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EXECUTIVE SUMMARY 
 

Located in central Washington, the Yakima Basin is one of the most affluent agricultural 

hubs in the nation. In recent years, junior water users in the Basin, namely Roza Irrigation 

District (Roza), have been negatively impacted by drought. To better ensure water supply 

stability in preparation for future droughts, Roza has partnered with the Department of the 

Interior’s Natural Resource Investment Center (NRIC) in developing the financial strategy for 

the Yakima Drought Relief Pumping Plant (YDRPP). The YDRPP is an innovative capital 

infrastructure project that will provide 200,000 acre-feet of additional water to Roza during 

drought years. As student consultants for the NRIC, we explored the potential benefits of the 

YDRPP for Roza and the Yakima Basin. 

The analyses outlined in this report focus on Basin features impacted by the YDRPP. 

Multiple technical analyses were conducted to provide hydrologic, ecological, and financial 

context for the YDRPP. Hydrologic analyses of snowpack, streamflow, and reservoir operations 

in the Basin were used to identify water supply trends over the last 20 years. To gauge trends in 

water demand, a revenue analysis exploring Roza’s agricultural needs for project water was 

completed. An ecological analysis revealed the potential benefits of project water for fish 

populations and habitat in the Upper Yakima Basin. These analyses were synthesized to inform a 

series of four finance strategies available to Roza for the YDRPP. 

Rising winter temperatures are reducing the fraction of precipitation that falls as snow in 

the Basin. As a consequence, there is less water being stored as snowpack. Snowpack has 

historically served as a source of storage to supplement agricultural water entitlements 

throughout the growing season. Current reservoir capacity is insufficient to safeguard against 

decreasing snowpack storage. Water shortage threatens the Basin’s $3 billion agricultural 
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economy. Farmers in the Basin have shifted to planting permanent crops, which has increased 

land values but also created inflexible seasonal water demands. Together these findings increase 

the Basin’s economic and hydrologic vulnerability to drought impacts. The YDRPP will provide 

water security for Roza in drought years by ensuring the delivery of project water for agriculture. 

In addition to supplementing water supply for agricultural use, water generated by the YDRPP 

could be non-consumptively diverted to supplement instream flows in 90 miles of critical fish 

habitat throughout tributaries in the Kittitas Reclamation District upstream of Roza. Augmenting 

flows in these tributaries may stabilize and increase suitable fish habitat for priority species in 

the Upper Yakima Basin. 

Findings from the hydrologic, revenue, and ecological analyses can be used by Roza to 

highlight YDRPP benefits when discussing the project with investors or other Basin 

stakeholders. If Roza prioritizes simplicity and a quick turn-around in the delivery of project 

water, then a traditional bond is the optimal finance strategy. However, if Roza is willing to 

invest additional time in the acquisition of capital, then a layered capital approach could save the 

district up to 40% of project costs. The strategy that allows Roza to transfer the most 

infrastructure-related risk to the private sector is a Public-Private Partnership, which could 

contractually guarantee the timely delivery of project water. Finally, if Roza is interested in 

exploring an innovative finance approach that ties project costs to the ability of the YDRPP to 

generate ecological benefits for the Basin, then the district may choose to pursue an 

Environmental Impact Bond.  

The YDRPP was borne out of collaboration between agricultural, ecological, tribal, and 

federal stakeholders. It is recommended that Roza continues collaborating with other 

stakeholders in the Basin to manage water resources. The district should meet with both senior 



Page	4	of	79	
		

and junior water users to discuss opportunities for participation in the YDRPP. These 

opportunities may include trading project water and basin-wide contingency planning for severe 

drought. The YDRPP is a promising solution to Roza’s water supply challenges that also could 

serve as a tool supporting integrated water management across the Basin. 
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P3 Public-Private Partnership 
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Roza Roza Irrigation District 
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USACE United States Army Corp of Engineers 
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USFWS United States Fish and Wildlife Service 
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WCC National Water Climate Center 
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1 INTRODUCTION 
Located within the United States Department of the Interior (DOI), the Natural Resource 

Investment Center (NRIC) was created under the Obama Administration to facilitate resource 

conservation through innovative partnerships and market-based strategies. One of the current 

projects at the NRIC involves developing the financial strategy for an emergency drought-relief 

pumping plant in central Washington’s Yakima Basin. The Yakima Drought Relief Pumping 

Plant (YDRPP) is a project conceived by one of the Basin’s junior users, Roza Irrigation District 

(Roza), whose annual water supply has been depleted by recent drought. The spatial distribution 

of junior and senior water rights combined with the various competing uses for water has created 

an opportunity for YDRPP water to yield synergistic benefits across the Basin. Roza will finance 

the YDRPP and has multiple strategies at its disposal to do so. The NRIC is tasked with creating 

an affordable project that serves the water needs of Roza. As student consultants for the NRIC, 

we are evaluating the hydrologic, ecological, and financial implications of the project for Roza 

and other major stakeholders in the Basin, and recommending financial strategies to actualize the 

many potential benefits of the YDRPP.
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2 BACKGROUND 

2.1 YAKIMA BASIN GEOGRAPHIC LOCATION 
 

The Yakima Basin lies to the east of the Cascade Range in central Washington, and is 

one of the state’s most prosperous agricultural basins (Figure 1). The Yakima River travels 

through sections of Kittitas, Yakima, Benton and Klickitat Counties before reaching its 

confluence with the Columbia River.1 The Basin is characterized by a significant elevation 

gradation between the Cascade and Wenatchee Mountains to the west and north and the semiarid 

plains of the lower Yakima Valley. The mountain ranges bordering the Basin receive 140 inches 

of precipitation each year on average; by comparison, the Yakima Valley only receives at most 

10 inches of annual precipitation.2 Irrigated agriculture is found throughout much of the middle 

and lower elevation areas in the Basin. 
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Figure 1. Geographic features in the Yakima River Basin. Note: PAWR Gage is reference point where water availability is 
estimated each year. See 2.3.2 Proration for more information.  

