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3.0 Methodology 

This chapter outlines the methodology we have used, and includes the data sources, a description 
of the various components of the model, as well as a description of the integrated modeling 
framework. 

3.1 Data Sources for Integrated Modeling 

3.1.1 Climate 

3.1.1.1 Historical Climate Scenario 

Climate information is one of the primary drivers of the hydrologic model.  The model requires 
precipitation and temperature data at a daily time step.  In addition, surface wind speed data, 
downward short and long wave radiation and vapor pressure deficit are required.  We use the 
gridded datasets at 1/16 degree spatial resolution created by Elsner et al. (2010).  The gridded 
dataset for temperature and precipitation is based on methods outlined in Maurer et al. (2002) 
and Hamlet et al. (2005) and accounts for correction for important systematic biases, such as the 
influence of orography when gridding temperature and precipitation observations.  Wind speed 
values are based on the National Centers for Environmental Prediction-National Center for 
Atmospheric Research (NCEP-NCAR) reanalysis products (Kalnay et al. 1996).  Other variables 
were derived from the daily temperature range or mean temperature as described in Maurer et al. 
(2002). 

3.1.1.2 Future Climate Scenarios 

The Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4) 
archived results for 21 Global Climate Models (GCM) for multiple greenhouse gas emission 
scenarios (Mote and Salathe 2010).  Mote and Salathe (2010) compared the performance of the 
GCMs over the Pacific Norwest area and concluded that all the GCMs have precipitation and 
temperature biases and there is no one GCM that is ideal for the area.  Therefore we decided to 
use 5 different GCM/emission scenario combinations based on discussions in Mote and Salathe 
(2010) such that they captured the entire spread of temperature and precipitation change 
projections for the area for the 2030s.  This includes four GCM/emission scenario combinations 
that represent the four possible combinations of extremes in projected P and T changes as well as 
a GCM/emission scenario combination (PCM1 B1, IPSL A1B, CCSM3 B1, CGCM3.1 t47 B1) 
that represents the central tendency (HADCM B1).  The GCM results were downscaled to the 
1/16th degree resolution and the hybrid-delta change method (see Elsner et al. 2010 for details) 
was applied to them create gridded data products for the 2030s for the five future climate 
scenarios.  The Elsner et al. (2010) downscaled data were created for the 2030s for this project 
by the University of Washington Climate Impacts Group. 
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3.1.2 Land Cover 

Land cover and its parameterization are important drivers of evapotranspiration, interception, 
infiltration and the runoff components of the hydrologic cycle.  Elsner et al. (2010) used land 
cover classification derived from Maurer et al. (2002) for running the Variable Infiltration 
Capacity (VIC) model (which is described in detail below) over the PNW (Table 6).  This dataset 
was based on the University of Maryland global vegetation classification dataset (Hansen et al. 
2000) and is described in Maurer et al. (2002).  For each of the 1/16th degree grid cells, 
proportions of vegetation classes (Table 6) within the grid cell were provided.  When the 
proportions did not add up to one, the remaining fraction was treated within VIC as bare soil.  
The original land use classification used by VIC (before our coupling of it to CropSyst) has only 
one class categorized as cropland and is parameterized as corn.  For incorporating crops into the 
modeling framework (described in more detail below), we extended the VIC land use data to 
include a full range of crop types (Table 7).  The complete list of specific crops is given in Table 
8. 

The crop land data layers from a) the Washington State Department of Agriculture (WSDA) 
[dataset of year 2008] and b) the United States Department of Agriculture (USDA) [dataset of 
year 2009] were used to identify crop distributions within each VIC grid cell in the US.  For the 
Canadian part of the Columbia River basin, the crop model was not invoked and we retained the 
Elsner et al. (2010) land cover characterization. 

Table 6.  Vegetation classes in the original VIC implementation 
Class number Vegetation class 
1 Evergreen Needleleaf 
2 Evergreen Broadleaf 
3 Deciduous Needleleaf 
4 Deciduous Broadleaf 
5 Mixed Cover 
6 Woodland 
7 Wooded Grasslands 
8 Closed Shrublands 
9 Open Shrublands 
10 Grasslands 
11 Crop land (corn) 
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Table 7.  The crops selected for simulation by VIC-CropSyst 
Main crops Generic 

vegetables 
Lentil/ 
wheat/ 
cereal types 

Berries Other 
pastures 

Other 
fruit 
trees 

Winter Wheat Lentil Onions Oats Caneberry Grass hay Pear 
Spring Wheat Mint Asparagus Bean, green Blueberry Bluegrass Peaches 
Alfalfa Hops Carrots Rye Cranberry Hay   
Barley Grape, Juice Squash Barley   Rye grass   

Potato 
Grape, 
Wine Garlic Bean, dry       

Corn Pea, Green Spinach Bean, green       
Corn, Sweet Pea, Dry           
Pasture Sugarbeet           
Apple Canola           
Cherry             

 

3.1.2.1 Washington State Department of Agriculture Information 

The cropland data layer from the WSDA is the primary source of crop distribution information 
within Washington state (Figure 14), and is more detailed than the USDA dataset for crop 
distribution within Washington.  This dataset also provides information on irrigation method, 
crop rotation (if used) and the dates of survey.  The information on irrigation methods was used 
in the new land cover characterization to identify whether or not the crop was irrigated.  
Information on irrigation efficiencies from other sources (National Agricultural Statistics Service 
(NASS) and irrigation guide books) was then assigned to these irrigation methods.  This allowed 
us to estimate on-field irrigation water losses within Washington state.   
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Figure 14.  Cropland data layer from WSDA (within Washington state) and USDA (other states).  
No crops were simulated in the Canadian portion of the Columbia River basin; this portion was 
simulated using the original VIC land cover parameters (Table 6). 

3.1.2.2 United States Department of Agriculture (USDA) Information 

The cropland data layer from USDA is a nation-wide dataset based on the National Land Cover 
Dataset (NLCD) from the US geological Survey (USGS).  It is derived by re-classifying the crop 
class within the NLCD data into more refined crop classes.  This dataset was used in this project 
to derive crop distribution in the US part of the Columbia River basin outside of Washington.  
This however does not have information on irrigation methods and we used simple rules to 
irrigate crops outside of Washington state.  High value crops such as corn, fruit crops, potato 
were always irrigated and other crops were never irrigated.  The irrigation methods were 
assigned based on the most dominant type of irrigation for the crop in the WSDA dataset.  For 
example, if sprinkler was the dominant irrigation type for potato in Washington, potato was 
always irrigated by sprinkler method outside of Washington also. 

3.1.2.3 Crop Yield 

The National Agricultural Statistics Service (NASS) provides yield statistics by crop and for 
each county; we used this information to calibrate simulated yields as described in Section 
3.4.8.2.  We used yield data for the period of 1997 to 2006. 
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3.1.2.4 CropSyst Parameters for Crops 

CropSyst crop parameters describe phenology, canopy growth, transpiration, biomass production 
and yield.  Parameters were provided for a basic set of crops, as shown in Appendix A.  These 
parameters are based on well-known values from model applications in the region and elsewhere 
in the world for the last 15 years.  Other crops were described by approximation to the basic set.  
Biomass production and yield information for other crops that have small production acreage 
were not readily available.  For these crops, the primary parameterization emphasis was on 
canopy cover and water use by approximation to crops in the basic set and thus yield outputs for 
these crops should not be considered definitive. 

3.1.3 Soils  

3.1.3.1 VIC Soils  
For soil characteristics, we used the gridded 1/16th degree resolution soil file developed by Elsner 
(2010) which is based on Maurer (2002) which in turn is based on gridded datasets developed as 
part of the Land Data Assimilation System (LDAS; Mitchell et al. 1999) project. 

3.1.3.2 CropSyst Soils 
The original soil hydraulic properties data (used by the VIC model) were found to be 
incompatible with crop growth simulation as there was a uniform distribution of a few key soil 
parameters for each of the three VIC soil moisture layers.  Crop growth algorithms are relatively 
sensitive to this vertical distribution.  Therefore, the soil parameter import utility included in the 
CropSyst Suite software package was used to generate CropSyst soil parameters.  The soil 
properties were taken from the STATSGO2 soil survey database provided by the USDA NRCS.  
(http://soils.usda.gov/survey/geography/statsgo).  The predominate agricultural soil component 
occurring at the centroid of each cell of the study area grid was selected as the representative soil 
description for the entire cell.  When the centroid fell in water, urban areas, or non-agricultural 
land, then soil data from the nearest adjacent cell were used.   

3.1.4 Water Management 

3.1.4.1 Water Rights 

This information was available to us for the Washington state portion of the study area only; we 
used the Washington Department of Ecology water rights database.  The database has 
information related to the water right priority date, purpose of use, appropriated water amount, 
point of withdrawal/diversions and the place of use of the water right.  We used this information 
primarily to model the curtailment process of water rights.  Curtailment or interruption of certain 
water rights happens when there is insufficient water to meet all demands including instream 
flow demands.  The Department of Ecology provided us a list of interruptible water rights along 
the Columbia mainstem, Snake River, three Water Resources Inventory Areas (WRIAs) in the 
central Washington region (Methow, Okanogan, Wenatchee) and three WRIAs in the Eastern 
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Washington Region (Walla Walla, Little Spokane and Colville).  We used this list in conjunction 
with the water rights database to locate the grid cells that rely on interruptible water rights 
(Figure 15).  The interruptible water rights include both surface and groundwater rights.  
However, for this study we modeled curtailment of surface water rights only.  Figure 15 does not 
show proratable cells in Yakima.  In the absence of reliable information for the Yakima 
currently, we apply prorationing in Yakima over all grid cells. 

 

Figure 15.  Places of use of interruptible water right holders in Washington. 

3.1.4.2 Instream Flow Rules 

Instream flow rules at different locations in Washington state were used to determine whether or 
not there is a need to curtail interruptible water right holders.  Interruptible water rights are those 
that can be curtailed in low flow years.  The instream flow targets, on which curtailment 
decisions are made, may be based on Washington Administrative Codes (WAC) or low flow 
provisions inserted into individual water rights called Surface Water Source Limitations 
(SWSL).  Tables related to WAC rules for all locations along the Columbia mainstem and 
tributaries can be found in Appendix B.  Because it was not feasible for us to read low flow 
provisions related to SWSLs from each individual water right, we assumed that they correspond 
with WAC rules.  In the WRIAs belonging to the Yakima region, interruption of rights is based 
on a different mechanism.  Instead of the binary “water on/water off” process in other areas, the 
Yakima follows a system of prorationing of interruptible water right holders.  We followed the 
details provided in USBR (2002) to account for this.  Prorationing is based on the calculation of 
the Total Water Supply Available (TWSA) every year.  This includes streamflow, usable return 
flows, and reservoir storage.  The level of proration is determined by matching the TWSA 
against demand as detailed in USBR (2002). 
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3.1.4.3 Reservoir Operations 

The reservoir operation rules for the Columbia mainstem are exactly as used by Hamlet et al. 
(1999).  Reservoir operation rules in Yakima are simplified rules based on (USBR 2002) as 
described in Section 3.4.4.3 below. 

3.1.5 Streamflow 

3.1.5.1 Naturalized Flows 

We follow a methodology of bias correcting simulated stream flow data to adjust for model bias 
as described in Section 3.4.6.1 below.  To bias correct simulated streamflows, we need 
“naturalized” or “reconstructed” stream flows for which the effects of human intervention have 
been removed from observed flows.  This information was collected from several sources for 
148 stations in the Columbia River basin by the University of Washington’s Climate Impacts 
Group (UW CIG) and used by Elsner (2010) and for this study.  For locations where this 
information is not available, it was not possible to perform bias correction. 

3.1.6 Diversions 

Year 2008, 2009 and 2010 irrigation diversion data for Bank’s lake, which supplies water to the 
Columbia Basin Project area in central Washington, were provided to us by the Washington 
Department of Ecology.  This was used a benchmark to verify VIC-CropSyst simulated irrigated 
demand and to get an estimate of channel conveyance losses. 

