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SECTION B - ABSTRACT


Robustness of policy options available to adapt to climate extremes in the
Colorado River basin.

Investigators:

Martyn P. Clark (PI), Subhrendu Gangopadhyay and Balaji Rajagopalan, and Roger Pielke Jr. (Co-PIs), Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder CO 80309-0449
Edith Zagona (Co-PI), Center for Advanced Decision Support for Water and Environmental Systems (CADSWES)

Budget Summary:

Total Proposed Cost:	Year 1		Year 2		Year 3		Total
University of Colorado	97,492		100,137	97,782		295,411


PROJECT SUMMARY

The proposed research will assess the robustness of different shortage policies in the Colorado River basin, where the recent impacts of drought and development in the basin are placing stress on available water supplies.  This study will seek to answer the question, given various shortage criteria policies, how would these stand up to different plausible climate change scenarios?  This involves defining plausible policy options that may be used to cope with water shortages in the Colorado River basin, defining climate scenarios that describe plausible climate conditions over the next Century, and implementing the policy options and climate scenarios in a decision support model to evaluate the robustness of policy options under a range of climate futures.  Model results will be assessed under a range of development scenarios, ranging from current water use to the upper and lower basin states using all of their apportionment of water.  Environmental requirements for water will be included in the shortage criteria policies.  A key component of this study will be to define objective criteria to quantify the robustness of policy options.  This will be done in collaboration with major Colorado River stakeholders.  An innovative aspect of this proposal is the transfer of our modeling systems to Colorado River stakeholders so they can evaluate plausible policy options themselves.SECTION C - RESULTS FROM PRIOR RESEARCH

"One-way and Two-way coupling of atmospheric and hydrologic models,” Martyn P. Clark (PI), University of Colorado, GAPP Award, 1 September 2001—31 August 2004.

Based on the expectation that global-scale atmospheric models will soon be run at a resolution that allows forecasts of surface climate elements at spatial scales much smaller than the basin size (1000-2000 km2) used in many operational hydrologic applications, we are undertaking an interdisciplinary research project to examine ways in which hydrologic modeling capabilities can be fully integrated within these atmospheric forecast systems.  The research addresses three main questions:

	How accurately do Land Surface Schemes at sub-catchment (<5 km) resolution simulate runoff when run off-line from atmospheric models?

How accurately do nested mesoscale models simulate spatial and temporal variations in surface climate at the sub‑catchment (<5 km) scale?
When nested versions of mesoscale models are coupled with a sophisticated land surface scheme at sub-catchment (<5 km) resolution, how accurate are the simulations of runoff?

Simulations with regional climate version of MM5 (Grell et al. 2000) for the period of October 1994 - September 1999 are nearing completion.  Simulations are performed in three domains with horizontal resolutions of 20, 5 and 1.7 km. The most significant modifications to the standard version of MM5 include new land-surface model Smirnova et al. (2000) and new ensemble based convection parameterization (employed at 20 and 5 km domains, Grell and Devenyi  2002).  Simulations are performed on NOAA/FSL Linux cluster using 64 processors.  Execution times for the whole period for the three domains are 1 week, 3 weeks and 3 months, respectively.
Forcing data from micro-meteorological stations in the Yampa and Walnut River basins have been compiled and quality-controlled.  These data are used to perform off-line simulations with a suite of different land surface models.  We are currently testing the Community Land Model (Dai et al., unpublished) and the catchment-based LSM (Koster et al., 2000), and plan to use the VIC-3L model (Liang et al., 1994) and the MAPS LSM (which is coupled to MMS in the high-resolution regional climate simulations).  LSM simulations are compared against simulations with hydrologic models.  The hydrologic model PRMS has been parameterized and calibrated for the Yampa and Walnut River basins using observed climate data. Quingyun Duan (NWS Office of Hydrology) has provided a version of the Sacramento model (Burnash et al., 1973), and this model has been calibrated and tested in the Walnut River basin.  
Adjustments to PRMS have been made to accept gridded MM5 precipitation, temperature, and solar radiation output at various resolutions.  Initial high-resolution regional climate simulations have been provided for the Yampa River basin to CU and USGS (Martyn Clark and Lauren Hay) by the FSL group, and we have begun initial processing of the MM5 output.