2.2 BASIN FEATURES 

2.2.1 BUREAU OF RECLAMATION RESERVOIRS 
 

Five natural lakes in the headwaters of the Basin - Kachess, Cle Elum, Keechelus, Tieton, 

and Bumping - have been altered by the United States Bureau of Reclamation (Reclamation) to 

serve as reservoirs with a total capacity of 1,065,400 acre-feet (AF) (Table 1).a,3 The five 

                                                
a 1 acre-foot represents the volume of water that can cover 1 acre of land in 1 foot of water, or 43,560 ft3, and is 
equal to 325,851 gallons.  
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reservoirs hold 30% of the Basin’s annual flow. Reservoir supply is highly dependent on 

snowpack storage; combined these sources provide water to meet the demands of agricultural 

users in the Basin.4 

Table 1. Storage capacity of Reclamation reservoirs. Adapted from USBR 2011a Table 1.  

Reservoir Storage Capacity (AF) 
Cle Elum 436,900 
Kachess 239,000 
Rimrock 198,000 
Keechelus 157,800 
Bumping 33,700 
Total 1,065,400 

 

2.2.2 IRRIGATION DISTRICTS 
 

Six established irrigation districts downstream of the Reclamation reservoirs rely on dam 

releases to sustain river flows and deliver a portion of their total 2,040,999AF of allocated water 

rights (Table 2).5  

Table 2. Yakima Basin Irrigation Districts’ Water Rights. Adapted from USBR 2011a Table 4. 

 Non-proratable 
rights (AF) 

Proratable 
rights (AF) 

Total Water 
Rights (AF) 

Wapato Irrigation Project 305,613 350,000 655,613 
Sunnyside Division 289,646 157,776 447,422 
Roza Irrigation District 0 393,000 393,000 
Kittitas Reclamation District 0 336,000 336,000 
Yakima-Tieton Irrigation District 75,865 30,425 106,290 
Kennewick Irrigation District 18,000 84,674 102,674 
Total 689,124 1,351,875 2,040,999 

 

The most senior, or non-proratable, water rights in the Basin belong to the Yakima 

Nation, which operates through the Wapato Irrigation District, and the Sunnyside Irrigation 
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District.b Supply in recent drought years has been insufficient to satisfy the needs of junior, 

proratable agricultural water users in Roza and Kittitas Reclamation District (KRD) during the 

growing season.c Supply shortages are the result of drought, increasing water demand, and over-

allocation of available water resources in the Basin. Projections show that irrigation and 

municipal water demands will continue to increase in the future.6 To proactively address water 

management challenges, Basin stakeholders created the Yakima Basin Integrated Management 

Plan in 2011 to facilitate cooperative management among irrigation districts, federal entities, and 

other water user groups.7  

2.3 THE PROBLEM: DROUGHT 
 

2.3.1 YAKIMA BASIN WATER RIGHTS  
 
Drought has been a source of conflict among water users in the Basin since the early 

years of irrigation because it limits the amount of water available for agriculture.8 The most 

consequential clash occurred during a low-flow period in 1945 between irrigation districts with 

rights that predated Reclamation’s Yakima Projectd and those that formed in conjunction with 

the Project.9 The dispute was heard before the U.S. District Court of Eastern Washington, who 

settled the legal challenge by issuing the 1945 Consent Decree (the Decree). 10 The Decree 

legally mandates the framework in which Reclamation is to operate the Yakima Project to meet 

water demands.11 Specifically, the Decree establishes two classes of water rights: non-proratable 

and proratable (Table 2).12 Non-proratable rights are entitled to their full allocations, while the 

                                                
b Together Wapato and Sunnyside have a combined allocation of 1,103,035 AF. 
c The total proratable water rights in the Basin equals 1,351,875 AF. Roza and KRD own 73% of these rights 
(729,000 AF).  
d Yakima Project was established on December 12, 1905, and authorized Reclamation to build a network of 
irrigation infrastructure including the Basin’s 5 reservoirs. See Bureau of Reclamation 2011a. Page 5.   
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remainder of available water is split equally among the proratable entitlements.13 In years when 

the water supply is projected to be insufficient to serve all entitlements, water deliveries to 

proratable users are often reduced (known as proration).14 The end result is that proratable users 

in the Basin like Roza have less access to water during drought. 

2.3.2 PRORATION 
 

Each year, the water supply from April through September is predicted using the Total 

Water Supply Available (TWSA).15 Proration is declared when the TWSA is inadequate to meet 

all irrigation entitlements.16 Reclamation begins forecasting TWSA in March by projecting April 

1st reservoir storage, April 1st-July 3st runoff, August 1st-September 20th runoff, and upstream 

return flows.17 Projections are based on the location of the USGS Parker Gage (Figure 1).18 In a 

typical year, TWSA is around 2.7 million AF; this is sufficient to keep the proration level above 

80% of each junior user’s total allocation. In years when TWSA is estimated at below 75%, 

emergency drought relief provisions may come into effect:19 

Chapter 173-166 WAC, Revised Code of Washington, authorizes [Washington State Department 
of] Ecology to determine when water-supply conditions are expected to be 75% of the normal 
supply and cause undue hardship to water users. This definition was established by the 
Washington State Legislature in 1989 (RCW 43.83B.400). Following governor approval, Ecology 
can issue a drought condition order. The order: 

• Allows water users to obtain water from alternate groundwater and surface-water sources 
• Allows temporary water transfers and transactions 
• Provides funding assistance to public bodies for projects and measures designed to help 

alleviate drought conditions relating to agriculture and fisheries20 

(Bureau of Reclamation. 2011a. Page 15) 
 

There have been 11 years total in which proration was defined in the Basin (Table 3). In these 

years, proratable users in districts like Roza were forced to seek water supply alternatives to 

supplement their prorated supply.  
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Table 3. List of proration years in the Basin. Total Water Supply Available (TWSA) estimates (both acre-feet and percentage of 
entitlements) are shown for all years and compared against the actual end of season amount (percentage of entitlement). 
Unknown data points are marked by ‘--‘.   