3.1.7 Municipal Demand 

3.1.7.1 Municipal Data Sources 

Municipal forecasting in Washington state relied on data from water system plans submitted to 
the Washington State Department of Health from the one to three largest public water systems in 
each WRIA.  These plans generally captured a majority of residents in a WRIA.  For those 
municipalities where data allowed, municipally-supplied industrial growth was also included, 
and was assumed to occur at the same rate as population growth, based on the difficulty of 
accurately forecasting industrial use using other methods.1

                                                 
 

1 Not all water supply plans include industrial use information; therefore, this could not be included for all WRIAs.   

  Self-supplied industries were outside 
the scope of this Forecast.  One challenge was that the water system plans were developed across 
a variety of years so consistent years of analysis were developed.  The year 2000 was used to 
provide a common base so populations and supplies were scaled.  Projecting forward to 2010 
caused a small (0.3%) difference between OFM total County level population figures and our 
population estimates. 
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Using county-level population estimates obtained from the Washington State Office of Financial 
Management (www.ofm.wa.gov/pop/gma), city populations were counted in their primary 
WRIA, while projected county-level population growth outside of cities was distributed evenly 
by WRIA.  By subtracting major urban area population from the total population and dividing by 
the county area, average rural densities for each county could be determined.  Many of the 2030 
urban area populations were estimates based on OFM county growth projections as specific 
growth rates for smaller communities were generally unavailable except when specifically 
discussed in the water system plans.  Overlaying and summing the appropriate WRIA areas on 
top of the contributing county areas in GIS allowed “rural” WRIA populations to be determined.  
Urban populations were added according to their geographic location so total population could 
be determined. 

3.1.7.2 Per Capita Water Usage 

These figures were used to compute an Average Daily Demand (ADD) in terms of gallons per 
capita per day (gpcd).  In some instances, diversions were much higher because of system leaks.  
Calculations of total WRIA water demand assumed that all people in the WRIA would use the 
average demand of nearby municipalities.   

3.1.7.3 Consumptive Use and Waste Water Treatment Plant Return Flows  

Consumptive use was estimated by examining the difference between water diversions and 
discharges at corresponding wastewater treatment plants (WWTP).  This approach has been used 
by others while recognizing the potential for discrepancies due to municipal inflow and 
infiltration.  Evidence from other western locations shows that loss or addition of flow due to 
ground water exchanges in aging wastewater collection systems can be significant.  The Utah 
Division of Water Resources has traditionally estimated the fraction between winter (indoor) 
water diversions and wastewater discharges to be approximately 0.90 (Oregon uses 0.80-0.90) 
(Cooper 2002).  However, a study of 52 municipal systems in Utah found great variability in this 
ratio (Hughes 1996).  Among the 52 municipal systems 63% suffered from excess infiltration or 
exfiltration, with 17 ratios greater than 1.0 and 16 ratios less than 0.70.  The remaining systems 
averaged a supply/effluent ratio of 0.83 during the winter.  Similar analysis of summer flows 
revealed a return flow ratio of 0.51 indicating nearly half the flow is used for outside irrigation 
(Hughes 1996).   

In our analysis, 28 of 34 WRIA produced values where wastewater treatment plant discharges 
were less than diverted amounts, producing positive consumptive use values.  The average of the 
28 positive values was substituted for the six negative values when calculating consumptive uses. 

3.1.7.4 Integration with VIC-CropSyst Modeling 

Municipal demands were incorporated into modeling of water supply and agricultural water 
demand by withdrawing consumptive demands from the surface water system when water 
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system plans or other evidence confirmed that municipal systems were supplied by surface 
water, or by ground water in close hydraulic continuity with surface water supplies. 

Growth in rural demand will likely be met by ground water supplies, but it was assumed that 
domestic wells would be shallow enough to impact surface water flows.  Because municipal 
systems account for only about 10% of consumptive water use in the Columbia River Basin 
(Lane 2009), economic scenario analysis (to explore the impacts of variations in economic 
growth and trade on water demand) was not carried out for the municipal forecasting. 

3.2 Economic Forecasting  

Changes in agricultural production and the demand for water for irrigation in the future will 
depend on factors internal and external to Washington.  A set of economic scenarios were 
developed to forecast these changes.  A range of methodologies grounded in basic economic 
concepts were used to explore these scenarios.  The fundamental economic framework of supply, 
demand, and market equilibrium serve as the starting point.  A market equilibrium consists of 
market clearing prices and quantities where all goods produced are sold.  Supply and demand 
schedules show the relationship between price, quantity supplied, and quantity demanded of a 
good by producers and consumers.  The concept of an equilibrium means that given current 
conditions, the market has settled on a particular price and quantity which will not change unless 
something shifts supply or demand schedules such as income, population, production 
technologies, or resource constraints. 

Putting these relationships into mathematical terms, a market is defined by three relationships: 
supply, demand, and a market clearing condition. 

( )
( )
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, :  Supply

:  Market Clearing

d

s

d s

Q D P

Q S P

Q Q Q

=

=

= =

Z

W

 

Demand is a function of prices and a vector of exogenous demand shifters Z.  Supply is a 
function of prices and a vector of exogenous supply shifters W.  The region is the state of 
Washington so that state production is equal to state consumption plus exports to other states and 
countries minus imports.  The objective is to identify a new market equilibrium representing 
future macroeconomic and biophysical conditions circa 2030.  Displacement from the current 
equilibrium condition occurs due to changes in the exogenous factors.  Because agriculture is a 
small part of the total national economy in the U.S., it is safe assume that income for most 
households does not depend on agriculture.  The same is true for population.  Factors that affect 
supply but are exogenous to the regional agriculture economy are primarily related to climate.  
These relationships can be expressed in the form of equilibrium displacement by transforming 
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the above equations into total log differentials where, for example * lnP dP P d P= =  represents 
the percentage change in price (Davis and Espinoza, 1999). 

* * *

* * *

* *

d d

s s

d s

Q P
Q P
Q Q

η

η

= +

= +

=

Z

W

η Z
η W   

The parameters dη  and sη  represent own-price demand and supply elasticities while Zη  and 
Wη  are vectors of elasticities for the exogenous shifters.  All together these are the structural 

parameters.  Solving for the reduced form equations makes it possible to calculate percent 
changes in prices and quantities due to changes in exogenous factors.  The reduced form 
equations are found by writing price and quantity as functions of the exogenous variables. 
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The parameters π  are the reduced form elasticities.  Changes in the exogenous variables are 
constants that are based on forecasts or projections that depend on factors outside of the regional 
agriculture economy.  Price and quantity are both positively related to the magnitude of the 
elasticities of the exogenous demand shifting factors but are negatively related to the magnitude 
of the exogenous supply shifting factors.  If incomes or population increase then consumption 
will increase inducing an increase in equilibrium price and quantity.  The increase in price 
stimulates increased production, the magnitude of which depends on the supply elasticity and the 
price change.  Ignoring any shifts in the supply schedule, which makes the first quantity in the 
equations above zero, helps in deriving a few key relationships.  Highly elastic demand and 
supply schedules result in large changes in quantity relative to price changes while very inelastic 
demand and supply schedules lead to large changes in price and relatively smaller changes in 
quantity.  Food demand tends to be inelastic.  Higher income elasticities and larger changes in 
income lead to larger changes in equilibrium prices and quantities, all other things equal.   

The equilibrium displacement equations can be indexed to explicitly account for trade where 
good i is exported from producing country j to importing country k (Mutondo et al., 2009)  

* * *
d dK
ijj ijks d d

ij ijj ijks s
k jij ij

Q Q
Q Q Q

Q Q≠

= +∑ . 

This simply shows that the percent change in supply in the exporting country is related to the 
percentage change in demand in the importing country multiplied by the share of production in 
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country j exported to country k.  It was beyond the scope of this project to explicitly model shifts 
in exogenous factors in importing countries because of data limitations and the number of good 
and country combinations.  Instead, historical state level total exports by crop type are used to 
specify reduced form relationships that are used to forecast future changes in exports.   

This framework does make restrictive assumptions which are summarized by Harrington and 
Dubman (2008).  It lacks the richness of other economic modeling frameworks such as partial 
equilibrium and computable general equilibrium models.  These other approaches were not 
feasible for this project because of the time and effort required to integrate with the biophysical 
modeling and water rights data.  The strength of this framework is that it makes it possible to 
look at the impact of changes in underlying economic factors like income growth on regional 
agricultural production in a simple and transparent way. 

3.2.1 Global vs. Regional Commodities 

3.2.1.1 Global Commodities 

Figure 16 compares the change in price and quantity from (P1, Q1) when supply is unit elastic 
(P2, Q2) and inelastic (P2, Q3) in response to an upward shift in demand that is perfectly elastic.  
The case of perfectly elastic demand applies to goods where any additional supply produced 
within the region can be absorbed by demand without a change in price.  This is the case for the 
global commodities like wheat where Washington produces only a small portion of the global 
total and markets clear globally thanks to extensive trade and generally uniform quality.  In terms 
of the original supply equation, * * *s sQ Pη= + Wη W , price can be assumed to be exogenous for 
these crops.  In response to a given price change the response in Washington production is 
greater if the regional supply curve is relatively more elastic (Q2) than inelastic (Q3).  For these 
crops regional production simply responds to global prices, so two pieces of information are used 
to forecast future production: forecast of future prices and supply elasticities.   
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Figure 16.  Supply and demand for global commodities. 

Global commodity prices are determined by underlying structural relationships that determine 
supply and demand schedules, however, these are exceedingly complex because of the need to 
consider macroeconomic conditions, exogenous changes to supply and demand across a large 
number of countries, and barriers to trade.  Considering these factors for each of the global 
commodities is beyond the scope of this report so we use historical price trends to forecast future 
prices and consult other forecasts that consider these issues in more detail.  A fairly consistent 
conclusion across long-range forecasts is that major grain prices will fall slightly from current 
levels but will remain above historical averages (USDA, 2011).  This slight reversal from recent 
price spikes has been conjectured to be the result of a slowing of the growth of crop use for 
biofuels, less frequent negative weather induced supply shocks to major wheat growing regions, 
and increased production stimulated by higher prices.   

A common assumption within the equilibrium displacement framework in studies of US 
agriculture is to assume a supply elasticity of 1.0 for crop commodities.  Sumner (2006) assumed 
a supply elasticity of 1.0 for corn, wheat, rice, and soybeans.  For the rest of the world values 
were assumed to be in a range between 0.2 and 0.5.  Harrington and Dubner (2010) compare 
their own model calibration to other studies and find that the assumption of supply response of 
1.0 to be reasonable, although they warn that this assumption should be considered carefully.  
Their estimates of acreage responses cluster around 0.3 with higher values just above 1.0 and 
lower values near zero.   

An econometric model of partial acreage adjustment was estimated for crops in Washington to 
provide estimates of supply response which were compared against other studies.  Changes in 
plantings are assumed to be a function of the previous year’s acreage and previous years’ price 
movements. 
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Uncertainty is always involved in these sorts of estimates, although there is general agreement on 
conceivable ranges.  Sensitivity analysis is performed to provide estimates of how much results 
would change if alternative values were used.  As an example, if wheat prices are expected to 
increase by 5% and the acreage response for wheat in Washington is 0.33, then production from 
additional land being used for wheat production in the region would be  

( )* * 0.3 0.05 1.5%sQ Pη= = = .   

3.2.1.2 Regional Commodities 

For crops like tree fruit, potatoes, vegetables, and other specialty crops, equilibrium price is a 
function of Washington production.  Increased (decreased) production will decrease (increase) 
price where the magnitude depends on the elasticity of demand and the amount by which 
production increases (decreases).  The market for these crops is shown graphically in Figure 17.   

 

Figure 17.  Supply and demand for regional commodities. 