"Development of operational hydrologic forecasting capabilities,” Martyn P. Clark (PI), University of Colorado, GAPP Award, 1 September 2002—31 August 2005.

A three-year research effort has been initiated to improve hydrologic forecast capabilities for several hundred river basins throughout the contiguous USA.  This effort includes three main work elements:

	Re-scale and downscale this NCEP MRF output to local scales in individual river basins;

Assimilate observations of precipitation and temperature (and, in mountainous basins, snow cover) to estimate basin initial conditions; and
	Run hydrologic models in ensemble mode to estimate forecast uncertainty.

For time scales up to two weeks, multi-variate statistical procedures have been developed to downscale output from a fixed version (circa 1998) of the NCEP Medium Range Forecast model to local scales in individual river basins (Clark et al., 2003a, Hay and Clark 2003, Clark et al., 2003b).  This procedure includes the following steps:  (1) output variables from the MRF (e.g., total column precipitable water, 500 hPa height) are used in a forward-screening multiple linear regression equation to forecast precipitation and temperature at individual stations, (2) residuals in the regression equations are modeled stochastically to generate ensemble forecasts, and (3) the resultant ensemble output is re-ordered to preserve the space-time variability in the forecasted precipitation and temperature fields.  We are comparing this method against other downscaling procedures (e.g., simple bias correction, analog approaches).
A spatial weather generator is used to generate synthetic time series of precipitation and temperature for future months (Clark et al., 2003c).  Most existing weather generator methods have problems with under-prediction of precipitation when they are extended to multiple sites (Jothityangkoon et al., 2000; Buishand and Brandsma, 2001; Yates et al., in press).  A new approach for generating weather has been developed as part of this project that preserves the mean, standard deviation, and skewness of the generated precipitation and temperature time series.  The approach also preserves the temporal persistence, and inter-site and inter-variable correlations.  The weather generator is conditioned on climate indices and the official CPC climate outlooks to provide conditioned weather sequences representing estimates of future climate conditions that can be used as input to hydrologic models.
Procedures have been developed to assimilate satellite-derived maps of snow cover into the USGS Precipitation Runoff Modeling System (PRMS) to estimate forecast initial conditions.  Forest cover found in most mountain drainage basins obscures snow cover on ground from satellite sensors.  Any assimilation procedure must account for errors in detection of snow introduced by vegetation and other factors.  The assimilation procedure uses a decision tree approach that incorporates information about vegetation cover, topography and time of year, as well as satellite and model estimates of snow cover to decide whether or not to update model snow cover.  Currently, daily snow maps produced by the National Operational Hydrologic Remote Sensing Center (NOHRSC) of the National Weather Surface at a spatial resolution of 1km on an operational basis are used in assimilation procedures.  NOHRSC snow maps are binary maps showing snow covered and bare pixels.  Assimilation procedures have been tested in headwater basins of the Gunnison River, Colorado.  Incorporating this remote sensing data into a hydrologic model does provide improved estimates of runoff (Barrett et al., in prep).
A multi-objective, step-wise calibration procedure has been developed.  This procedure includes: (1) a multi-objective analysis to determine sensitive model parameters, (2) a calibration of model response to solar radiation, (3) a calibration of model response to potential evapotranspiration, and (4) a multi-objective calibration of model response to measured streamflow (e.g., Yapo et al., 199?).  Sixty-seven basins were chosen for testing. The basins cover a wide variety of different hydro-climatic regimes and have drainage areas <3000km2.  Each basin has current streamflow and climate data and is considered to be relatively free of confounding anthropogenic influences. The basins have been delineated, parameterized, and parameter sensitivity analyses have been run. Model calibrations are currently being conducted.
Future work our related GAPP award will apply multi-model super-ensemble methods to these sixty-seven basins.  The basic idea involves creating multiple hydrologic models by varying model structure and by varying the selection of model parameters.  Variations in model structure can be established by mixing-and-matching existing techniques for simulating components of the hydrologic budget.  For example, one model may include the Precipitation-Runoff Modeling System (PRMS) approach for simulating the snow budget (Leavesley et al., 1983), the Hamon method for computing evapo-transpiration (E-T) (Hamon, 1963), and the NWS “Sacramento” model (Burnash et al., 1973) for simulating surface runoff.  Another model may use the NWS “HYDRO-17" model for simulating the snow budget (Anderson, 1973), the Jensen-Haise method for computing E-T (Jensen and Haise, 1960), and TOPMODEL (Beven and Kirkby, 1979) for simulating surface runoff.  Variations in the parameter set can be established using the method described above.  For a given model structure, all parameter sets that provide adequate simulations of runoff will be retained, and each valid parameter set will be used as the basis for a single model run (a single ensemble member) in the hydrologic forecast system.  We postulate that several model configurations may produce satisfactory simulations of runoff, and when used in an ensemble approach will provide improved hydrologic simulations and guidance on forecast reliability. 
SECTION D - STATEMENT OF WORK