Proration 
Year21 

TWSA 
April 1 Estimates 

(AF)22 

TWSA 
April 1st Estimates 

(Expected Proration)23 

End of Season 
(Actual Proration)24 

1973 -- -- -- 
1977 2,037,000 -- -- 
1979 2,657,000 -- -- 
1987 2,599,000 -- -- 
1988 2,253,000 -- -- 
1992 2,422,000 -- 58% 
1993 1,974,000 -- 67% 
1994 2,016,000 49% 37% 
2001 1,678,000 59% 37% 
2005 1,717,000 34% 42% 
2015 -- 60% 47% 

 

2.4 FAILED SOLUTIONS: WATER SUPPLY ALTERNATIVES 

2.4.1 WATER TRANSFERS 
 

To address drought-related shortages in the past, irrigation districts have temporarily 

transferred water rights among themselves according to a market price for water.25 During most 

drought years Roza has been able to acquire the water necessary to sustain its crops by trading 

with other districts in the Basin.26 Actual prices per AF of water vary based on crop values and 

demand. After confirming the legality of a transfer,e an irrigator with fallowable fields may profit 

in a drought year by selling her water rights to another irrigator or district willing to pay for extra 

water in that growing season. The seller can trade all of her rights and forgo planting that season 

or maintain a portion of those rights and plant a smaller harvest depending on the profitability of 

                                                
e See also Drought Year Water Transfers Process available at 
https://fortress.wa.gov/ecy/wrx/wrx/fsvr/ecylcyfsvrxfile/WaterRights/WTWG/transferprocess_2001.pdf  
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the transfer.27 This market creates opportunity for water to be allocated to the most valuable 

crops in the Basin. For example, Roza leases the most water from transfers in times of drought 

compared to other junior users to sustain its significant perennial crop acreage.28 Within the 

Basin, a Water Transfer Working Group was established specifically to evaluate and expedite 

state approval of complicated transfer proposals.29 The Washington State Department of Ecology 

(Ecology) also purchases a reserve of excess permanent and short-term water rights to support 

instream flows in rivers statewide and within the Basin.30  

2.4.1.1 LIMITATIONS TO TRANSFERS 
 

Though water markets can mitigate some effects of drought, they are not a reliable 

solution in areas where supply is severely limited even when the price is right. Legal and spatial 

restrictions inhibit the efficiency of water trading in the Basin. Irrigation districts cannot trade 

more than the annual cap of 50,000 AF, and some districts have additional limitations to trading 

or prohibit it altogether. Transfers are not always geographically feasible between downstream 

and upstream users partly because lower Basin users can receive supply from all five lakes in the 

Basin, while middle and upper Basin users are limited to three reservoirs. The high-value crops 

at risk during drought in junior districts cannot simply be relocated to senior districts, because 

many of these crops require soil types specific to the geology present in the junior districts. 

Water demand also varies depending on crop type. The alfalfa grown throughout the KRD 

requires watering early in the growing season, leaving little to no water available for late-season 

transfers. 

Due to these challenges, water transfers failed as a solution to shortage for Roza during 

the 2015 drought. In 2015, the initial Reclamation forecast for water supply proration was 

overestimated at 73% and dropped to 60% in March (Table 3).31 By the middle of the season 
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actual proration was modified to 44% of regular supplies. Farmers throughout the Basin 

struggled to sustain crops they had already sowed based on the original forecast, resulting in 

inflexibility in the water trading market. 

Based on the original 2015 forecast, Roza offered to lease water from other districts at 

$264/AF, and when this did not supply the volume of water required they increased the offer to 

$500/AF.32 The higher price only secured 4,534 AF, which constitutes about 1/6th of what the 

market provided in past drought years.33 The district was almost forced into a mid-season shut-

down.34 Restrictions not in place during previous droughts further stymied the market; Sunnyside 

Irrigation District placed an unprecedented cap of 10,000 AF on the amount of water available 

for inter-district transfer,35 and pasture-land in Roza previously considered “prime transfer 

candidate land” had been converted to more valuable crops such as hops, wine grapes, and 

apples.36 Water right adjudications implemented to conserve instream flows in the Basin also 

decreased the amount of available water for transfers.37 In total, Roza spent $1.2 million on water 

transfers in 2015 alone and “would have readily leased much more water had it been available” 

to sustain its irrigated agriculture.38 

2.4.2 GROUNDWATER PUMPING 
 

Many water users in the Basin rely on groundwater as an important source of supply.f 

Basin aquifers are primarily recharged by rainfall and snowmelt in the uplands and by irrigation 

in the lowlands.39 Advancements in well-drilling technology and population growth in the Basin 

have contributed to a 270% increase in groundwater extraction since 1960.40 In addition, many 

farmers built emergency wells to supplement their prorated surface water supply during droughts 

                                                
f Irrigators are the largest users of groundwater. In 2000, they accounted for about 60% of all groundwater pumped. 
Other uses include municipals, domestic, fish & wildlife, and commercial & industrial See. Vaccaro et al. 2009. 
Page 2, 59. 
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in response to the 1945 Decree.g,41 In order to pump groundwater, irrigators must apply for a 

certificate with Ecology according to the Ground Water Code (Chapter 90.44 RCW).h As of 