The initial market equilibrium (Q1, P1) changes due to a shift in either the supply or demand 
schedules, or both.  If the supply curve shifts outward due to an event like additional water 
available for irrigation or technological change that increases productivity then the equilibrium 
quantity increases and price decreases.  If the demand schedule shifts outward then quantity will 
increase.  The direction of the price change depends on the relative shift in supply compared to 
demand and the slope of the curves.  In Figure 17 the impact of the shift in demand is enough to 
result in an increase in price despite the fact that supply also shifted outward.  Shifts in the 
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supply schedule are considered in the water capacity scenarios.  The economic growth and trade 
scenarios focus on changes in demand.  In terms of Figure 17, this means that the supply 
schedule remains S1 while demand shifts from D1 to D2.  This causes a movement along the 
supply curve to a new equilibrium price and quantity (Q3, P3) where a higher price stimulated 
producers to increase production.   

Estimates of the change in equilibrium are taken from the relationships described in Equation 3.  
If there is no shift in the supply curve then the change in demand is given by  

*
s

d sQ η
η η

= −
−

Z *η Z

 

The upper bound on the change in quantity occurs when supply is perfectly elastic.  Estimating 
supply elasticities that are generally applicable is difficult so one simplifying assumption that can 
be made is to assume perfectly elastic supply which provides an upper bound on the change in 
supply for a given shift in the demand schedule (Howitt et al. 2008; Huppert et al. 2006).  In 
Figure 18 when demand shifts from D1 to D2 the equilibrium quantity changes from Q1 to Q3 
while the price remains at P1.  If supply is not perfectly elastic then equilibrium is defined by 
(Q2, P2) where Q2<Q3 and P2>P1.   

 

Figure 18.  Change in equilibrium price and quantity assuming different supply responses. 

In contrast to global commodities it is necessary to account for changes in factors that influence 
demand for regional commodities because changes in regional and domestic (U.S.) demand have 
a significant impact on regional prices and quantities.  This is the motivation behind the 
economic growth and trade scenarios.  For the economic growth scenario the vector Z consists of 

population and income.  Demand price elasticities, dη , tend to be in the inelastic range between 
0 and 1 for most food items.  Non-necessity foods like wine and steak tend to have more elastic 
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demand schedules compared to basic staples like cereal grains.  Food price elasticities are based 
on previous empirical demand studies.  The USDA Economic Research Service maintains an 
online database of estimates of own-price, cross-price, and income elasticities.2

Percentage change in population and income are based on the forecasts.  Both these factors are 
assumed to be exogenous to (determined outside of) what happens in the regional agriculture 
economy.  Combinations of low, medium, and high values for each are substituted into the 
equilibrium displacement equations to arrive at a new equilibrium price and quantity.  The 
VIC/CropSyst model provides new estimates of yields that are based on changes in growing 
conditions.  It was not possible to accommodate technological change that increases potential 
yields for crops. 

 Following 
Howitt et al. (2008), the impact of population is assumed to be unitary so that a 1% increase in 
population shifts demand upward by 1%.  This assumption is plausible because it simply 
assumes that an additional person consumes the same quantity and mix of foods as the existing 
population.  Even when there is no shift in supply it is necessary to have an estimate of the 
supply elasticity to determine the relative change in price and quantity as the equilibrium point 
moves along the supply schedule in response to a shift in demand.   

3.2.2 Population and Income Forecasts 

Consumption by Washington residents is calculated by converting US demand to Washington 
demand by assuming that in-state residents consume at the national average 

( ), ,d WA d US WA USQ Q pop pop= .   

Population projections for Washington and the US are taken from the US Census Bureau 
Population Division for 2030 which are checked against a simple univariate statistical forecast 
model.  The projections based on the 2010 Census are not yet released so the projections created 
are based on the 2000 Census but have been updated based on more recent trends. 

3.2.3 Trade 

In the absence of policies that prohibit trade, goods flow between regions depending on 
differences in comparative advantage, which can change as a result of technology, resource 
endowments, and transportation costs.  Exports are an important source of demand for 
Washington agriculture.  Approximately one-third of production in terms of cash receipts is 
exported to foreign destinations depending on the year (USDA NASS, 2009).   

Figure 19 demonstrates graphically why trade occurs in terms of supply and demand 
relationships for the case of two countries and one good.  In the absence of trade the market 

                                                 
 
2 http://www.ers.usda.gov/data/elasticities/query.aspx 
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equilibrium for the two countries would be (Pnti, Qi) and (Pnte, Qe) for the importing and 
exporting countries, respectively.  If trade is permitted to occur then there is just one price (Pt), 
ignoring transportation costs and other factors for simplicity, which is higher than the exporting 
country domestic price and lower than the importing country domestic price without trade.  
Trade also changes consumer surplus (pink), producer surplus (yellow), and total surplus (color 
shaded areas).  The blue areas represent the gains to trade.  The width of the red line, or the 
difference between quantity supplied and demanded, is the same for both countries because the 
amount exported has to be equal to the amount imported.   

 

Figure 19.  Market equilibrium supply and demand with trade. 

The trade scenario is included to consider changes in production in Washington that could 
conceivably occur if shifts in foreign market supply or demand alter the demand for exports.  
The quantity exported and total supply increase if there is an upward shift in import country 
demand.  This change in exports occurs without any change in the supply or demand schedules 
for the exporting country.   

Ideally, a trade forecast would consider supply, demand, and trade agreements explicitly.  A 
number of limitations restrict the extent to which this sort of detail can be accounted for in this 
study.  There is a very large number of crops (40+) being modeled.  An analysis of just one crop 
and all its foreign demand centers and relevant trade restrictions is a significant undertaking.  For 
example, export markets and trade agreements for blueberries are very different than alfalfa.  
There are also a number of data limitations.  Export data are provided in values that can be 
difficult to translate back into field level production quantities and acreage.  Value of trade is 
based on prices at the port which includes margins that are added to the farm gate price.  At the 
same time, physical measures of quantities or volumes can also be problematic to accurately 
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translate back into regional production quantities (Jerardo, 2008) Also, most goods are exported 
to many countries.  Changes in exports to each country depend on a number of importing country 
specific factors such as population and income growth, as well as income and price elasticities.  
Estimates of these values are limited in many cases.  Agricultural trade flows are also strongly 
dependent on existing trade agreements, tariffs, and quotas.  Changes in these policies can have 
large impacts on production.  However, predicting the political factors that will determine when 
and if a change is likely to occur in the future is beyond the scope of this study.   

For all these reasons a simple forecasting approach is used for the trade scenarios.  While 
simplicity has its limitations there are also advantages.  First, reduced form statistical forecasting 
based on historical trends has been shown to have a favorable level of performance relative to 
more complex and detailed models.  In fact, there is a large literature on economic forecasting 
demonstrating that reduced form models outperform larger models that try to account explicitly 
for all the underlying factors (Sims 1980, Dorfman 1993).  Kargbo (2007) compared the 
performance of commonly used reduced form time series models for analyzing agricultural 
exports and found that single equation models (ARIMA and Engle-Granger single equation) 
outperform multiple equation forecasts.  Second, crops can be classified into a few general 
categories in terms of trade.  Some crops are primarily consumed domestically so production is 
insensitive to trade fluctuations.  Exports of global commodities like rice, corn, soybeans, and 
wheat are driven by the global price that depend less on specific country to country trade 
dynamics or agreements and more on aggregate supply and demand fluctuations.  The more 
complicated crops to consider are crops with regional prices that are traded extensively but are 
often sensitive to specific trade arrangements or agreements, or supply and demand trends in a 
handful of countries.  Examples in Washington are apples and alfalfa.  In addition to the reduced 
form export forecast, additional analysis is provided for apples, alfalfa, and wine grapes because 
of their importance in terms of economic value, trade, and resource use. 

3.2.4 Regional Water Policy Scenarios: Water Capacity Development and Cost Recovery  

Modeling scenarios consider changes in the cost and availability of water for irrigation.  The 
scenarios reflect potential changes in water management by the Department of Ecology.  Before 
proceeding to give background on the methodologies used for these scenarios a brief summary is 
provided on the economics of water use for irrigation. 

3.2.4.1 Economics of Water Use for Irrigation 

Economists refer to the demand side and the supply side of a market where the market price for a 
good is determined simultaneously by both.  The former describes the quantity of a good 
consumers are willing to buy at a given price, and the latter describes the quantity producers are 
willing to supply at a given price.  In the example below, water is part of the supply side of the 
market that describes the production of an agricultural commodity.  So, why is the term demand 
used? Economists use the term factor demand to make it clear that they are talking about the 
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demand for a good that is a factor of production for another good, or something that is used to 
produce something else, as opposed to a final good that is purchased by consumers.   

Consider the production of a single crop, call it y, on a tract of land.  The only input is water, 
abbreviated as w.  Suppose the transformation of water into y can be closely approximated by the 
formula y=10w-w2.  Graphically, this production relationship is represented in Figure 20. 

 

Figure 20.  Quantity of output (y) produced for a given of input of water (w). 

Initially, an additional unit of water increases output.  The rate of increase is largest with the first 
unit.  Each additional unit has an ever smaller positive effect until an additional unit of water 
reduces production.  In this example, this happens at 10 units of water.  This makes sense given 
that too much water can completely wipe out a crop, as can occur after an extreme rainfall event 
or flood.   

Given information available to the producer at the time of planting, such as input costs and 
expected output prices, the producer chooses the quantity of water that maximizes net revenue, 
the difference between gross revenue and input costs.  We denote input costs and output prices 
by Wp  and yp , respectively.  The producer’s objective is to choose the quantity of water that 

maximizes profit.  Written out mathematically this is: 

( )2Profit = 10y W Y Wp y p w p w w p w− = − −  

The far right side of the equation is derived by substituting for y according to the production 
equation given previously.  Assume that the price received for the good produced is 1yp = , and 

the unit price of water is 0wp = .  Identifying the quantity of water that maximizes profit at 

different values for wp  is what economists mean by demand.   
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The next task is to figure out what quantity of water maximizes profit.  This can be done 
graphically, numerically (plugging in a bunch of numbers), or by using calculus.  When water is 
free it is easy to use a graphical approach to figure out that the optimal quantity is the level that 
maximizes physical production.  In the example given, production is maximized at 25 units when 
5 units of water are applied.  Putting these values into the net revenue equation shows that the 
profit earned by the producer in this scenario is $25.   

To see how the profit maximizing quantity of water changes as the price of water changes 
assume that 5wp = .  As shown in Table 8, numbers can be plugged into the net revenue equation 
to see what produces the largest profit.   

Table 8.  Quantity of water that maximizes net revenue when water costs $5 per unit. 
Quantity 

of Water 
Prod

uction 
Price of 

Y 
Price of 

Water 
Net 

Revenue 
1 9 1 5 4 

2 16 1 5 6 

2.5 18.75 1 5 

3 

6.25 

21 1 5 6 

4 24 1 5 4 

5 25 1 5 0 

6 24 1 5 -6 

7 21 1 5 -14 

8 16 1 5 -24 

9 9 1 5 -36 

10 0 1 5 -50 

 

It appears that 2.5 units of water maximize net revenue.  Additional water above 2.5 units 
continues to increase production but the cost increase is larger than the increase in revenue.   

We now have all the information we need to describe what economists’ mean by “demand for 
water”.  There are a few things to make clear first.  In economics, demand does not

“If the price of water per unit is 

 refer to a 
specific quantity.  Rather, demand describes the relationship between the quantity of water that 
maximizes profit and water price.  Another way to think of economic demand is as a schedule 
that informs how to fill in the blanks in the following statement: 

blank, then I maximize profit by using blank units of 
water.” 
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To refer to the optimal quantity of water for a given price, economists use the term quantity 
demanded to refer to the aggregate, or total, quantity of water demanded by all producers.  
Using the example described above, demand for water for irrigation is shown in Figure 21.   

 

Figure 21.  A demand curve for water. 

When water is free the quantity of water demanded is 5 units.  A price greater than zero will 
decrease the profit maximizing quantity of water.  The producer will continue to purchase water 
at a certain price as long as the additional revenue generated by allocating an additional unit of 
water for production is greater than the cost.  This does not necessarily mean that charging an 
additional per unit fee for cost recovery will reduce the total amount used because water use is 
not determined within a market.  Many users only pay the transmission costs so they are likely to 
still use the same amount of water as they currently do even if an additional cost is added in.  
However, if this becomes large enough then the quantity they purchase will go down. 

