combining a utility function with the probability distribution of water
supply and integrating will give the expected utility for a given agent under a given modeling scenario.
Comparison of the sensitivity of expected utility of each decision-making organization to each scenario will be the main result of
the risk analysis.

Expected utility theory was initially developed to model univariate decision-making, which is essentially
isomorphic to financial decision with a single (monetary) outcome. Using water as the random variable of
interest will be conceptually similar, but since there are multiple uses of water with different interests behind
them, it will require a multi-attribute approach to do justice to the complexity of water allocation decision-
making. In very brief terms, MAUT is an approach that permits the elicitation of multi-attribute utility
functions. For example, if amount of water delivered to an organization in a given time period, W, is the
random variable of interest, and 7 =1,...,n index a series of values related to water deliveries (e.g. crop
production, fish stocks, urban development potential, etc.), then W will be transformed by a series of
functions into a vector for use in the multi-criteria utility function, U(x,,X,,...,X,).

I will begin with a pilot study that will follow the same general steps as the final case studies. First, I will
develop a priori schema for water resources decision-making, linking objectives to goals to attributes [sensu
85]. Second, I will work with representative decision-makers to finalize these schema to reflect their priorities.
Third, and most crucially, I will use choice experiments [88] to elicit multi-attribute preferences [89] from the
decision makers based on hypothetical choices between sets of alternative scenarios involving different
combinations of attributes.5 Fourth, using data from these choice experiments, econometric techniques will
be used to estimate the multi-attribute utility function [85]. Finally, these utility functions will be combined
with probabilistic output from my modeling as in equation (1) above. Final output will be a comparison of
expected utility for each decision-maker under each climate/management scenario, which will in essence 1)
represent the sensitivity of complex decision-making to climate and other uncertainty, and 2) provide a
framework to clarify decisions by managers faced with competing objectives.

6.6 Scenarios

The above methods will be used to compare a variety of modeling ‘experiments’ based on climate change
impacts and adaptation options. I will develop a set of scenarios based on a) climate model output under
multiple emissions scenarios and b) informal institutional analysis of legal, social, and organizational aspects
of the case study. The goal will be to compare 1) climate impacts on instream flow regimes under risk
neutrality with those incorporating risk preferences, and 2) the potential for operational and institutional
changes to reduce these impacts in the water sector.

I will use interviews [90, 91] with decision-makers to understand their institutional constraints and
opportunities for adaptation and develop these scenarios. These data will be gathered in the spirit of formal
institutional analysis [92, 93], but the focus of my qualitative data collection will be to prepare for the choice
experiments that will enable quantification of risk and climate-change impacts.

6.7  Modular approach

My research design is a modular approach that will increase the generalizability of this work and its
application in other contexts. Rather than internalizing the hydrology/operations modeling, probabilistic
methods, and decision analysis into a single modeling software, I will keep each separate. The main advantage
of this modular approach is that I will be able to apply each part in different areas. For example, if other

> To illustrate, decision-makers could be offered a series of hypothetical choices that varied the attributes, and levels
of each attribute. For example, 10,000 acre-feet of irrigation water in May, versus 8,000 acre-feet of municipal water
in October, versus 900 megawatt-hours peak hydropower in August. Similar examples will be developed depending
on the specific goals of a given in-stream flow program. Note that these choices will actually be presented based on
reliability statistics, but are represented here volumetrically for simplicity.



water models produce different probabilistic results [44], those results would be compatible with my decision
analysis framework, or my re-sampling efforts could apply to different hydrological model structures.

7  Tractability and Timeline

I have proposed a broadly integrative modeling effort necessary for moving between global and local scales in
a climate impacts assessment. I developed skills and knowledge plus a strong network for support and
collaboration to ensure that I am able to complete this research (please see Personal Statement).