2001, Ecology has appropriated about 530,000 AF of groundwater rights to almost 3,000 

irrigators.i Many of these rights are standby or reserve rights, and are to be used during proration 

years when surface water supply is limited.42 

2.4.2.1 LIMITATIONS TO GROUNDWATER PUMPING 
 

Despite the large volume of groundwater appropriated to Basin irrigators for emergency 

use, only a fraction of the rights have been realized, totaling 250,350 AF of groundwater pumped 

over 8 proration years. j High costs are a major limitation to groundwater pumping. Groundwater 

wells are managed at the farm-scale, and so farmers bear the financial burden of their wells 

independently. Fuel costs alone can be prohibitively expensive in the operation of a well.k In 

addition, maintaining emergency wells is logistically difficult given that they are not regularly 

used.l In 2015, farmers in Roza estimated that they would need to spend between $50,000 and 

$250,000 in rehabilitation costs just to have their wells function again.43 A future barrier to 

groundwater extraction may also be inadequate supply. Groundwater levels near irrigation 

districts in the Basin where pumping rates are high declined by 76-150 feet within a 10-year 

period, and recharge rates are almost non-existent in some of the more arid regions of the 

Basin.44  

                                                
g 1945 Consent Decree (U.S. District Court of Eastern Washington, 1945). Under Civil Action No. 21. See Bureau 
of Reclamation. 2011a. Page 5.  
h Permits are issued for rights not yet perfected. Rights acquired before 1945 are still required to file a water right 
claim with Ecology. U.S. Bureau of Reclamation. 2011a. Page 26-27. 
i 80% of the rights are certificates; the remaining 20% are permits. Vaccaro et al. 2009. Page 59.  
j Proration years included in this statistic: 1977, 1979, 1987, 1988, 1992, 1993, 1994, 2001, 2005. USGS 2009. Page 
61.  
k Pumps are powered by either diesel or electricity. From Natural Resources Investment Center. 2016. Background 
Information on Yakima and Kachess Project. Internal Memo. 
l In 2015, for example, it had been 10 years since the last time emergency wells were used. 
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2.5 NEW SOLUTION: YAKIMA DROUGHT RELIEF PUMPING PLANT (YDRPP) 
 

To ensure a stable water supply in preparation for future droughts, Roza is pursuing the 

construction of the YDRPP. The YDRPP is an innovative, floating pumping station that will 

access deadpool storage in Lake Kachess for agricultural consumption in Roza. The Kachess 

Dam operates through a gravity outlet, currently leaving behind 786,000 AF of inactive storage 

that was created by prehistoric glacial erosion (Figure 2). During drought over the 30-year design 

life of the project, the YDRPP will be mobilized to provide Roza with 200,000 AF of additional 

water, or up to 70% of its proratable supply.  

 

Figure 2. Kachess Lake, Dam, and Storage Pools. In the figure, KDRPP is the former name of the pumping station which has 
since been revised to the YDRPP. Adapted from NRIC Internal Document. 
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This Masters Project was designed to inform the future construction and operation of the 

YDRPP through hydrologic, ecological, and financial research and analysis. The findings further 

demonstrate the need for the YDRPP in the Basin, as well as the potential economic and 

environmental benefits that it can provide. The analyses completed will supplement the financial 

package that the NRIC and Roza present to investors for the YDRPP.

 

3 METHODS 

3.1 RESEARCH APPROACH 

3.1.1 SUMMARY OF METHODS 
 

A large body of existing research is dedicated to general environmental and economic trends 

in the Yakima Basin. The methods outlined in this report focus specifically on Basin features 

impacted by the YDRPP. Multiple analyses were conducted to provide hydrologic, ecological, 

and financial context for the YDRPP and Roza within the Basin. Hydrologic analyses of 

snowpack, streamflow, and reservoir operations in the Basin were used to identify water supply 

trends over the last 20 years. To gauge trends in water demand, a revenue analysis exploring 

Roza’s agricultural needs for project water was completed. An ecological analysis revealed the 

potential benefits of project water for fish populations and habitat throughout KRD. Finally, 

these analyses were synthesized to inform the finance strategies available to Roza for the 

YDRPP. For a more detailed description of methods, please see Appendix A. 

3.2 CLIMATE FORECAST SYNTHESIS 
 

In order to characterize general climate trends projected for Washington State and the 

Pacific Northwest, climate reports from multiple federal, state, and research institutions were 
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synthesized. Climate projections from each report were coded according to impacts on 

hydrology, ecology, and agriculture.   

3.3 HYDROLOGIC ANALYSIS 
 

Basin-specific hydrologic patterns and trends were evaluated to demonstrate the need for 

the YDRPP. Daily snowpack, precipitation, and air temperature measurements were collected 

from the U.S. Department of Agriculture’s (USDA) SNOTEL network. SNOTEL data used in 

this analysis range from 1985 to present day, and were collected in the Basin’s mountainous 

topography (Figure 3). Daily streamflow measurements were gathered from USGS Gage 

12488500, located on the headwater tributary of American River (Figure 3). This gage was 

selected due to its location on an undeveloped stream and continuous temporal data (from 1940 

to present day). Finally, daily reservoir elevation data were downloaded from Reclamation’s 

Hydromet Information System (Figure 3). All data types were analyzed in R Statistical 

Software.45 Data parameters were converted into monthly, seasonal, and annual averages and 

then analyzed using the non-parametric Mann-Kendall Trend test. 



Page	21	of	79	
	

 

Figure 3. Location of gages used in the hydrologic analysis. 

3.4 REVENUE ANALYSIS  
 
To quantify the agricultural revenue at stake within the Roza and the Basin, data were 

gathered from the USDA’s Census of Agriculture for Yakima, Benton, and Kittitas counties.46 

The data range from 1954 to 2012, which marks the last year the Basin-wide census was 

conducted. A separate crop census specific to Roza was obtained from the district manager. 