1.  Introduction 

	Many studies project that increased concentrations of atmospheric greenhouse gasses will cause rapid and significant changes to the runoff regime of the Colorado River (e.g., the U.S. National Assessment on climate change).  Projections of temperature include moderate-strong warming (depending on the model), which, if it occurs, will result in earlier melt of the seasonal snowpack and more precipitation falling as rain than as snow (e.g., Hamlet and Lettenmaier, 1999).  Projections of precipitation are very diverse; depending on the model, scenarios of future climate span the range from much wetter, normal, and much drier (Houghton et al., 2001).  Studies of this sort are very useful to identify the existence of a problem—they do not, however, provide guidance on the merits of the different policy options that are available to adapt to climate extremes.  
A common assertion is that if climate scientists can be more specific about future climate conditions, then policy decisions will improve.  Consequently, many federal research programs are devoting their energy to “reducing the uncertainties” of future climate projections (AMS, 2003).  While expensive, reducing uncertainties is a fruitless exercise.  Projections of future climate are necessarily imprecise because of difficulties in forecasting human activity and difficulties in modeling the climate system.  It is essentially impossible to forecast population growth, new technological innovations that may increase or decrease greenhouse gas emissions, the outcome of world conflicts, rates of economic development, and so forth, and yet, projections of future climate depend critically on such changes in human systems and their attendant impacts on the environment.  Furthermore, climate models are a simplification of reality, and many important factors—such as land use effects on climate—are not included.  And we are still ignorant of how particular phenomena such as clouds influence climate system behavior.  The question then becomes:  “What should we do, given that we cannot predict the future?” (Lempert and Schlesinger, 2000).

2.  Crisis in the Colorado River—planning for climate extremes

	The crisis in the Colorado River can be summarized as follows:  California is entitled to 4.4 million acre-feet (MAF) of water from the Colorado River.  California has been using more than this share for many years, and is entitled to do so if there is “surplus” water in the basin or if water is unused by other states.  Other states have not historically used their apportionment of water.  But there is increased development in the upper basin, and Arizona and Nevada are beginning to use their full apportionment, meaning that California cannot continue to rely on surplus water.  There has been an effort recently to reduce California’s use of Colorado River water to 4.4 MAF.  “Surplus criteria” have been designed to address the consumption of Colorado River water by California over and above their compact apportionments.  The new guidelines prescribe a plan for California to reduce its usage to its apportionment over a 15-year period. 
The past few years in which Nevada and Arizona have developed the capacity to take their apportionment has coincided with the development of severe drought. If the drought persists or severe droughts occur in the future, a shortage situation is possible. The Lower Basin and Upper Basin States have historically not used all of their apportionment.  A shortage has never occurred in the Lower Basin, and shortage criteria have not been formally specified. As competition among users for Colorado River water has increased and environmental concerns have come into focus, shortage criteria are needed that can balance consumptive use with ecological needs in times of drought. 
Under the National Environmental Protection Act (NEPA), changes in river system operating policies must undergo assessment for environmental impacts. A NEPA process including Environmental Assessment and Impact Study for shortage criteria is anticipated in the next few years to define and evaluate alternatives for shortage policy. The NEPA process does not typically include analysis of the alternatives with respect to future climate change scenarios, as these scenarios are highly speculative.  However, it is important to examine the robustness of some of these alternatives to a range of future climate scenarios. The results could further inform the process of evaluating the alternative for those stakeholders who wish to consider the possibility of climate change. 
The traditional approach used to select operating policies is to evaluate the robustness of different policies with regard to hydrologic extremes in the recent past (e.g., the past eighty-five years).  Such approaches implicitly assume that climate conditions in the recent past are a good proxy for climate conditions in the future.  Recent scientific findings in climate research indicate that it is likely that future climate will differ from conditions over the past 85 years, although it is not known how it will differ.  The “robustness” of different policy options should be assessed with regard to a wide range of plausible climate extremes.