3.2.4.2 Water Capacity Scenarios 

The water capacity scenario is based on specific projects that the Department of Ecology is 
considering that would increase the amount of water available for both in-stream and out-of-
stream uses.  Only out-of-stream irrigation uses are considered in this analysis.  Each project 
being considered has an associated water quantity.  In most cases this means issuing new permits 
for the irrigation of land that is currently under dryland production or has some other use.  The 
value of additional production is based on per acre revenue estimates.  Price information is not 
available for many of the crops in the model so enterprise budgets with estimates of costs and 
returns provide information on per acre revenue for a broad range of crops.  A graphical 
explanation of the change in equilibrium price and quantity from issuing permits to irrigate land 
that previously was not irrigated is shown in Figure 22.  This graph simply shows that production 
of irrigated crops will increase which will shift the supply curve outward resulting in a lower 
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price and higher production.  Water quantities associated with specific projects are shown in 
Figure 23 and Table 9.   

The region wide economic impact of the additional production is translated into job and tax 
estimates using the input/output (I/O) modeling framework.  I/O models track all of the linkages 
between industries in a regional economy.  Change in industry output is followed through all 
backward linked industries that provide intermediate inputs and through household spending that 
is generated by income supplied by an industry.   

 

Figure 22.  Change in equilibrium price and quantity in water capacity scenario. 
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Figure 23.  Map of OCR projects for Water Capacity Scenario. 
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Table 9.  Water capacity projects and associated water quantities. 
Water Capacity 
Scenario 

Project In stream (aft) Out-of-stream (aft) Counties 

Low     
 Barker  6,436 0 N/A 
 Columbia Basin ID 

Pumping 
0 2,521 Grant 

 Lake Roosevelt 
Incremental Storage 
Releases 

 

15,000 ADAMS 
   11,341 BENTON   
   21,975 CHELAN   
   3,579 DOUGLAS   
   3 FERRY   
   4,387 FRANKLIN  
   8,687 GRANT   
   765 KITTITAS  
   6,323 KLICKITAT  
   4,818 LINCOLN   
   3,345 OKANOGAN  
   2,075 SKAMANIA 
   337 STEVENS   
   5,364 WALLA WALLA  
     
     
Medium     
 Lower Wenatchee  1,493 0  
 Rocky Reach 9,333 18,666  
 Manastash 454 0  
 White Salmon 48 96  
 Red Mountain 11,005 11,005  
 Kennewick ASR 106 212  
 Boise 552 1,104  
 Columbia Basin I.D.  

Pumping 0 3,500  
 Sullivan 4,667 9,333  
 Odessa 0 176,343  
High     
 Chelan PUD 17,000 33,000  
 Yakima River Water 

Enhancement 117,000 234,000  
 Walla Walla Pump 

Exchange    
 Lower Rock Island 

Storage    
 Odessa  115,000 ADAMS 
   34,500 FRANKLIN  
   69,000 GRANT 
   11,500 LINCOLN 
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3.2.4.3 Water Pricing for Cost Recovery 

The Office of the Columbia River is considering charging for water made available through new 
projects to recover direct costs of project development.  This pertains primarily to issuing new 
rights that would result in newly irrigated land.  Some of the additional water made available is 
to be used to address interruptible rights holders in drought years mainly along the Columbia 
mainstem and in the Benton County area.   

Cost recovery would be achieved through a per unit fee charged to users.  It is important to be 
clear about terms such as cost, fee, price, and value since these are often used interchangeably 
but have different, albeit related meanings.  Water prices are determined differently than most 
other goods because there is typically not a well functioning market for water that determines 
prices.  In this case, prices are set by the agency that manages and regulates water use.  How then 
should prices be determined? Rogers, Bhatia, and Huber (1998) differentiate between two 
different types of full-cost pricing; full supply costs and full economic cost.   

Full supply costs: includes capital charges and operation and management (O&M).  Capital 
charges typically include depreciation charges, interest, treatment plants, and conveyance and 
distribution systems.  Price equal to supply costs reflect long-run marginal costs.   

Full economic costs: in addition to full supply costs, full economic costs include opportunity 
costs of water and externalities.  Opportunity costs are the value of water when put to the highest 
valued alternative use.  Externalities are costs imposed on others that are not internalized into the 
price.  The full economic cost approach would improve the efficiency of water use by 
internalizing these costs.  Negative externalities could include both economic costs to other users 
of water, and environmental externalities.  Externalities can be positive such as the case where 
surface water diversions recharging groundwater aquifers.   

Quantifying all of these costs on a project specific basis is beyond the scope of this research 
project.  OCR’s stated objective in considering cost recovery by charging for water is to recover 
some or all of the supply costs for given projects.  A large number of projects are being 
considered and many are at a very early stage of consideration.  If detailed capital costs and 
O&M costs were available then we could derive long-run marginal costs.  Since it is not, we ask 
the opposite question.  What costs could be recovered if a certain price were charged?  

The prices considered are $25, $100, and $200 per acre foot.  Other projects in the region have 
charged around $35 per acre foot.  $100 would represent the high end of what has been observed 
in actual market transactions for agriculture in the region.  The highest price of $200 is meant to 
represent a potential high price in the future under conditions where water resources are scarcer 
than they are now.  In certain situations these costs may be enough to reflect capital charges, 
O&M, opportunity costs, and externalities, or they may not even cover capital charges.  This is 
not a determination that we attempt to make.  The cost recovery estimates from this study 
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provide estimates that will provide OCR with a general idea of what costs could be recovered at 
given prices.   

We use the standard net present value approach to convert the stream of payments received for 
charging for water over some number of years into the future into a single present value.  The 
assumption that has the largest impact on results is the discount rate.  The discount rate captures 
the fact that a dollar received a year from now is worth less than a dollar received now.  This is 
because the dollar received now can be put towards another use that generates a return.  At the 
very least it would generate interest.  The approach developed under the Water Resources 
Development Act of 1974 is to base the discount rate on the average yield of long term 
government securities.  A historical plot of this series is shown in Figure 24.  This approach is 
not without controversy as it has been argued that the return on capital in private markets should 
be used, which would likely be higher (Powers, 2003).  However, private markets typically entail 
more risk which in part determines the higher rate.  Discount rates are historically low as of 2011 
due in part to the sluggish economy which reduces the demand for borrowing.  In this 
environment the opportunity cost of capital is lower than if the economy were growing at a faster 
rate.  Taking all these factors into consideration three values of discount rates were used: 2%, 
4%, and 6%. 

 

Figure 24.  Average yield of long term government securities. 

The cost recovery results are considered within the context of the water capacity scenarios.  Once 
the discount rate is determined and the water quantity is known, the analysis is straight forward.  
We simply calculate the present value of the water charges over some number of years in the 
future.  If the charges are made in perpetuity then the present value (PV) from a stream of 
payments an infinite number of years into the future is given by 
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 Price QuantityPV
i

×
=   

If charges are made over a finite number of years then the present value would be  

( ) ( )1 1
Price Quantity

ti
PV

i

−− +
= × ×

 

The only additional element that needs to be considered is the relationship between quantity of 
water demanded and price.  In a meta-analysis of studies estimating irrigation demand 
elasticities, Scheierling et al. (2005) show that estimates can vary widely from almost perfectly 
inelastic to highly elastic depending only on the type of study (mathematical programming, 
econometric, etc.).  Because there are only a small number of cases of water markets in 
Washington it is not possible to have empirically estimated irrigation demand elasticities at any 
sort of significant range of water prices.  Therefore, we rely on previous studies to provide 
estimates of elasticities specific to crops and water prices.  Producer response is more elastic as 
water price increases. 

 

3.3 Overview of the University of Washington Water Supply Forecast, and 
Relationship to WSU Efforts 

For this water supply and demand Forecast, we leverage the modeling tools and datasets 
developed by the University of Washington Climate Impacts Group (UW CIG) as part of the 
Washington Climate Change Impacts Assessment (WACCIA) which was funded by the 
Washington State Legislature through House Bill 2860.  WACCIA involved the development of 
historical and future climate datasets and assessment of impacts of projected climate change on 
agriculture, coasts, energy, forests, human health, hydrology and water resources, salmon, and 
urban stormwater infrastructure.  For assessing impacts on hydrology and water resources, Elsner 
et al. (2010) implemented, calibrated, and evaluated the VIC model over the PNW region at a 
spatial resolution of 1/16th degree.  We directly apply the Elsner et al. (2010) calibrated 
hydrology model (VIC) implementation for the water supply forecast portion of this study 
(http://www.hydro.washington.edu/2860

We have expanded on the UW CIG efforts by incorporating the water demand forecast and the 
coupled dynamics between supply and demand.  The primary unique additions to the modeling 
framework include the following: 1) full integration of the VIC land surface hydrology model to 
a cropping system model (CropSyst), 2) simulation of water curtailment and prorationing using 
instream flow rules, and 3) integration with economic modeling of both short- and long-run 
agricultural producer response.  Details for each of the unique components are provided below. 

/).  We also directly apply the UW CIG historical and 
future downscaled gridded climate data, the reservoir model (ColSim), and the simulated 
streamflow bias correction data and processing programs developed by UW CIG, all of which 
are described in further detail below. 
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3.4 Integrated Modeling Framework 

3.4.3 Overall Modeling Framework 

An overview of the entire modeling framework is given in Figure 25 below.  The framework 
includes a biophysical modeling component and an economics modeling component.  The 
biophysical modeling framework includes a hydrology model (VIC), a crop growth model 
(CropSyst), a physical system of reservoirs and dams (ColSim), and rule-based curtailment and 
prorationing modeling; all of which interact with each other as described in the following 
sections.  The biophysical models also interact with the economic models for short- and long-run 
producer response. 

 

Figure 25.  Overview of the entire modeling framework. 
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3.4.4 Descriptions of Biophysical Modeling Components 

3.4.4.1 Hydrologic Model, VIC 

The Variable Infiltration Capacity (VIC) (Liang et al., 1994, 1996; Gao et al. 2010) model is 
used to simulate land surface hydrology in the biophysical framework.  It uses physically based 
mathematical formulations to solve energy and water balance equations at every time step (24 hr 
for this study) and for every grid cell (1/16th degree for this study).  A schematic of the model is 
shown in Figure 26 below.  The VIC model uses meteorological forcing data (daily minimum 
and maximum temperature, precipitation and wind speed), soil, terrain and land cover inputs to 
compute energy (e.g., latent and sensible heat) and water balance (e.g., surface runoff, infiltration 
and baseflow) components.  The VIC model is run at a grid cell scale and uses the time-before–
space conceptualization; i.e., the entire period of simulation is executed for a grid cell before 
moving to the neighboring grid cell.  The VIC model saves the time series of runoff and 
baseflow generated at each grid cell.  A separate routing model ( Lohmann et al., 1998) then 
performs the streamflow routing as an off-line process after all of the grid cells in the basin are 
executed by VIC.   

The VIC model has been widely used for basins across North America (Christensen et al., 2004; 
Vanrheenen et al., 2004; Hayhoe et al., 2007; Maurer, 2007).  More specifically VIC has been 
implemented to assess the climate change impacts over the Columbia River basin (Hamlet and 
Lettenmaier, 1999; Payne et al., 2004; Elsner et al., 2010) for different Intergovernmental Panel 
on Climate Change (IPCC) future scenarios (1995, 2001 and 2007). 
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Figure 26.  Schematic of the VIC Model 

 

3.4.4.2 Cropping Systems Model, CropSyst 

To provide crop simulation capabilities, the CropSyst model (Stöckle et al. 1994; Stöckle et al. 
2003) is used.  CropSyst is a cropping systems model based on mechanistic principles, allowing 
for applications to a large number of crops in any location word wide.  CropSyst is a multi-year, 
multi-crop model developed to serve as an analytical tool to study the effects of climate, soils, 
and management on cropping systems productivity, nutrient cycling and fate, and the 
environment.  Management options include crop rotation, cultivar selection, irrigation, nitrogen 
fertilization, tillage operations, and residue management.  Depending on the process, CropSyst 
calculations are made at hourly or daily time steps.  For this project, a simplified version of 
CropSyst that focus on water use and productivity was extracted for coupling with the VIC 
model.  We ran the model at a daily time-step. 