These data were used to evaluate trends in demand factors including crop coverage and land 

value over time. 
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3.5 ECOLOGICAL ANALYSIS  
 

The objective of the ecological analysis was to explore and quantify the scope of potential 

benefits for priority fish species from project water. Geospatial analysis was performed on fish 

species presence and streamflow data obtained from the Washington Department of Fish and 

Wildlife (WDFW). These data were used in conjunction with geospatial data from the Kittitas 

Reclamation District (KRD) detailing the canal infrastructure that could facilitate a flow 

supplementation initiative in the Upper Yakima Basin.  

3.6 FINANCIAL ANALYSIS  
 

This analysis provides Roza with a suite of finance strategies that may be used to pay for the 

YDRPP. Where relevant, these finance strategies were developed in the context of three different 

usage scenarios for the YDRPP based on the simulated frequency of future droughts. Benefit-

cost analyses were performed in Microsoft Excel using estimated input parameters for project 

costs.  

4 RESULTS 

4.1 CLIMATE FORECAST SYNTHESIS 

4.1.1 INTRODUCTION 
 

Climate change has the potential to shift the status quo within Washington state. Trends 

and projections for state climate were synthesized to assess potential impacts on hydrologic, 

agricultural, and ecological conditions in the region.  
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4.1.2 SECTION SUMMARY 
 

Climate forecast reports from federal, state, and university sources were collected, coded 

and synthesized in order to determine the impact of climate change at a regional scale (Table 4).  

Table 4. Summary of sources used in climate forecast synthesis. 

Organization Name Organization 
Type 

Number of reports 

Bureau of Reclamation Federal 3 
United States Geologic Survey Federal 7 
United States Army Corp of Engineers Federal 1 
National Oceanic and Atmospheric Administration Federal 3 
Environmental Protection Agency Federal 2 
Unites States Department of Agriculture Federal 2 
University of Washington Climate Impacts Group University 1 
Washington State Department of Ecology State 1 

 
These reports conclude that projected increases in air temperatures across the Pacific Northwest 

will alter the timing and volume of snowmelt in the state, therefore resulting in less streamflow 

in summer months. Shifts in seasonal precipitation will increase the proportion of precipitation 

that falls as rain rather than snow in the winter, resulting in drier summers. Groundwater 

recharge rates are also expected to decrease as temperature increases. These hydrologic changes 

may threaten sensitive fish species in such as bull trout and other salmonids. Drought and water 

shortages are also expected to compromise established levels of agricultural production, and 

could result in the loss of millions of US dollars in the future.    

4.1.3 FINDINGS 
 
4.1.3.1 GENERAL CLIMATE TRENDS 

Washington State is already experiencing several changing climate trends including 

warming air temperatures, sea level rise, extreme storm events, and increased drought.47 

Temperatures in the state are projected to rise an average of 2 degrees Fahrenheit (°F) by 2020 

and 5.3°F by 2080.48 Water shortages are expected to increase from 14% of years to 77% of 
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years by 2080.49 Temperatures are projected to rise in the Pacific Northwest under five climate 

change scenarios (different combinations of warming, cooling, wetting and drying), and the most 

severe temperature increases will be seen in the summer.50 Longer and more intense summer 

heat waves will also become more common,51 resulting in higher rates of evaporation and less 

available streamflow.52  

 Climate change impacts are expected to cost Washington as much as $10 billion per year 

by 2020 and at least $16 billion per year after 2040, which includes increasing costs due to 

energy production and demand, wild-fires, degraded human health, water scarcity, and storm 

damage among others.53 Sustaining a reliable water supply in a changing climate is necessary to 

the future success of the agricultural sector, as well as the hydropower and fisheries industries in 

the state.  

4.1.3.2 HYDROLOGIC IMPACTS 
 

The hydrologic characteristics considered in this synthesis are snowmelt, precipitation, 

streamflow, and groundwater. While each is broken down into a separate category, it is 

acknowledged that these features interact regularly and often impact one another.  

Snowmelt 

Across the state of Washington, warmer air temperatures associated with climate change 

have already reduced snowpack volume, thus limiting the quantity and timing of water supply to 

the primarily snow-fed region.54 Snowpack in Washington is melting earlier than it did in 20th 

Century and has decreased 20% since the 1950s.55 By the year 2020, April snowpack in the state 

is projected to decrease by 28%, and by 2080 Washington will experience 59% less snow in the 

spring.56 Recent studies also project that an increase of 1 degree Celsius (°C) in air temperatures 

will yield a 12% decrease in annual snowmelt volume; for a 2°C increase, the decrease in 
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volume could be as significant as 27%.57 It is anticipated that by the end of the 21st Century, the 

snow water equivalent (SWE), or the amount of water stored in snow, throughout the Pacific 

Northwest will have decreased between 40% and 59%.58 By 2050, snowmelt is likely to occur 3-

4 weeks earlier than the 20th Century average that forms the basis for current agricultural 

practices.59 

Precipitation 

Most studies predicted that the overall precipitation in Washington State will not change 

significantly, though it will still exhibit natural year-to-year variability.60 However, increasing air 

temperatures will result in more precipitation falling as rain than snow in the winter and early 

spring, effectively decreasing snowpack.61 Under a modeled 2°C temperature increase in the 

Pacific Northwest precipitation transitions from snow to rain, leading to a 70% increase in 

rainfall in elevations below 3,600 feet, and a 10-20% increase in areas above this altitude.62 

Projections also suggest increasingly dry summers in the Yakima and Columbia River Basins.63  