3.  Research Objective

The objective of this proposal is to evaluate different policy options for adapting to climate extremes in the Colorado River basin.  The proposed work provides a useful alternative to the traditional climate change impact studies.  Instead of focusing on the specific impacts of climate change, we will evaluate the advantages and limitations of different management strategies that can be used by the water sector to adapt to a wide range of climate extremes and societal changes such as population growth.  Such an approach is essential because the traditional impact studies only serve to illuminate a potential problem—careful assessment of policy alternatives is necessary to identify potential solutions.
The proposed research will seek to answer the following question:

Given various shortage criteria policies, how would these stand up to different plausible climate change scenarios?  

The proposed research requires work to define plausible policy options that may be used to cope with water shortages in the Colorado River basin, work to define climate scenarios that describe plausible climate conditions over the next Century, and work to implement the policy options and climate scenarios in a decision support model to evaluate the robustness of policy options under a range of climate futures.  Model results will be assessed under a range of development scenarios, ranging from current water use to the upper and lower basin states using all of their apportionment of water.  Environmental requirements for water will be included in the shortage criteria policies.  A key component of this study will be to define objective criteria to quantify the robustness of policy options.  This will be done in collaboration with major Colorado River stakeholders.  An innovative aspect of this proposal is the transfer of our modeling systems to Colorado River stakeholders so they can evaluate plausible policy options themselves.  A flow chart illustrating the methodology is shown in Figure 1.
	Our project will build upon results from the study of Severe Sustained Drought (SSD) in the Colorado River.  The SSD study was an effort to understand the potential ramifications of severe sustained drought in the Colorado River basin (hydrologic, economic, and social impacts of drought), and to assess potential alternative institutional arrangements for coping with severe sustained drought (Young, 1995).  Significant additions to knowledge and capabilities will come from four areas.  First, our proposed study is not restricted to drought per se (although this will be important), but will examine the hydrologic and institutional impacts of the frequency, magnitude, and duration of climate extremes evident in a range of plausible future climate scenarios.  Second, our study will examine the combined effect of climate and development scenarios.  Third, our study will use operating policies and measures of sensitivity that are defined by stakeholders in the Colorado River basin.  Fourth, and perhaps most important, the modeling tool provided in this study is already used by the major stakeholder groups in the Colorado basin—we will provide hydrologic scenarios and model rulesets to the stakeholders so that they can assess the robustness of operating policies themselves.
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Figure 1.  Proposed methodology.
4. Defining management alternatives in the Colorado River

	The definition of policy alternatives depends on the evolution of the shortage criteria policy process.  Because the timing of the NEPA process is not known and the success of this research does not depend on definition of the final alternatives for the NEPA process, we will work with Reclamation and the stakeholders to define a set of proposed policies that reflect a range of concerns and perspectives. Some of the coping mechanisms and institutional changes identified in the severe sustained drought study (e.g., MacDonnell et al., 1995; Kenney, 1995) may be used in this study, but only if they are seriously considered as real operating possibilities by Reclamation and other Colorado River stakeholders.  Policy alternatives will be modeled in RiverWare along with hydrologic scenarios and may be refined as the shortage criteria policy process evolves.

5. Estimating inflows to major reservoirs in the Colorado River under a wide range of climate scenarios

Providing alternative scenarios of inflows for the major reservoirs in the Colorado River requires two main steps: (i) obtaining plausible scenarios of future climate; (ii) downscaling global climate model output to estimate streamflow.  These steps are described in the following sections:  

Assessment of plausible future scenarios of regional climate.