7.1 Timeline

Spring 2008 Summer 2008

Complete integrated
hydrology/water operations model

Begin developing re-sampling

methods
Fall 2008 Spring 2009 Summer 2009
Begin model runs on computer Conduct final elicitations for risk | Conduct final elicitations for risk
cluster analysis, develop econometric analysis, develop econometric
methods methods
Begin defining adaptation Begin pilot study
scenarios
Re-sampling methods completed
Fall 2008 Spring 2009 Summer 2009
Complete model runs: adaptation  Complete dissertation writing
Data analysis and writing: scenarios including policy relevance
Differential impacts on water
supply reliability
Data analysis and writing: Data analysis and writing:
Adaptation options under climate- Importance of risk aversion in
induced risk climate impacts estimates

8  Contributions to the literature
The proposed research will contribute to the fields of physical geography and risk analysis, by linking multi-
scale climatology and hydrology with impacts and adaptation using decision analysis tools.

Physical hydrology The proposed hydrology and water operations model will take up theoretical challenges to
the widespread assumption of climate stationarity in water resources planning models [50]. By incorporating
probability distributions derived from re-sampled climate models to water operations modeling, it will
produce a method to more clearly articulate the hydrologic risks faced by resource managers under climatic
non-stationarity. In addition, this case study will address issues of scale [94] by demonstrating how regional
physical geography can influence both the severity of climate impacts and the management landscape on
which a larger global environmental change will play out [94].

Risk aversion The proposed work will challenge an implicit assumption of risk neutrality in the water resources
and climate change literatures by demonstrating its importance in decision-making in these contexts. It will
also develop a method for using MAUT to reveal preferences and integrate risk aversion into models of water
resources decision-making. An interesting feature of this work will likely be the shape of the utility functions.



In the finance literature from which utility theory originated, an assumption is that utility functions will be
increasing and concave [32]. Water presents an interesting case for several reasons. First, low levels of water
delivery may have a megative utility, given scale economies necessary to operate urban and agricultural water
systems. Second, high levels of water delivery may also have a negative utility, as they will represent flooding
or crop damage. Third, intermediate levels of delivery may take the form of a step function, as threshold
levels of delivery allow in turn for more expensive cropping patterns, increased urbanization, and so forth.

Integrated assessment The most significant contribution of the proposed work lies in its integrative nature.
Previous integrated assessments have looked at deterministic sensitivity of hydrology to given climate change
scenarios, or have integrated Monte Carlo methods to global scale macro-economic general equilibrium
models [41]. To my knowledge, very few [42, 95, 96] have assessed impacts to a specific sector of human
concern at scales relevant to local decision-making in a probabilistic manner, and none at this scale have
integrated risk aversion. By applying both risk and risk aversion to regional scale climate impacts assessment,
this work will produce a set of products that are greater than the sum of the individual parts. Comparison
between impacts with and without risk aversion at the scale of this research could contribute to an
international debate [2, 3] on the importance of various characteristics in climate impacts assessment.

9  Contributions to CALFED

This research will have direct practical applications and societal significance. As noted above, regional and
local human adaptation to global climate change will form a critical part of human response to global climate
change. New tools such as those proposed here for understanding the positive and normative implications of
this need to adapt will be needed in coming decades by human societies.

The tools produced by this research will have direct application in the study system and other water resource
systems. The integrated hydrology/water operations model will be a more transparent, accessible tool than
those that currently exist for modeling water operations in California [97, 98]. In the short term, the model
will be useful for sensitivity analysis by stakeholders who currently lack access to opaque and complex
planning tools [36]. In the longer term, the model will be connected with others to form a statewide
representation that integrates functionality not available in current tools.

A quantification of climate impacts on in-stream, urban, and agricultural water users would be a novel and
fundamental applied contribution that would directly challenge reluctance in the legal community [51] to
accept and act on the need for anticipatory climate change adaptation.

Most fundamentally, but elucidating the risks faced by ecosystems and managers, and by providing structure
for decision-making with multiple objectives, the proposed research will provide tools and methods to further
more able management of California’s threatened ecosystems.

10 Conclusion

In conclusion, the proposed research forms a coherent line of inquiry on climate change impacts and
adaptation in water resources. The proposed set of questions and approach to answering them is informed by
and will contribute to theory from disparate disciplines. Combining climate, hydrology and water operations
modeling with risk analysis will produce a set of products that are greater than the sum of the individual parts,
and will contribute directly to improving CALFED agency and stakeholder abilities to meet their goals and
objectives in a changing, uncertain environment.
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Figure 1: Proposed model structure. Details and citations can be found in the text.
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