CropSyst has been evaluated and used in the PNW (e.g., Pannkuk et al. 1998; Peralta and Stöckle 
2002; Stöckle and Jara 1998; Kemanian 2003; Kemanian et al., 2007) and in many other 
locations worldwide (e.g., Stöckle et al. 2003; Sadras 2004; Benli et al. 2007; Todorovic et al., 
2009).  In addition to capabilities to evaluate cropping systems, carbon sequestration dynamics 
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and greenhouse gas (GHG) emissions (e.g., Badini et al. 2007; Stockle et al. 2010a; Kemanian 
and Stöckle 2010), CropSyst was recently enhanced to assess the effect of climate change on 
agricultural systems, particularly regarding plant responses to increasing warming and 
atmospheric carbon dioxide.  These capabilities were utilized to assess the impact of climate 
change on agriculture in eastern Washington (Stöckle et al., 2010b), and to assess the potential 
for carbon sequestration and carbon credits in the same region (Stöckle et al. 2010a; Zaher et al. 
2010). 

3.4.4.3 Reservoir Model, ColSim 

We use the Columbia Simulation Reservoir Model (ColSim) (Hamlet et al. 1999) to model the 
reservoir operations on the Columbia and Snake Rivers.  ColSim is a system dynamics model 
that represents the key physical characteristics of the Columbia River water resources system and 
models the main storage reservoirs and run-of-the-river reservoirs on the Columbia mainstem.  It 
also includes the Snake, Kootenai, Clark Fork and Pend Oreille tributaries (Figure 27).  Other 
smaller tributaries such as Yakima are ignored (although we incorporate important smaller 
reservoirs in a separate reservoir framework, as will be described below).  The model runs at a 
monthly time step and uses routed VIC-simulated streamflow as its input (which have been 
aggregated from a daily to monthly time-step).  These streamflow inputs have been bias-
corrected against naturalized streamflow data products prior to reservoir simulation.  ColSim 
requires a January to September forecast of simulated streamflow; hence it assumes a “perfect 
forecast”.  The operation rules of the water resources system for hydropower production, flood 
evacuation and major flow targets that existed in 1999 were originally used in Hamlet et al. 
(1999) and have been minimally modified since then to capture important changes to the 
operating rules (personal communication Alan Hamlet).   
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Figure 27.  Schematic of the locations of reservoirs modeled in ColSim (Hamlet et al. 1999). 

In addition, using tools provided by Alan Hamlet at UW CIG, we developed a system dynamics 
model for the Yakima system.  Multiple reservoirs in the Yakima complex are operated together 
as one system and we model the combined storage of these reservoirs based on a simplified set 
of operating rules as described in USBR (2002).  The controlling point for the Yakima reservoirs 
is the streamflow gage located at Parker.  Monthly inflows are used from VIC-CropSyst and the 
system is modeled to reach reservoir refill in June and simultaneously ensure that there is free 
reservoir space available to capture any flood events.  Withdrawals are made based on irrigation 
demands calculated by VIC-CropSyst.  Curtailment decisions in the Yakima are made by 
comparing demand against “Total Water Supply Availability” (runoff estimate + usable return 
flow + reservoir storage).  If the available water is not expected to meet all entitlements, the 
proratable water rights are prorated (i.e., they receive only a percentage of allocated water) to 
make up the deficit.  A schematic of the model is shown in Figure 28. 
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Figure 28.  Schematic of the simplified Yakima Reservoir model. 

 

3.4.5 VIC-CropSyst Integration  

The two physically based models VIC and CropSyst were integrated so as to enable seamless 
running of the coupled VIC-CropSyst model for all of the selected crops across the Columbia 
River basin.  The land cover distribution within a grid cell controls when the crop model is 
invoked within the VIC model.  Figure 29 shows an example of the land cover distribution in a 
grid cell.  Note that VIC does not recognize the geographical location of a land cover type within 
a grid cell.  It only knows the list of land cover types and their proportion within the grid cell.  
For this example, the original VIC implementation would be run once for the non-crop type land-
cover and CropSysyt will be invoked twice for simulating the crop growth for two different 
crops.  The fluxes generated from the three sub-grid runs would be aggregated based on their 
land-cover proportions in the grid cell. 
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Figure 29.  An illustration of land-cover distribution in a VIC grid cell. 

Figure 30 shows the group of variables that are communicated between VIC and CropSyst when 
CropSyst is invoked for each crop land-cover type.  Figure 31 illustrates the overall interaction 
between the two models.  The VIC model initiates a call to the CropSyst model when it 
encounters a crop class within a grid cell.  On the first day of the simulation, VIC passes to the 
crop model a) soil information such as soil layer thickness and soil water content, and b) the crop 
type to be simulated.  The weather data such as daily minimum and maximum temperature, wind 
speed, solar radiation and relative humidity, and the amount of infiltrated water are 
communicated to CropSyst at every time step.   

In turn, the CropSyst model starts looking for an appropriate sowing date (in case of an annual 
crop) or active growth start day (for perennial crops) based on simulated crop characteristics and 
weather conditions.  This day can differ from crop to crop, based on the optimum accumulated 
number of degree days required by the crop.  When an appropriate sowing day or active growth 
stage day is found, the CropSyst model indicates to the VIC model that crop growth has begun.   
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Figure 30.  Data exchanges between VIC and CropSyst. 

 

Figure 31.  Structure difference and physical interactions between VIC and CropSyst. 
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One of the main differences between VIC and CropSyst hydrology is in the way they 
characterize their subsurface profile.  VIC is usually run with three soil layers while CropSyst 
has many more depending on the depth of the soil (Figure 31).  For the rest of the growing 
season, each model does its own subsurface drainage and CropSyst estimates transpiration from 
its soil layers as a function of crop phenology, growth stage, and the available water.  CropSyst 
then aggregates transpiration from its soil layers to the corresponding VIC soil layers.  CropSyst 
also passes back to VIC soil evaporation, growth stage of the crop, crop interception capacity, 
current crop biomass, and crop water need.   

The transpiration and the soil evaporation amounts are used by the VIC to update its soil water 
contents thereby closing the water balance loop.  This also influences the drainage pattern in VIC 
and hence the baseflow generation (which always occurs from the bottom soil moisture layer).  
The growth stage of the crop is used to ascertain when the crop is harvested.  The interception 
potential provided by CropSyst is used by VIC to estimate the interception water amount during 
a precipitation event.  The water infiltrating into the soil layer is based on the variable infiltration 
framework of VIC and passed on to CropSyst.  This amount is used by the CropSyst model to 
update its corresponding soil water contents.   

At each time step, CropSyst determines the water stress and the need for irrigation.  The 
CropSyst-simulated crop water need is used to irrigate the crop only when it is known to be 
irrigated.  For an irrigated crop, when the water need crosses a certain threshold Ix, this threshold 
amount of water is added to the top of the soil layer.  The assumption behind this condition is 
that crops are not generally irrigated when there is only small water deficit and the maximum 
amount of irrigation water that can be applied is a function of the irrigation method.  Currently Ix 
is set to be 20 mm and is held constant in time and space.  The total irrigation water demand is 
then estimated as Ix/ɛ, where ɛ is the efficiency of the irrigation method.   

When the crop reaches maturity, CropSyst harvests the crop and communicates the crop yield 
back to VIC.  CropSyst also sends back variables such as current growth stage and biomass of 
the crop.  Comparison of harvest day and day of emergence determines the length of the growing 
season for each crop. 

3.4.6 Integration with Water Management 

3.4.6.1 Bias Correction 
We applied the bias correction methodology explained in Wood (2002) and Hamlet et al. (2003) 
to VIC-CropSyst routed flows to address the systematic biases in the model results before they 
are used as input to the reservoir models.  The methodology is a percentile-based bias correction 
technique which uses simulated historical flows and naturalized observed historic data (see 
Section 3.1.5.2) to create statistics which help translate any simulated data point to its 
corresponding observed data point.  This is accomplished by using the percentile of the 
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simulated data in the simulated sample space and finding the point which falls on the same 
percentile in the observed sample space.  An example from the technical document by Hamlet et 
al. (2003) is shown in Figure 19.  A fuller description of this methodology is provided by Hamlet 
et al. (2003). 

 

Figure 32.  Bias correction example from Hamlet et al. (2003). 

3.4.6.2 Reservoirs 
For all locations modeled in the reservoir models, the VIC-CropSyst streamflows to those 
locations (after bias correction) and the full crop irrigation demands upstream of the location 
(until the location just upstream of it) are given as inputs to the reservoir model (in addition to 
other inputs) at a monthly time step.  The reservoir model will deduct the demands and give 
estimates of resulting stream flows at the location so that it can be compared to target instream 
flow requirements in the location. 

3.4.6.3 Curtailment 
For the locations in Washington state at which instream flow targets exist, if the routed VIC-
CropSyst streamflow from which surface water irrigation demand (including conveyance loss 
estimates) has been removed, is less than the target instream flow in any month, the demand 
from interruptible grid cells associated with that location are curtailed for that month as 
described in Section 3.4.7.2. 

3.4.6.4 Separating irrigation demand into surface water withdrawal sources and groundwater 
withdrawal sources 

Irrigation demand estimates generated by VIC-CropSyst are total “top of crop” irrigation 
demand, and there is no distinction between demand met by groundwater sources and surface 
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water sources.  For considering irrigation demands in surface water management tools like 
reservoir models, we need to separate out the irrigation demand met by surface water sources.  
Due to a lack of spatially disaggregated information to make this split, we assume a 20%-80% 
split between groundwater and surface water sources for all areas other than Yakima and the 
Odessa area, based on the USGS estimates of water use in Washington in 2005 that suggest that 
approximately 17% of irrigation usage in eastern Washington is from groundwater (Lane 2009).  
We assume a 10%-90% split in Yakima based on information related to groundwater pumpage 
for irrigation as per Vaccaro et al. (2006) and total adjudicated irrigation water demand in 
Yakima as per USBR (2002).  In Odessa, we used a GIS map provided by the US Bureau of 
Reclamation to identify grid cells catered to by groundwater and surface water sources.  We 
allocate 100% of the irrigation demand generated in the groundwater sourced grid cells and 
surface water sourced grid cells to groundwater sources and surface water sources respectively.  
For the future 2030s scenarios, we assume that groundwater sources will be unavailable in the 
Odessa area and the demands in all the grid cells in the Odessa area will need to be met with 
surface water sources. 

3.4.7 Integration of Biophysical and Economic Modeling  

This integration is currently done for the Washington state part of the Columbia River basin 
only.  The biophysical modeling is integrated with the economic modeling, to account for long 
term as well as short term producer response.  At this point in model development, this 
integration is only sequential in that results from one component are taken and used in the other 
component.  This is in contrast to a directly coupled modeling framework where some aspect of 
economic decision making is embedded within the biophysical modeling, for example.  This type 
of integration was not possible in this iteration of the study but is planned for future forecasts. 

3.4.7.1 Long-Run Producer Response to domestic economic growth and international trade 

In economics, the difference between the short run and the long run is where fixed inputs can be 
adjusted.  In the short run a producer can only change variable inputs like irrigation quantity or 
fertilizer but cannot buy new land, plant new orchards, or buy new machinery.  In the long run 
all inputs into production can be adjusted.  Long run responses in this analysis are limited to 
changes in crop mix in the economic growth and international trade scenarios.  Producers decide 
to change their rotation of annual crops or switch into or out of perennial crops because they 
think there are long run changes in the profitability of a particular enterprise relative to what they 
were previously doing.  Crop mix is only one type of long run response.  Other large scale 
investments like those previously mentioned can also impact the profitability of farm operations.  
A more complete set of long-term responses is planned for future studies. 