Climate change scenarios are already available from climate model simulations performed by atmospheric modeling groups around the world.  A climate model is a complex, but necessarily simplified, model of the Earth’s climate system (including the atmosphere, ocean, land, and sea ice).  Climate models are run using observed concentrations of atmospheric greenhouse gasses over the past Century, and then with projected changes in greenhouse gasses over the next century.  They thus provide an estimate of future regional climate (e.g., climate in the 2040’s) based on projected increases in atmospheric concentrations of greenhouse gasses.  
The IPCC (Inter-governmental Panel on Climate Change) currently provides data from seven climate models run by different climate modeling groups around the world (http://ipcc-ddc.cru.uea.ac.uk/asres/sres_climate/sres_home_climate.html):
(1) CCSR from the Center for Climate Research at University of Tokyo, Japan (Abe-Ouchi, A. et al., 1996); (2) CGCM1, the Canadian Global Coupled Model (Flato, et al., 1999); (3) CSIRO-MK2, from Australia (Hirst et al., 1996); (4) ECHAM4 developed in Europe (Roeckner, et al., 1996); (5) GFDL (Manabe et al. 1991; Stouffer et al., 1994); (6) Hadley Center (Cullen, 1993; Johns et al., 1997), and (7) National Centers for Atmospheric Research, NCAR (Washington and Meehl, 1996). The projections from these climate models are widely varied in terms of their precipitation and temperature outlooks until the year 2001. We would select a set of these scenarios and test their performance in terms of robustness criteria (defined in section 7 below) against the baseline scenario typically defined as the 1961-90 averages or the 1990 values.

Translating Climate Change Scenarios to Streamflows 

Output from the climate models includes large-scale atmospheric circulation variables such as winds, pressures, etc. in addition to precipitation and temperature, all on a regular grid covering the entire globe. Thus, we need tools to translate these variables from the climate models to streamflows on the Colorado River basin, reproducing the spatial dependence structure of the flows. To this end, we will use a suite of multivariate data analyses techniques, in particular the following three methods: Principal Component Analysis (PCA) (von Storch and Zweirs, 2001); Singular Value Decompostion (SVD) (Wallace et al., 1992); Canonical Correlation Analysis (CCA) (von Storch and Zweirs, 2001). The statistical relationships between large-scale climate and streamflow will be developed using historical observations of large-scale climate (e.g., the NCEP/NCAR reanalysis), and applied to the seven climate models. To ensure a credible translation of observed relationships in the future projection period, biases in large-scale climate features will be removed before the imposing relationships identified with historical data (e.g., by removing the difference in 500 hPa height in a given model’s simulation of current climate).  
These methods in general, seek to identify dominant (linear) relationships between multivariate data sets – in this case they will be large-scale circulation variables over Northern hemisphere and the streamflows on the Colorado River basin. Recent developments in nonparametric methods provide the ability to capture nonlinear features as well. In this regard we will use Projection Pursuit Regression (PPR) (Freidman and Stuetzle, 1981) and nearest-neighbor bootstrap methods (Lall and Sharma, 1996; Yates et al., in press; DeSouza and Lall, in press).  These non-linear methods will be applied in this study as well.  The idea behind using different statistical methods is to generate multiple ensembles with different climate models and downscaling methods to identify the range of possible climate futures.
 	One of the key aspects is decadal variability, which will also be investigated. Here we will perform the multivariate analyses (described above) over different epochs – e.g. pre 1975 and post 1975. Such an epochal analysis will help understand the inter-decadal variability of the streamflows, their relationships to large-scale clime and also the models’ ability to capture these variability. Furthermore, this information will be used in future streamflow simulations, in particular, in the nearest neighbor resampling approach.
Since the streamflows are generated for the entire basin, summability criteria has to be satisfied – i.e. the flows at the downstream end of the basin should be a sum of all the upstream flows. Hydrologists have worked on this problem for decades and have developed disaggregation techniques (Bras and Iturbe, 1985) to ensure summability and also spatial dependence. We will use these techniques with the simulate ensembles from the methods described above. All of the above methods and techniques have been developed and well tested on a wide range of applications over the past several decades, and are readily available. Furthermore, the PIs have extensive experience working with these techniques. 