Streamflow 

As snowpack continues to melt earlier in the water year, snow-derived streamflow is 

expected to increase during the winter and spring months, decreasing summertime discharge.64 A 

trend of decreasing annual streamflow has been observed across the Pacific Northwest,65 and the 

temperature increases projected for the Cascades will make the Yakima Basin particularly 

susceptible to decreased streamflow.66  Increased evaporation and evapotranspiration from plants 

due to rising temperatures will also impact the amount of water available in streams.67  

Groundwater 

Aquifers in the Basin will likely receive less recharge from surface water sources due to 

increased evapotranspiration caused by warmer temperatures.68 Increased evapotranspiration will 

increase the water demands of both crops and riparian vegetation leaving less water available for 
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infiltration to groundwater. As of 2009, there were over 20,000 wells in the Yakima Basin, most 

of which are shallow domestic wells that could be impacted by groundwater depletion.69 This 

number is likely outdated due to the increased drilling of wells by agricultural users during the 

2015 drought.  

4.1.3.3 AGRICULTURAL PRODUCTION IMPACTS  
 

Washington is a top producer of nine agricultural commodities in the US, making it the 

9th largest agricultural producer and the 3rd largest agricultural exporter in the nation.70 About 

$2.5 billion of the state’s agricultural industry is supported by irrigation.71 The regions capable of 

growing many of Washington’s crops will be altered by a warming climate, which has important 

implications for the sustainability of the state’s agriculture. Seasonal temperature increases will 

also affect crop production, especially for crops with specific “chilling requirements.”72 For 

example, grapes require 90 cool hours, peaches 225, apples 400, and cherries need over 1,000 

chilling hours.73 Proration in dry years could cause apple and cherry production declines of $23 

million in the 2020s and $70 million in the 2080s across the state.13 Increased evapotranspiration 

can increase a crop’s consumptive water use, resulting in less return flow to streams and 

therefore less water available for downstream users.74   

4.1.3.4 ECOLOGIC IMPACTS TO PRIORITY SPECIES AND HABITAT 
 

Climatic shifts could negatively impact the priority fish species and habitat found across 

the state. Steelhead and bull trout are listed as threatened under the Endangered Species Act 

(ESA), and both can be found in the Yakima Basin.75 By 2080, water temperatures in 

Washington are expected to increase between 2°C and 5°C at which point nearly half of all 

                                                
13 This represents a 5% reduction in apple and cherry production by 2020 and a 16% reduction by 2080. Climate 
Impacts Group. 2009. Page 1. 
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monitoring stations in the eastern part of the state including those found in the Yakima Basin will 

exceed the critical threshold for juvenile salmon species.76 Bull trout are especially susceptible to 

reduced streamflow and higher water temperatures compared to other salmonid species.77

 

4.2 HYDROLOGIC ANALYSIS 

4.2.1 INTRODUCTION 
 
The need for and ultimate success of the YDRPP is contingent on future hydrologic 

conditions in the Basin. Therefore, an in-depth hydrologic analysis was performed to assess the 

long-term trends impacting snowpack, streamflow, and reservoir operations. 

4.2.2 SECTION SUMMARY 
 
Rising winter temperatures are reducing the fraction of precipitation that falls as snow in 

the Basin. As a consequence, there is less water being stored as snowpack. This decreases the 

volume of streamflow available in late spring and early summer. Precipitation during the spring 

and summer is not increasing to offset the loss of spring melt, thus limiting the availability of 

surface water supply to farmers during the critical growing season. Low snowpack conditions are 

amplified during drought years. Basin water users have had to increasingly rely upon water 

stored in upstream reservoirs. Reduced water storage in snowpack and increased water demand 

combine to make the existing storage capacity within the reservoirs a less reliable supply of 

water, especially during drought years.  
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4.2.3 FINDINGS 

4.2.3.1 ANNUAL TRENDS IN HYDROLOGY 
 

The Basin’s annual water supply is highly dependent on the volume and timing of 

precipitation. Historically, the Basin has been described as snow-dominated, meaning, “most of 

the winter precipitation is stored as snow in the higher elevations of the watershed and is released 

in spring and early summer.”78 Winter precipitation is especially vital in the Basin as it accounts 

for over 40% of annual precipitation (Table 5). 14 

Table 5.	The percentage of annual precipitation during each season.	

 
Precipitation falls as snow and accumulates as snowpack starting in late fall through early 

spring (Figure 4). Snowpack accumulation—measured as snow water equivalent (SWE), or the 

amount of water stored in the snow—peaks around April 1st. Winter precipitation not stored in 

snowpack may instead be held in one of the five Reclamation reservoirs in the Basin. However, 

these reservoirs are only able to store about 30% of the Basin’s annual 3.4 million AF of runoff 

(Table 1).79 Given this limited storage capacity, and the fact that a majority of the precipitation 

falls well before the agricultural growing season, snowpack serves as the Basin’s dominant 

storage mechanism by supplying streamflow in the early spring and summer via spring melt.80 In 

fact, snowpack is often referred to as the Basin’s sixth reservoir.81 

                                                
14 Using SNOTEL gages located in the lower ridges of the mountains, annual precipitation was estimated to be 
around 65 inches, with an average of 26 inches in the winter. See Figure 3. A broader estimate of precipitation in the 
Basin found 120 inches/year in the mountainous headwaters and 6 inches/year in the low lying arid regions of the 
Basin, making the mean annual precipitation throughout the Basin approximately 27 inches See Vaccaro et al. 2009. 
Page 4. 

Season Months in the season Precipitation 
(inches) 

Percent of Annual 
Precipitation 

Fall September, October, November 19.6 18% 
Winter December, January, February 27.3 42% 
Spring March, April, May 13.8 21% 
Summer June, July, August 12.0 19% 
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Figure 4. Snowpack and precipitation during a typical water year. Data comes from SNOTEL network, and is reflective of 
mountainous terrain in Basin (see Figure 3). 