The long-run producer response to domestic economic growth and international trade is a change 
in the crop mix for the future scenarios.  Crop yields under an altered future climate and 
historical crop mix is used along with economic trends to determine the new crop mix for the 
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future scenario runs.  In changing the crop mix we make sure that the total irrigated extent in the 
area is kept constant (i.e., we do not add additional irrigated acreage, but just redistribute the 
acreage). 

3.4.7.2 Short-Run Producer Response (Selective Deficit Irrigation) 

Short-run producer responses are the decisions that can be made in the time frame of a growing 
season or a year.  These tend to focus on inputs to production like labor, fertilizer and water 
availability.  In-stream flow requirements often lead to curtailments in permissible water 
diversions for producers with interruptible water rights.  This has a negative impact on 
production as producers must reduce the amount of water that they apply to their fields.  In the 
short term, producers can take two general approaches when this happens.  Less water can be 
applied to certain fields while total irrigated acreage is maintained, or the total amount of 
irrigated acres can be reduced in order to achieve full irrigation on specific fields.  The prior is 
referred to as deficit irrigation.  In economics a general term used to describe deficit irrigation is 
change at the intensive margin while reduced total irrigated acreage is a response at the extensive 
margin.  Determining whether it is optimal for a producer to respond to being curtailed at the 
intensive or extensive margin is a complicated problem that requires detailed information on a 
number of relationships.  Also, the optimal response is likely to differ for different crop mixes.  
Considering all these factors was beyond the scope of this study, so it was necessary to take a 
more simplified approach that still captured some degree of farm level management.   

 The objective was to estimate the economic value of production lost as a result of curtailing 
interruptible rights holders.  The assumption made in terms of farm level response was that 
producers will respond to curtailment by deficit irrigating crops according to their economic 
value.  The short-run producer response to curtailment is modeled as the lower value crops in a 
grid cell being selectively deficit irrigated while giving the higher value crops the maximum 
amount of water possible.  We divide all our crops into three categories (Low value, Medium 
value and High value) and calculate the demand for each of these crop groups in the interruptible 
grid cells.  The amount of water to be curtailed is applied to Low value crops first.  If more 
curtailment is needed, it is applied to Medium value crops next and finally curtailment is applied 
to High value crops only if the other two crop groups are unable to absorb all the curtailment 
requirements.  The assumption here is that there is perfect transfer of water within a grid cell. 

The coupled VIC/CropSyst model determines how much less water is available for irrigation and 
the reduction in production following the on-farm response just described.  The production units 
in CropSyst cannot be directly translated into production quantities that are sold in markets.  
Therefore, reduction in production quantity was translated into an acre basis by multiplying 
quantity by the inverse of yield (acres/weight) as they are measured in CropSyst to get an acre 
equivalent.  This was then multiplied by value of production on a per acre basis for each crop to 
arrive at the lost production in terms of economic value.  It is important to note that this analysis 
only captures the impact to producers with interruptible rights.   



80 
 

3.4.8 Calibration and Evaluation 

3.4.8.1 Hydrology 

We retain the Elsner et al. (2010) calibrated parameters for the original VIC implementation.  
The routed flows to select locations were calibrated against observed naturalized stream flows 
for specific time frames.  Soil-related parameters (such as the middle and bottom soil moisture 
layer depths, the infiltration curve shape parameter, and the baseflow shape parameters) were 
calibrated by Elsner et al. (2010). 

3.4.8.2 Calibration of Yield Using NASS Statistics  

Farmers may employ a variety of management practices (i.e., irrigation and fertilization rates, 
soil conservation best management practices, etc…); furthermore, crops can be affected by 
stressors such as pests, diseases, weeds, poor initial stand, lack of uniformity in management, 
soil conditions, and topography.  These factors, which may affect crop yield production, are 
typically not accounted for by CropSyst (it only accounts for water stress), and at the scale of the 
entire Columbia River basin, it is infeasible to simulate all of these variables because such 
detailed information is not available; hence simulation results would not consistently match 
recorded local historical records. 

To account for the site-specific and local variation in biomass production, an adjustment factor 
for canopy growth (ultimately affecting biomass production) was prepared for each crop 
occurring in each of the Washington, Idaho and Oregon counties.  The adjustment factor was 
applied to the expected maximum canopy cover and green and total canopy cover at maturity.  
CropSyst-simulated yields for each crop were aggregated to the county level and compared with 
historical county records as described in Section 3.1.2.3 to derive the adjustment factor.  The 
simulation was then run again applying the adjustment factor for the respective crop in the cells 
falling in the respective counties, to get the final results used for the economic analysis. 

3.4.8.3 Phenology Adjustments Due to Temperature Issues 

From initial simulations, we discovered that simulated thermal time accumulation was resulting 
in growing season durations inconsistent with historical records (Usual Planting and Harvesting 
Dates for U.S. Field crops USDA NASS Agricultural Handbook Number 620; 
(http://usda.mannlib.cornell.edu/usda/nass/planting/uph97.pdf

In some regions specific crops did not reach maturity before winter.  We determined that grid 
cell average daily air temperature in the Elsner et al. (2010) meteorological data were discrepant 
from point-scale temperature observations by as much as ±5°C for some locations and times of 
the year.  Discrepancies could be due either to point- versus grid-scale mismatches, or due to the 
temperature adjustments made by Elsner et al. (2010) for orographic effects (using the 
Parameter-elevation Regression on Independent Slopes Model, PRISM) or for long-term 

) 
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spurious trends (see Elsner et al. 2010 and Hamlet and Lettenmaier 2005 for details on these 
adjustments).  For certain situations, this caused a significant error in thermal time accumulation 
upon which the CropSyst phenology model depends.  Season durations either exceeded historic 
harvest dates, or maturity occurred so quickly that biomass accumulation was too low for 
expected yields.  Therefore, it was necessary to adjust the CropSyst crop phenology parameters 
to accommodate for these temperature discrepancies.   

An adjustment of the thermal time required to reach crop growth stages was determined for each 
crop and for each grid cell.  The phenology adjustment is a multiplier factor with the value of 1 
being no adjustment.  Values less than 1 foreshortened the accumulated thermal time required to 
achieve phenologic growth stages, and values greater than 1 prolonged the season.  The 
calibrated adjustment factor was applied to the crop phenologic growth stage thermal time 
parameter (accumulated thermal time in °C-days) values at run time.  Grid cells at lower 
elevations (such as in the river valleys of the Colombia basin) had gridded temperature data that 
were generally cooler than historical measurements, thus requiring recalibration adjustment 
factors less than 1.  Grid cells at higher elevations were generally warmer than historical data, 
thus requiring recalibration adjustments greater than 1.   

The adjustment factor is calculated using the following steps:  

1. Determine the sowing date as the first day of the year where the last day of a 7-day 
window, with average daily air temperature greater than the base temperature crop 
parameter, occurs after the earliest historical sowing (or fruit tree restart date).   

2. Accumulate thermal time for the historical number of days to maturity and tally the 
accumulated thermal time to maturity.   

3. Take the mean of the accumulated thermal time (degree days) to maturity.   
 

The phenology adjustment is mean degree days divided by the typical (historical) maturity 
degree days for the crop. 

3.4.8.4 Conveyance Losses 

VIC-CropSyst estimated irrigation demands are “top of crop” demands and do not include 
conveyance loss estimates which need to be associated with surface water irrigation demands.  
VIC-CropSyst surface water irrigation water demands estimates were compared to actual 
diversion data at Bank's Lake (catering to the Columbia Basin Project irrigated area in central 
Washington).  Based on 2008, 2009 and 2010 data, actual irrigation diversions from Bank's lake 
are in the range of 2.5 to 2.7 million ac-ft per year.  VIC-CropSyst "top of the crop" simulated 
demands for the period 1977 to 2006 are on average approximately 2.2.  million ac-ft for the 
same area.  Because this "top of the crop" demand does not include conveyance losses, the 
difference of 15-20% between the simulation results and actual diversions could be attributed to 
losses and is within a reasonable range of expected losses.   
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These results were discussed with the Washington Department of Ecology, and as per 
communications with Dan Haller, we decide to assume a conveyance loss of 15% for irrigation 
demands originating from the Columbia Basin Project region.  As per communications with Dan 
Haller we also assumed a lower conveyance loss of 10% for irrigation demands originating 
within a one mile corridor or the Columbia River mainstem (this is assuming that the place of 
use of withdrawn water is closer to the point of withdrawal and there is less scope of losses 
associated with travel through a canal system).  As per communications with Christopher Lynch 
of the United States Bureau of Reclamation, Yakima office, we assumed a conveyance loss of 
25% for irrigation demand in the Yakima region.  We assumed the same 25% loss for all other 
watersheds in Washington with a canal system, with the exception of Methow where we assume 
a loss of 40% as per Methow’s watershed plan.  For watersheds without a canal system we 
assumed a loss of 10%.  We came up with one loss percentage for each watershed as a weighted 
average of the proportion of demands originating from the Columbia River one mile corridor, 
Columbia Basin Project area and the remaining area in the watershed.  The average conveyance 
loss percentage calculated for eastern Washington was around 20% and we assumed this loss 
percentage for demands originating outside of the state of Washington. 

Lack of good metered data at the watershed scale hindered our efforts to perform similar 
comparisons at the watershed scale.  There are some crop acreage and irrigation demand 
estimates indicated in the watershed plans of individual WRIAs, but these numbers are 
associated with large uncertainties and are not appropriate for model evaluation purposes.  It is 
important to perform evaluations at this scale.  This is a data gap that will need to be addressed in 
the future. 

3.5 Modeling Application  

The modeling framework described above is run for a 30-year time frame corresponding to 
historical climate and a 30-year time frame corresponding to future climate in the 2030s centered 
around 2035.  It is run under different simulation scenarios as described in Figure 33 below. 
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Figure 33.  Framework of model runs. 

3.5.1 Water Supply Forecast 

Water supply is reported as the routed, bias-corrected streamflow before demands are accounted 
for; therefore supply is generated from the original VIC implementation of Elsner et al. 2010.  
We report supply at each of the spatial scales of interest: Tier I for the Columbia River basin 
outlet, Tier II for outlets from the watersheds, and Tier III for locations of interest along the 
Columbia mainstem.  In cases of watersheds for which data for bias correction were not 
available, supply is defined as the sum of runoff and baseflow generated within the watershed.  
Methow, Okanogan, Chelan, Colville, Little Spokane, Hangman, Palouse, Walla Walla, 
Wenatchee and the three Yakima watersheds have bias correction information for the tributary 
outlets.  All other watersheds in Washington, east of the Cascade Mountains have supply defined 
as the sum of the runoff and baseflow in all the grid cells within the watershed.  Recall that, at 
the watershed scale, supply does not include access to supply from the Columbia mainstem and 
demands can therefore appear to be unrealistically high as compared to supply available within 
the basin.  Also, for watershed boundaries that cross the Washington state boundary, only supply 
generated within the Washington side is considered. 

3.5.2 Water Demand Forecast 

Water demand is also reported at different scales, but the definition is the same for all scales.  It 
is the sum of the crop irrigation demand output by VIC-CropSyst in all of the grid cells within 
the area of interest.  VIC-CropSyst outputs “top of crop” demand which includes actual crop 
irrigation requirement as well losses related to on-field irrigation efficiencies.  Conveyance 
losses are added to the VIC-CropSyst output to obtain estimates of total irrigation demand. 
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3.5.3 Simulation Scenarios 

3.5.3.1 Climate 

We ran five simulations of climate scenarios to capture a range of future climate possibilities.  
Climate scenarios are run while keeping the economic response constant at medium levels of 
domestic economic growth and international trade. 

3.5.3.2 Economics 

To capture a spread of the long term economic response, we ran sets of runs corresponding to 
low, medium, and high levels of domestic economic growth and international trade.  These runs 
are done for the middle climate scenario only. 

3.5.3.3 Water Management (water capacity and water pricing) 

The water capacity scenarios involved creating capacity for new additional irrigation acreage as 
detailed in Section 3.2.4.2.  In order to estimate irrigation demands from this additional acreage, 
we did not perform a separate run, and instead assumed that the new acreage would have a crop 
mix similar to the existing crop mix, and scaled up the demand results from the run with the 
existing crop mix. 