6. Implementing the management alternatives and hydro-climate scenarios in RiverWare

RiverWare is a river and reservoir operations modeling tool developed at the University of Colorado Center for Advanced Decision Support for Water and Environmental Systems (CU-CADWES) under sponsorship of the Bureau of Reclamation and TVA (Zagona et al., 2001). RiverWare was designed and developed to be a generalized tool that can be applied on any river/reservoir system. It’s primary advantage over older modeling tools is that operating policies are data, input by a modeler, and able to be viewed, easily modified and evaluated. With this in mind, Reclamation replaced its Colorado River monthly planning model (Colorado River Simulation System (CRSS), a Fortran model developed in the 1970’s and 80’s), with a RiverWare model of the system (Fulp and Harkins, 2000). This RiverWare version of CRSS has been used by Reclamation to formulate the annual operating plan of the river, to schedule monthly operations on the Upper and Lower Basins, and to evaluate alternatives for two EIS studies: the Lower Colorado River Multi-Species Conservation Program and the Colorado River Interim Surplus Criteria. 
In rule-based simulation mode, RiverWare requires hydrologic inflows and demands as input data, as well as the rules that prescribe reservoir releases and deliveries based on available water, forecasts and accepted policy logic. CRSS is a monthly-timestep planning model in RiverWare as in the older Fortran version. The operating policies, know as the “Law of the River,” have been expressed with a monthly timestep perspective, and much of the historical flow and demand data are available at a monthly timestep. For planning studies, the model is run with 85 hydrologic traces, each a permutation of the 85 years of historic flow data. Probabalistic outputs are calculated from the results of these runs. 
The CRSS model is large and the sequence of planning runs takes several hours to execute. A simplified annual timestep model is under development at CADSWES, funded by Reclamation and a group of Lower Colorado Basin stakeholders. It will simplify the representation of the upper basin storage and inflows and convert the logic of the operations of Powell and Hoover to annual timestep. The simplified CRSS will be used as a “screening” tool for planning and policy evaluation scenarios by the stakeholders and Reclamation, particularly on the Lower Colorado. It would be particularly useful for exploring shortage criteria policy alternatives in the Lower Basin. It is proposed that the simplified CRSS model be used for this research to determine how well various shortage policies and magnitudes of Upper Basin development stand up to a range of climate scenarios. 
The RiverWare runs will be configured to consider  
	A range of inflows scenarios in the Upper Basin (derived from the climate change scenarios);

Several levels of future development (demand) in the Upper Basin;
Several management strategies in the Lower Basin.
 
The results of the runs will indicate how robust the various management strategies are with respect to climate scenarios and levels of Upper Basin development.

7. Assessment of Model Output

7.1 Metrics of robustness:  Reliability, Vulnerability, and Resilience

	Reliability is the probability or frequency that a system is in a satisfactory state.  It is equal to 1-risk or probability of failure.  This measure is used most often when describing the security of a water supply system.  Failure or success must be defined such that the system is in the state of one or the other, without a measure of magnitude (Hashimoto et. al., 1982).  For example, reliability is the potential for a reservoir to remain at a specified operational level, for a given time period, that would ensure no water shortage.  Reliability can give the overall system performance over time by accounting for the potential of a water supply system to remain in a satisfactory state for a given operation period under specified operation conditions (Merabtene et. al., 2002).  Therefore, reliability is arbitrary because its measurement greatly depends on determining the specified operating conditions that define success, and this could be different for every city’s water supply system.  Reliability does not include context, however, where some risk might be worse than others (Blockley and Heslop, 2001).  To determine the measure of failure, one needs to look at vulnerability.
	Vulnerability is equal to the likely magnitude of failure, if one occurs.  Its measurement gives the susceptibility to wounding, in a particular context (Blockley and Heslop, 2001).  With reservoir operation, for example, vulnerability is the magnitude of the largest deficit during a period of operation (Moy et. al., 1986).  Or for a city’s water supply system, vulnerability can be a measure of the risk impact and severity level of water shortage at social and economic levels (Merabtene et. al., 2002), for instance what kind of restrictions were necessary to overcome the last water shortage.  It results in an understanding of the level of exposure of the water supply system to the various hazards identified (Merabtene et. al., 2002).  Therefore, “a proper evaluation of the degree of vulnerability requires an understanding of the physical performance of each component of the system under normal and drought conditions, and knowledge of the levels of acceptable water shortage (Merabtene et. al., 2002).”  This also requires a description of cause and effect links (Merabtene et. al., 2002) between the cause of a water shortage and the effects on the community, specifically the sacrifices necessary to increase water supply again.  One way to measure social vulnerability to drought is to weigh values that reflect the significance and acceptability of the risks associated with an individual component of the water supply system, as well as the performance of the entire system (Merabtene et. al., 2002).  It is important to assess the consequences of the failure of different system components separately and together to get a total view of the vulnerability.  
	While vulnerability can describe the magnitude of a system failure, resiliency describes how quickly a system is likely to recover or bounce back from failure (Hashimoto et. al., 1982).  The measurement of resiliency for a water supply system requires a definition of time periods, and then it gives the probability of recovery from failure within a specified time period or the maximum number of consecutive periods of shortage before recovery (Moy et. al., 1986).  Resiliency is a very important factor in the determination of a water supply system’s overall vulnerability to drought.  There is a difference between the operation of a system that experiences large droughts, but usually recovers very fast, and the operation of a system experiences minor water shortages that last for years.