Snowpack is a less reliable source of water storage during drought years. Hydrologic 

conditions from drought years that resulted in proration (Table 3) were compared to non-drought 

years. On average, peak SWE in snowpack was reduced by 47% in drought years (Figure 5a).15 

Low SWE was caused by both a decrease in annual precipitation and an increase in air 

temperatures (Figure 5b, 5d). Compared to non-drought years, 28% less precipitation fell during 

drought.16  In addition, winter and spring air temperatures were about 0.9°C warmer during 

                                                
15 Average April 1st SWE in non-drought years is 941 mm. In contrast, average April 1st SWE is only 450 mm in 
drought years. Note: Date range of analysis represents years 1985 to 2016 (limited by SNOTEL data availability).  
16 Annual precipitation in non-drought years is around 1,730 mm (or 68 inches). Annual precipitation in drought 
years is 1,230 mm (or 48 inches).   
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drought.17 Together, these factors decreased the volume of water available as streamflow during 

the growing season (Figure 5c).18  

 

Figure 5.	Hydrologic conditions in drought years versus non-drought years. SWE (a), precipitation (b), streamflow (c), and air 
temperature (d) measurements were averaged for drought years (Table3) and plotted against annual averages for non-drought 
years.  

4.2.3.2 LONG-TERM TRENDS IN HYDROLOGY 
 

Snowpack in the Basin is declining (Figure 6). Snowpack accumulation is dependent on 

precipitation volume and air temperature. A non-parametric trend analysis (Mann-Kendall) 

found no evidence of long-term changes in precipitation volume in any season, despite having 

high year-to-year variability. In contrast, the same trend analysis for air temperature revealed a 

significant increase in almost every season.19 Rising winter air temperatures reduce snowpack by 

decreasing the fraction of precipitation that falls as snow. 

                                                
17 The average winter & spring air temperature (i.e. December through April) was -0.8°C in non-drought years and -
0.01°C in drought years.  
18 Annual streamflow was about 19% less in drought years (190 cfs compared to 240 cfs). Gage data was collected 
at the USGS Stream gage 12488500 on the undeveloped headwater tributary of American River. Figure 3. 
19 An increase in temperature was considered significant if the null hypothesis of the Mann-Kendall—stating that 
there is no change in temperature—was rejected with 95% confidence (p-value < 0.05). Only the fall season failed to 
reject the null hypothesis (p = 0.08), although an increase in temperature was still observed.  

a
. 

b. 

c. 
d. 
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Figure 6.	Declining snowpack through time. Average snowpack accumulation (measured in SWE) for the first 15 years of the 
dataset (1985-2000) plotted against average snowpack accumulation during the more recent 15 years (2001-2015).	

The trend analysis shows that not only have winter air temperatures increased by around 3.6°C20 

over the past 20 years, but that they have also increased above the -2°C threshold required for 

steady snowfall (Figure 7). 21
 At temperatures above -2°C precipitation stops falling as the dry, 

powdery snow typical of the region and instead falls as a wet, snow-rain intermediate.82 As 

temperatures rise above 1.2°C, a greater fraction of precipitation falls as rain rather than snow.83 

 

Figure 7.	Average monthly winter air temperatures (December, January, & February) over time.  A non-parametric trend line, 
derived from a Mann-Kendall analysis, is also plotted to highlight how winter air temperatures have significantly increased (p = 
4x10-7). A 95% confidence interval has been plotted around the trend line. Precipitation is snow-dominated below -2°C and rain-
dominated above 1.2°C.	

                                                
20 Trend based on Mann-Kendall analysis (p=4x10-7), with a 95% confidence interval around 2.6 to 4.9°C increase. 
21 95% of precipitation will fall as snow when temperatures are below -2°C. This percentage declines as 
temperatures warm, resulting in 50% snowfall when temperatures are at 1.2°C. The fraction of precipitation that 
falls as snow continues to declines to 5% and <1% as temperatures rise to 3.7°C and 6.5°C, respectively. See Dai, 
Aiguo. Temperature and pressure dependence of the rain-snow phase transition over land and ocean. June 2008. 
Geophysical Research Letters. 35.   
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As a consequence of rising winter air temperatures, a higher proportion of winter 

precipitation enters streams rather than being stored as snowpack. A Mann-Kendall trend 

analysis confirmed a slight increase in winter streamflow (Figure 8).22 According to a Spearman 

Correlation Test, 30% of this increase in streamflow can be attributed to rising winter air 

temperatures (ρ= 0.3) (Figure 8). This increase in winter streamflow may mean that less water 

will be available in summer for agricultural consumption, as the five Reclamation reservoirs in 

the Basin have limited capacity to store runoff early in the growing season. 

 

Figure 8.	Winter streamflow is plotted against winter air temperature from the same time period. A Spearman Correlation Test 
found there is a 30% correlation between the two factors (rho = 0.3). The Mann-Kendall trends are also displayed.	

As snowpack storage declines and more water enters streams earlier in the year, summer 

streamflow also declines. This decrease is already evident in Basin headwaters (Figure 9)84. 

Reduced summer streamflow cannot be solely attributed to increased winter streamflow; warming 

summer air temperatures have increased the evaporation rate in the Basin, thus further limiting the 

                                                
22 Discharge data comes from USGS Gage 12488500 on American River Tributary.  
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overall water supply available to farmers in summer months. Over the past 20 years, the average 

summer air temperature has risen 2.5°C.23 

 

Figure 9.	Summer streamflow over time. A Mann-Kendall trend test found a slight, non-significant decrease in flow.	