3.5.4 Wet/Dry/Average Quantification 

The wet/dry average year quantifications are based on the percentiles of water supply.  20th 

percentile is considered a dry year, 50th percentile an average year and 80th percentile a dry year. 

3.6 Survey of Regional Water Supply Changes 

In developing any long-term water supply and demand forecast for the Columbia River basin it is 
important to recognize that waters are shared by seven US states and British Columbia.  This fact 
significantly complicates efforts to forecast Washington water supplies as changes in tributary 
inflows to the state could be adversely impacted by upstream diversions.  In order to help 
conduct Washington’s current planning efforts, key federal, state, and tribal organizations within 
the other entities sharing Columbia River basin water were contacted to determine if there were 
future projects that might impact water availability in Washington and, if so, to investigate 
possible partnership opportunities related to planned storage projects.  The intention was to 
summarize planning efforts of other states and provinces, and provide a coarse screen for water 
supply inputs to Washington for modeling purposes.  Specific objectives were to identify 
potential future out-of-state water projects or changes in policy and management that could 
affect water supplies in Washington.   

To accomplish this task, Ecology and WSU generated a list of water management contacts.  The 
questions in the 2010 Survey of Water Managers, written by Washington State Department of 
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Ecology staff in collaboration with WSU researchers, consisted of 29 open-ended questions 
covering: a) water demand, b) water projects (focusing on information about potential or 
upcoming water diversions or storage facilities that might impact Columbia River flows), and c) 
general plans for managing jurisdictional water supplies.  A copy of this survey is provided in 
Appendix C.  Contact lists were provided by the Washington State Department of Ecology and 
covered geographic regions that were entirely or partially in the drainage of the Columbia River 
basin.   

The survey was conducted by mailing copies to prospective participants; however a low response 
rate (only 14%) prompted a protocol change to telephone interviews.  Phone interviews were 
conducted between August 12, 2010 and October 8, 2010.  Twenty nine water managers were 
contacted and telephone interview responses were recorded digitally (with permission) for later 
analysis.  Note that targeted high level contacts rarely participated in the phone interviews.  
Often the contact referred to a subordinate within their organization that had working knowledge 
at the watershed scale.  In order to assess potential changes for the watershed as a result of any 
renegotiated treaty, WSU also attempted to contact those responsible for conducting the 
Columbia River Compact between US and Canada.  To the extent possible, the results (presented 
in Chapter 5) summarize the responses of the survey in raw form without interpretation, while 
maintaining the confidentiality of respondents. 

3.7 Hydropower Demand Assessment  

Climate variability has a tremendous impact on hydropower production in the Columbia River 
basin.  For example, as of February 2010, the National Weather Service’s Northwest River 
Forecast Center predicted 79.2 million acre-feet of runoff from January through July measured at 
The Dalles, Oregon.  This quantity represented 74 percent of the 30-year average of 107.3 MAF 
and would have been the lowest runoff since 2001.  As a result of this Forecast, the Bonneville 
Power Administration (BPA) reduced its expectations for hydroelectric power revenue by more 
than $200 million.  Based on the forecasts, BPA then estimated it would finish the fiscal year 
with a loss of $6 million in modified net revenues instead of the $231.9 million in positive 
revenues projected in the previous October.  Cumulative runoff at The Dalles for January 
through July of 2010 was approximately 79.8 MAF. 

Using a combination of seven different global climate change model outputs and six climate 
change scenarios, Markoff and Cullen (2008) created 24 projections of 2080 stream flows and 
changes in hydroelectricity production in the Columbia River basin, with 19 of 24 projections 
showing decreases in production.  These results are consistent with those reported by Hamlet et 
al. (2009) who projected that hydropower production would increase by 7-10% during the winter 
and decrease by 18-21% during the summer by 2080, with overall annual reductions of 3.0-3.5%.  
Impacts slowly become evident over time with their 2025 forecast showing hydropower 
production increasing by 0.5-4% during the winter and decreasing by 9-11% during the summer.  
Total annual reductions were 1-4%. 
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Another significant issue is flow through the turbines versus excess discharge via a dam’s 
spillway.  Modification of hydrograph peaks due to climate change will likely result in more 
flow passing through the spillway and less through the turbines.  Most dams were sized to 
optimize the trade-offs between powerhouse construction costs versus electricity generation.  
However, these tradeoffs were calculated using historical information rather than projected 
climate change effects.  If we examine the flow at McNary Dam on the Columbia River system 
just downstream of the Snake and Columbia River confluence we can begin to understand the 
dilemma.  Figures 35a and Figure 35b show discharge and spill data at the facility for 2009, a 
year in which water amounts were roughly average.  Figures 36a and Figure 36b illustrate the 
low flow year of 2001 for comparison and Figure 37a and Figure 37b use the flow from the flood 
year of 1996 to demonstrate percent of flows not used to generate power.   
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Figure 34.  a) McNary 2009 outflow and b) McNary 2009 spill percent during an average flow 
year (Columbia River DART 2007). 
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a) 

 
b) 

 

Figure 35.  a) McNary 2001 outflow and b) McNary 2001 spill percent during a low flow year 
(Columbia River DART 2007). 
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a) 

 
 

b) 

 

Figure 36.  a) McNary 1996 outflow and b) McNary 1996 spill percent during a high flow year 
(Columbia River DART 2007). 

If spills only occurred when flows exceeded capacity then it would be relatively straight forward 
to forecast the amount of future spill.  For instance, the hydraulic capacity of McNary is 232,000 
ft3/s so whenever predicted flows exceed this amount, spills must occur.  There are times, 
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however, when spills occur even though streamflows do not exceed the capacity to generate 
electricity.  Spring and summer spills at dams benefit juvenile salmonid out-migrations in the 
river for those fish that are not collected for transportation (particularly for Snake River fall 
Chinook salmon) (NOAA 2008).  The guidelines for these spills are still under development as 
part of the adaptive management implementation plan (Salmon Recovery 2009).   

In order to improve fish survival and meet the 2008 Biological Opinion (BiOp) performance 
standards and metrics (e.g.  96% dam survival for spring migrants), the Reasonable and Prudent 
Alternative (RPA) spill, bypass, and transport operations at mainstem Snake and Columbia River 
projects will be adaptively managed annually based on results of biological studies.  So, even 
when finalized, the rules will not be prescriptive in that considerable weight will be given to 
project salmon survival.  Thus, there will not be a single set of flow/spill rules that dictates a 
constant spill each year. 

3.7.1 Review of Power Planning Strategies 

Power entities in the northwest regularly carry out extensive forecasting of electricity demand 
and power-generating capacity.  For this Forecast, Washington State University was asked to 
carry out a qualitative review of these existing projections with two specific objectives in mind: 

• To find out whether regional and state level power entities felt that they would be 
able to meet anticipated growth in demand over the next 20 years. 

• To determine whether or not there was a likelihood of any additional hydroelectric 
storage capacity being built within Washington over the next 20 years.   

Available reports that were reviewed included those carried out by the Bonneville Power 
Administration (BPA), Northwest Power and Conservation Council (NWPCC), Avista, Idaho 
Power, Portland General Electric (PGE), and Grant County PUD (Canadian and U.S. Entities 
2010, NWPCC 2010, Idaho Power 2011, Avista 2009, PGE 2009; Grant County PUC 2009).   

3.7.2 Review of FERC Licenses 

In addition to reviewing forecasts by existing power entities, we independently reviewed FERC 
licenses to determine whether any new hydroelectric projects were likely to be built in 
Washington state over the next 20 years.  Any new hydroelectric project must be licensed with 
the Federal Energy Regulatory Commission (FERC).  Three licensing processes exist for new 
hydroelectric projects: the Integrated, Traditional, and Alternative (ILP, TLP, and ALP, 
respectively).  Effective July 23, 2005, the default process for licensing a new project is the 
Integrated Licensing Process (ILP), as outlined in Figure 38.  Approval of the Commission is 
needed to use either the Traditional or the Alternative Licensing Process.  Under all three 
processes, licensing generally begins many years prior to project construction.  Some projects 
under 5 megawatts (MW) that propose to increase capacity of an existing dam may be exempt 
from licensing. 
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Figure 37.  Integrated licensing process (ILP) (FERC 2004)..
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3.8 Instream Demand Assessment  

For the Columbia River basin, WSU was asked to complete an analysis of instream flow 
requirements across the basin, with a focus on how these could impact water entering the state of 
Washington.  Within Washington, OCR compared the period of record historic flow data for dry, 
average and wet years to regulatory instream flow requirements for the Columbia River’s 
mainstem and its major tributaries.  The methodologies and the results of these two analyses are 
presented in this technical report. 

Supplementing the work done by OCR, WDFW’s “Columbia River Instream Atlas” assessed 
eight fish and low flow critical watersheds: Walla Walla, Middle Snake, Lower Yakima, Naches, 
Upper Yakima, Wenatchee, Methow, and Okanogan.  One hundred eighty-nine stream reaches 
were evaluated for their potential to improve natural fish production through stream flow 
enhancement.  Stream reaches were scored on three critical components: fish stock status and 
habitat utilization, fish habitat condition, and stream flow.  The methodologies and results of this 
analysis are presented in the “Columbia River Instream Atlas,” Department of Ecology 
Publication No 11-12-015 (Washington Department of Fish and Wildlife 2011).   

3.8.1 Instream Flows Across the Columbia River Basin 

With over 65% of Washington’s area being within the Columbia River basin, the state has great 
interest in determining incoming flows (supply), with as much certainty as possible.  
Programmatic releases from dams and impoundments (minimum – maximum) during normal 
operating conditions and instream flow requirements legislated through water rights agreements, 
Endangered Species Act (ESA) requirements, adjudicated settlements, or other agreements 
entered into on a state to state or international (Canada, United States) basis impact these waters 
and thus were analyzed as part of the instream demand assessment. 

With respect to each region’s total individual land area, the Columbia River basin catchment area 
drains 95% of Idaho, 69% of Washington, 57% of Oregon, 17% of Montana, and 9% of British 
Columbia (BC) as well as relatively small percentages of Wyoming, Nevada, and Utah 
(Muckleston, 2003).  Minimum instream flows from these upstream source areas have the 
potential to impact available water supplies in Washington by affecting inflows into the state and 
by setting limits on withdrawals and reservoir operations within the state.   

There are currently two important unresolved concerns surrounding the legislated/mandated 
minimum instream flows on streams entering Washington and the available supply of water 
within the state.  The first involves the overall state of water rights in the PNW and their ongoing 
adjudication (including Tribal claims).  The second involves past and ongoing biological 
opinions (BiOp) relating to the ESA and their interpretation with respect to reservoir releases and 
hydropower operations.  These two topics may impact the results of this study in the future.  For 
the present, however, the current conditions were assumed to apply in the future.  Furthermore, it 
is important to point out that most instream flows are junior to existing water rights so to the 
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extent that these water rights are not currently taking their full allotments, the instream flow 
requirements do not guarantee that streamflows won’t fall below that target. 

The analysis of water entering Washington examined major tributaries ultimately entering the 
state from the states of Idaho, Oregon, Montana, and the province of British Columbia, Canada.  
Small headwater tributaries within the states of Nevada, Utah and Wyoming were assumed to be 
negligible in terms of their ability to affect the magnitudes of incoming flows at the Washington 
state boundary.  An internet search was conducted of Idaho’s, Oregon’s, Montana’s, and British 
Columbia’s water/environmental web-sites for information relating to legislated/mandated 
instream flows.  Specific information regarding the quantity, timing, and priority dates of 
existing statutory flow requirements was gathered.  An internet search was also conducted of 
facilities operated by the U.S. Army Corps of Engineers (Army Corps), Bonneville Power 
Administration (BPA), Avista Utilities, and British Columbia Hydro (BC Hydro) for operational 
water releases from dams and impoundments that would affect the flows coming into the state of 
Washington. 