Use of operational thresholds to define the robustness criteria

Together reliability, vulnerability, and resilience can be used to define the weakness, or robustness of a water supply and distribution system.  These measures are however very sensitive to (1) the variables that are used in the assessment (e.g., the elevation of a major storage reservoir; the percentage of agricultural water needs that are satisfied), and (2) the threshold that is used to define each measure.  For a system as large as the Colorado River, many different variables and thresholds can be used to define system robustness, meaning that the conclusions that are reached in this study may depend on the specification of the criteria used to define robustness.  
For our first efforts we will use the thresholds used in Colorado River operations to define robustness.  For example some of the present key flow criteria for operation and planning purposes include, (1) releases from reservoirs above Lake Powell should meet monthly storage targets or downstream demands, whichever is greater; (2) Lake Powell requires an objective minimum release of 8.23 MAF over each water year; (3) Lake Mead is operated to meet downstream demands, and releases may be increased based on flood control operations in effect during different times of the year; (4) no established shortage criteria for the Lower Basin. This proposal aims to test the robustness of these operational criteria and criteria developed from stakeholder participation, for future streamflow simulations derived under prescribed climate change scenarios. 

Involvement of users to define criteria for defining robustness

It is not clear, a priori, if the operational thresholds will have meaning for all of the major stakeholder groups dependent on Colorado River water.  It is also not clear if the current operational thresholds will have meaning under all alternative operating policies we plan to examine.  To address this issue, we propose to hold a workshop with the major stakeholders in the final year of the project.  In this workshop we will present the results from the RiverWare simulations, and outline the default methods we have been using to assess the robustness of alternative operating policies.  We will then assess input from workshop participants on other criteria to assess robustness, include these new metrics “on-the-fly” at the workshop, and present results of the new assessment to workshop participants.  We will repeat this step a second time—refining the assessment criteria and providing new results to the workshop participants—and we will follow-up with participants after the workshop to incorporate other assessment criteria that were not considered at the workshop.  This workshop can be considered a first step in technology transfer (described below). 

Technology Transfer
 
Given the dependence of the project conclusions to the perspective and interpretation of different stakeholders, we believe that this study will be much more useful if our modeling tools are made available to Colorado River stakeholders.  To this end, we plan a second workshop that will be devoted to training Colorado River stakeholders on the use of the modeling system.  All streamflow scenarios, development scenarios, and policy alternatives will be packaged as part of the modeling system.  Model users will have a choice of the robustness criteria—as identified as part of the previous workshop—that they can use to assess the specific impacts of different policies on their organization.

8.  Relevance to HD 

Adaptation is the covenant that 
all successful organisms sign with the dry country
—Wallace Stegner

A key priority for NOAA-OGP Human Dimensions research in FY 2004 is Adaptation, which has been included to answer the following questions:

What adaptation strategies have proven most successful in addressing resiliency simultaneously for short-term extreme events and seasonal to inter-decadal variability?  How could these strategies be useful for the impacts of long-term climate trends?  Where are these strategies at odds?  How can we use this knowledge to increase the resiliency of human systems to both short-term events and long-term change?
 