In addition, phone contacts were made with representatives of BC Hydro, the Army Corps, 
Avista Utilities, Idaho Department of Water Resources, Montana Department of Water 
Resources, Montana Department of Fish and Wildlife, Oregon Department of Water Rights and 
Services, British Columbia Ministry of the Environment, US Fish and Wildlife Service 
(USFWS) in Portland, and the Confederated Tribes of the Umatilla.  Phone conversations were 
necessitated for several reasons including ensuring that the proper location of an 
agency/company web-site was being accessed, direction to other publications and personnel, and 
in some cases verification of when the data was obtained.   

3.8.2 Instream Flows in Washington State 

The full protocol followed by OCR for this analysis is covered in Appendix D, Historic 
Streamflow Data by WRIA.  The goal of this analysis was compare historic low, average, and 
high flow water years to state and federal minimum instream flow targets.  This work was 
intended to improve understanding of: 

• How reliably minimum flow targets in fish critical basins are currently being met. 

• How often water users subject to minimum flow targets are curtailed. 

• Whether trends exist in the historic data relative to water availability, the shape of the 
hydrograph, or drought severity. 

• Where opportunities exist to improve stream conditions by re-timing or re-locating 
water. 
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3.9 Water Allocation Assessment  

Water rights information was collected from WaDOE’s digital water-rights database, the Water 
Rights Tracking System (WRTS).  Within the database, water allocation documents are tracked 
according to the following information: identification/control number, priority date, one or more 
purposes of use, the total annual amount of appropriated water, the total instantaneous amount of 
water use allowed, one or more points of withdrawal /diversion (POD), and a place of use 
(POU).   

However, much of the data in WRTS is incomplete, often due to underlying uncertainty in the 
water rights records.  This is particularly true for claims, which represent individuals’ claims that 
they have rights to water use that began prior to the establishment of written water law in the 
state of Washington (prior to 1917 for surface water rights or 1945 for groundwater rights).  For 
most claims, there has been no agency or court review of whether the claim is valid.  For each 
WRIA within the Forecast study area, our analysis determined the amount of water that was 
allocated annually for water documents that had this information in WRTS, plus the 
proportion of documents which lacked total annual amounts (as an indication of the amount of 
uncertainty associated with the total).  Annual totals were presented separately for claim 
documents and for permits/certificates.   

WRTS had 260,478 water right documents in total.  Our analysis screened out water right 
documents that were inactive (31,714 documents) that were outside of the study area (in WRIAs 
1-28), or that represented temporary uses or changes for which there was likely to be a parent 
record (Change Applications, Change/ROE, New Application, Temporary Use, Short Term, and 
Drought).  The final document types considered were Claims, Claim Short Forms, Claim Long 
Forms, Certificates, Adjudicated Certificates, Permits, Quincy Basin Permits, Superseding 
Certificates and Superseding Permits.  For Yakima, due to the surface water right adjudication 
that is nearing completion, 854 older surface water WRTS data records were replaced with 2060 
data records from the conditional final order (CFO), obtained from Ecology in April 2011.   

Remaining records were divided into either certificates/permits, or claims for analytical purpose, 
using the following groups:  

• Permits, certificates, adjudicated certificates, Quincy Basin Permits, superseding 
certificates, and superseding permits, and  

• Claim, claim long form, and claim short form. 

After initial screening of the records, there were 26,348 permit/certificate documents for 
further analysis including the Yakima surface right records, and 71,682 claim documents. 

We then screened documents to try to eliminate non-consumptive uses of water, which were not 
the focus of the allocation analysis.  This process was complicated by the fact that water 
allocation documents often have more than one purpose, and may in some cases have one 
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purpose that is consumptive (e.g.  irrigation) and another that is non-consumptive (e.g.  power).  
Water allocation documents with the purpose codes for fish propagation, wildlife propagation, 
recreation, environmental, groundwater preservation only or a combination of two or more of 
these purposes were removed.  Water rights with a purpose of power only were also removed, as 
were water rights with a purpose of instream flow or storage only.  Water allocation documents 
that had mixed consumptive and non-consumptive purposes of use, with power as one of the 
uses, were checked to see if they contained a number of irrigated acres.  Records with no 
irrigated acres were removed.   

Within each WRIA, records were divided into three categories: groundwater, surface water and 
reservoir rights, based on their unique control numbers.  Reservoir rights create a potential issue, 
in that in some cases, water rights are issued supplemental to the reservoir rights, such that the 
documents in effect “double count” the water use.  Thus, for the top 20 reservoir rights (in terms 
of total annual water use), we manually went back to the associated water rights documents to 
figure out whether or not there were also water rights issued separately for use.  In cases where 
there were, the reservoir rights were eliminated.   

In total, for permit and certificate documents, 436 records were removed because they were 
identified as non-consumptive uses.  This included 100 reservoir rights that were eliminated as 
non-consumptive rights.  This left 25,912 documents.  For claim documents, 101 documents 
were removed as non-consumptive rights, leaving 71,581 documents.   

Within each document group type, our analysis then determined the amount of water that was 
allocated annually for each WRIA (for documents that included this information), plus the 
proportion of documents which lacked total annual amounts (as an indication of the amount of 
uncertainty associated with the total).   

3.10 Outreach 

The objective of the outreach strategy for the 2011 Forecast was to gather input to improve the 
development of the Forecast, focusing on assessment of projected medium-term (2030) changes 
in supply and demand that require adaptation by policy-makers, resource managers and water 
users.  Outreach efforts targeted four different groups, each with a different area of expertise: 

1. National review panel (individuals with academic expertise in the methodologies 
used in the WSU portion of the Forecast) 

2. Regional review panel (individuals with academic expertise in agriculture and 
water issues in eastern WA) 

3. Policy Advisory Group (stakeholders in this region with expertise and interest in 
water issues, environment, tribal issues, power generation, municipal water, 
agriculture, etc.) 

4. Interested members of the public (participation primarily by individuals involved 
in water issues at local or regional levels) 
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Stakeholder input was used to facilitate model development, and to build stakeholder trust in 
results and the policy that may be implemented as a result of lessons learned through the 
Forecast.  Each of these goals has been shown to be relevant in other public stakeholder 
processes (Borsuk et al. 2001; Hale 1993).  Research also indicates that stakeholders value “two-
way communication”, when stakeholders know that their input is actually used (Borsuk et al. 
2001; Stave 2002).  The process for gathering feedback was thus structured to not only to 
increase public awareness of the Forecast, but also to allow the public an opportunity to assist in 
the development of the Forecast.  Public feedback was gathered prior to finalizing results of the 
Forecast, with significant changes made to portions of the modeling effort, to the presentation of 
results, and to the descriptions of results, to respond to the comments received.   

3.10.1 National Review Panel  

The national review panel comprised four external experts in economics, modeling, and water 
issues: 

• Ari Michelson, PhD, Department of Agricultural Economics, Texas AgriLife 
Research Center, Texas A&M University, El Paso, TX (economics of water resources 
related to agriculture and climate change, state water assessments for Texas) 

• Jeff Peterson, PhD, Department of Agricultural Economics, Kansas State University, 
Manhattan, KS (regional and rural economic development relating to water) 

• Robert Mahler, PhD, Plant Soils, and Entomological Sciences Department, University 
of Idaho, Moscow, ID (coordinates the water quality program for the College of 
Agriculture, regional water issues, extension/outreach) 

• Alan Hamlet, PhD, Department of Civil and Environmental Engineering, University 
of Washington, Seattle, WA (VIC modeling, regional downscaling of climate 
projections). 

The review panel convened for two day-long reviews, once near the beginning of the project, as 
work was getting underway (May 2010) and once near the end of the project, after initial results 
had been generated and as final methodological issues were being addressed (May 2011).  
During these meetings, members of the review panel commented on the work, and gave 
suggestions for improvements relating to their areas of expertise. 

3.10.2 Regional Review Panel 

To complement the review provided by the national review panel, and to provide a regional 
check on results, an early draft report (August 2011) with preliminary WSU modeling results 
was reviewed by three individuals with broad knowledge of agricultural and water issues in the 
Pacific Northwest: 

• Hal Collins, PhD, USDA-ARS 
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• Sandy Halstead, US Environmental Protection Agency 

• David Granatstein, Center for Sustaining Agriculture and Natural Resources, 
Washington State University 

 

3.10.3 Office of Columbia River Policy Advisory Group 

Interactions with the Department of Ecology’s Office of Columbia River Policy Advisory Group 
(PAG) were designed particularly to guide early development of the Forecasting effort, and 
gather early feedback on methods from local stakeholders with an interest in the use of the 
Forecast results.  Based on the sophistication of the modeling methods used, it was helpful to 
receive feedback from a group with representative stakeholder interests, who could attend 
multiple in-depth presentations of methods on various aspects of the Forecast (e.g.  biophysical 
modeling, economics, Columbia River Instream Atlas, etc.) during the early stages of project 
development and provide ongoing feedback.  Feedback was used to refine methodology and to 
identify and prioritize issues most critical to stakeholders.   

 
Members of the Policy Advisory Group included: 

• Dale Bambrick, NOAA Fisheries-US Department of Commerce 

• Brenda Bateman, Oregon Water Resources Department 

• Gary Chandler, Association of WA Business 

• Kathleen Collins, Water Policy Alliance 

• Jon Culp, WA State Conservation Commission 

• Jim Fredericks, U.S. Army Corps of Engineers 

• Michael Garrity, American Rivers 

• Tony Grover, NW Power and Conservation Council 

• Mike Leita, Yakima County Commissioner 

• Joe Lukas, Grand County PUD 

• Mo McBroom, WA Environmental Council 

• Darryll Olsen, Columbia-Snake Rivers Irrigation Association 

• Gary Passmore, The Confederated Tribes of the Colville Reservation 

• Rudy Peone, Spokane Tribe 

• Rudy Plager, Adams County Commissioner 
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• Phil Rigdon, Yakama Nation 

• Dave Sauter, Klickitat County Commissioner 

• Mike Schwisow, Columbia Basin Development League 

• Teresa Scott, WA State Dept.  of Fish and Wildlife 

• Craig Simpson, East Columbia Basin Irrigation District 

• Rich Stevens, Grant County Commissioner 

• Leo Stewart, The Confederated Tribes of the Umatilla Indian Reservation 

• John Stuhlmiller, WA State Farm Bureau 

• Rob Swedo, Bonneville Power Administration 

• Matt Watkins, City of Pasco 

• Bill Gray, Bureau of Reclamation 

• Lisa Pelly, Washington Rivers Conservancy 

 
3.10.4 Public Stakeholder Workshops and Public Comment 

Preliminary results of the Forecast were presented at three public stakeholder events in 
Wenatchee, Spokane and the Tri-Cities in early September 2011 (Figure 39, Figure 40, and 
Figure 41).  A draft report was released at the end of September and public comment was 
accepted for 30 days after this release.   

 

Figure 38.  Participants review draft Forecast results in Richland, WA (Photo: Tim Hill, 
Ecology). 
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Figure 39.  Workshop participants review draft Forecast results in Wenatchee, WA (Photo: Tim 
Hill, Ecology). 

 

 

Figure 40.  Workshop participants (right) discuss draft Forecast results with Dr.  Jennifer Adam, 
Department of Civil and Environmental Engineering, Washington State University, in Spokane, 
WA (Photo: Tim Hill, Ecology). 

The computer modeling that was central to the 2011 Forecast was assumed to be challenging 
material for a public outreach process.  Research suggests that public knowledge about the nature 
and purpose of scientific models is generally low (Schwarz and White 2005).  Based on this, 
stakeholder workshops provided a non-technical overview of the methodologies used, followed 
by guided discussion to elicit participant questions and guide discussion of issues important to 
stakeholders.   

The workshops and comment period collected both quantitative and qualitative feedback, 
through a survey and open-ended questions, respectively.  This feedback, gathered via 
workshops, on-line forums, and the draft comment process, was used to fine-tune economic and 
biophysical modeling assumptions and to finalize results.  Feedback from the stakeholder 
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process, and the actions taken by OCR in response, are described in the Summary of Responses 
to the Draft 2011 Legislative Report for the Columbia River Basin Long-Term Water Supply and 
Demand Forecast (Ecology Publication 12-12-04). 
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