The core focus of our proposed project is to assess what range of policies can be used to sustain current and anticipated rates of development in the Colorado River basin (including an assessment of the attendant impacts on the agricultural sector and the environment), under different climate scenarios across multiple time scales.  These policies are being adopted to adapt to the combined impacts of climate change and development.  Our proposed project uses decision support models to assess which policy options (“adaptation strategies”) are most robust to climate extremes on multiple time scales, and thus directly addresses the questions defined above.  

9.  Workplan

Year One
 Defining management alternatives in the Colorado River
Project Lead:	Edith Zagona
Resources:	1 month, Edith Zagona
		½ month, Roger Pielke Jr.
 Estimating inflows to major reservoirs in the Colorado River under a wide range of climate scenarios
Project Lead:	Martyn Clark
Resources:	3 months, Martyn Clark
3 months, Subhrendu Gangopadhyay
¾ month, Balaji Rajagopalan
Year Two
 Implementing the management alternatives and hydro-climate scenarios in RiverWare
Project Lead:	Edith Zagona
Resources:	1 month, Edith Zagona
		¼ month, Roger Pielke Jr.
		M.S. student, full effort
		1 ½ months, Martyn Clark
		1 month, Subhrendu Gangopadhyay
Year Three
Assessment of model output
Project Lead:	Martyn Clark
Resources:	1 month, Martyn Clark
		¼ month, Roger Pielke Jr.
1 month, Subhrendu Gangopadhyay 
½ month, Edith Zagona
		M.S. student, half effort		
Technology Transfer
Project Lead:	Edith Zagona
Resources:	½ month, Edith Zagona
		M.S. student, half effort
		½ month, Martyn Clark

10.  Summary 

The hydrology of the Colorado River Basin has been quite variable over period of record, roughly a century. Managing the river requires an understanding of the range of variability of the hydrology and a means of predicting possible future hydrologic scenarios. This is done in the Colorado Basin by using the historic record to generate possible future hydrologic sequences. However, many studies demonstrate that the hydrology in the coming century is likely to vary considerably from the past century. These studies predict that increased concentrations of atmospheric greenhouse gases will cause rapid and significant changes of the runoff regime of the Colorado River. Projections of temperature include moderate to strong warming resulting in earlier snowpack melt and more precipitation as rain than snow. Projections of precipitation are very diverse, ranging from much wetter, to normal to drier. 
Managers and stakeholders of the Colorado River have recently studied changes in operating criteria for surplus situations and to enhance protection of endangered species.  It is likely that in the next few years, criteria for shortages will be necessary. Shortage criteria must balance consumptive use needs with the ecological needs of the river during dry periods. As in the past, the policy evaluation procedure will most likely use the past century’s hydrology as the basis for future hydrologic scenarios. This proposed study will investigate how robust various hypothetical shortage policies would be to a range of possible future climate scenarios, considering a range of climate scenarios generated by the global climate models.
	The major work elements are as follows:
Year 1
Estimate inflows to major reservoirs in the Colorado River Basin under a wide range of climate scenarios. This involves obtaining plausible future scenarios of regional climate from atmospheric modeling groups, and downscaling the model outputs to local scales of interest in the basin.
	Develop a set of hypothetical management plans for shortage situations that include a wide range of objectives and alternatives. These scenarios will be developed with consideration to all the operating objectives currently in place and anticipated in the future. Input from managers and stakeholders on the Colorado River is necessary in order to define plans that address objectives.
Year 2
Implement the management alternatives and hydro-climate scenarios in RiverWare. We will use of the annual timestep CRSS model to be developed under funding from Reclamation and various stakeholder groups. 
Perform RiverWare runs with the management alternatives, varying the future climate scenarios, and also considering various levels of future development in the Upper Basin.
Year 3
Assessment Model Output. The alternatives will be evaluated on the basis of reliability, vulnerability (likely magnitude of failure, if failure occurs), and resiliency (how quickly a system is likely to recover from failure).
	Technology Transfer. Provide the model data and rulesets with the various management plans to managers and stakeholder so they can use the information in their own subsequent studies if desired. 
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