4.2.3.3 SHIFTING RESERVOIR OPERATIONS 
 

As snowpack storage has decreased, the Basin’s water users have increasingly relied on 

reservoir water supply (Figure 10). Reservoir storage records from Lake Kachess show a strong 

correlation between prorated drought years (Table 3) and deep reservoir draw-downs. Of the 

thirteen years when reservoir water storage dropped below 10% of the total capacity, five were 

prorated drought years (1987, 1988, 1993, 1994, 2001), four were years that directly followed 

prorated drought (1980, 1989, 1995, 2002), and four were years during the Dust Bowl (1926, 

                                                
23 Trend based on Mann-Kendall analysis (p=0.009), with a 95% confidence interval of 0.5 to 4.6°C.  
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1927, 1931, 1932). Therefore, there is a 55% likelihood that Lake Kachess’ water supply will 

drop below 10% of its total capacity when water rights are prorated in the Basin.24  

	

Figure 10.	Reservoir storage in Lake Kachess through time. Storage is represented by the percentage of total storage capacity 
(239,000 AF) filled. Drought years that resulted in proration are highlighted in red (see Table 3). Note: Declaration of proration 
begins in the 1970’s; list is not inclusive of all historic droughts.	

4.3 REVENUE ANALYSIS 

4.3.1 INTRODUCTION 
 

Agricultural revenue is the base of Roza’s economy as well as that of the larger Basin; 

agriculture is also the largest water user group in the Basin. The revenue analysis explores the 

shifting trends in Basin crop types that determine water demand.  

4.3.2 SECTION SUMMARY 
 

The crop acreage within the Basin is valued at over $1.5 billion and accounts for a 

quarter of Washington State’s agricultural economy.85 The highest value crops in the Basin are 

permanent crops such as orchards, vineyards, and hops plantations that require a consistent 

supply of water from year to year. The expansion of permanent crop acreage in the Basin has 

increased its land value over time but also created more inflexible water demands during 

                                                
24 Six of the eleven prorated drought years resulted in deep draw-downs of Lake Kachess’ total capacity within a 
year of drought.  
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drought. This is especially problematic for junior water users like Roza that rely on proratable 

water supplies for irrigation. Over 74% of the acreage in Roza is devoted to permanent crops. 

Drought poses a significant risk to Roza’s agriculture-dependent economy, as water supply 

cutoffs combined with intense heat negatively affect permanent crop survival.86 In the 2015 

drought when water supply fell short of demand, growers within Roza alone lost an estimated 

$75 million due to declines in crop quality, yield, and unsowed acreage.  

4.3.3 FINDINGS 

4.3.3.1 YAKIMA BASIN CROPS 
 

Irrigated agriculture has been a prominent force in the Yakima Basin since the early 20th 

century.87 Since 1954 the total irrigated acreage only increased by 13%. During this time the 

acreage planted with permanent crops has tripled, from 56,053 to 153,527 acres (Figure 11a), 

correlating with an increase in the average value per acre within the Basin by a factor of five, 

from $651 to $3,195 per acre (Figure 11b).25 The value of farms also increased by 97% in 

response to permanent crop plantings, while the total number of farms in the Basin decreased by 

40%. The shift from planting fallowable, temporary crops to unfallowable, permanent crops 

changes the demand and risk associated with agricultural water use in the Basin. 

 

 

 

 

                                                
25 Figures representative of the 2017 US dollar.  
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Figure 11a-b. Yakima permanent crop coverage is increasing through time (a), correlating with an increase in the 
value of the Basin. 

 
The shift to permanent crops in the Basin reflects the high value and steady demand for 

these crops in domestic and international markets.88 Permanent crops include apple, pear, cherry, 

and soft fruit trees as well as juice and wine grapes, hops, asparagus, and blueberries. 

Washington State is the top producer of apples and hops within the United States and is the 

second ranking producer of grapes behind California.89 While crop yields vary inter-annually 

depending on seasonal productivity, from 2013-2016 Washington produced between 57% and 

65% of the national apple crop, about 70% of which serves the domestic apple market.90 Exact 

profits on these types of commodities vary based on supply, crop quality, and demand factors. 
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Growers in Washington typically receive at least $0.35 per pound for apples, which is 16% 

higher than the national average,91 and an average of $0.35 per pound for grapes.92 This 

compares to a 2016 average of $0.07 per pound for alfalfa.93  

Unlike seasonal crops such as alfalfa, permanent crops cannot be fallowed during 

droughts or water shortages due to high up-front capital costs. The highest value permanent 

commodities such as apples, hops, and blueberries can cost as much as $25,000 per acre to plant 

and establish, excluding the cost of land.26 The value of these plants typically increases as they 

age, corresponding to an increase in fruit quality and yield.94 As a result of these capital costs 

and increasing values, permanent crops are considered a long-term investment. Both young and 

established orchards suffer yield and plant losses in the event of a drought, costing farmers profit 

loss and replanting expenses. Damages incurred during a drought may also continue to 

negatively affect yields into future growing seasons.95  

4.3.3.2 ROZA CROP TRENDS 
 

The shift to growing permanent crops in the Basin has been even more pronounced in 

Roza. Over 74% of Roza’s 72,000 irrigated acres are devoted to permanent crops (Figure 12). 

Apples are the most common crop grown in Roza and account for 28% of the district’s total 

acreage, followed by wine grapes at 15%. In a good year, the crops in Roza can generate up to $1 

billion.96 While these crops are profitable, they also present a significant risk to the district in 

times of proration like that which occurred during the 2015 drought. A state report found that 

Roza lost over $75 million during the 2015 growing season including losses in crop yields, 

quality, acreage unsowed, and groundwater pumping costs.97 The drought coupled with extreme 

heat resulted in decreased individual fruit size and total fruit volume, causing tangible losses in 

                                                
26 Low-end planting costs for permanent crops start at $6,000/acre. WDA. 2016.  
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profit compared to non-drought years. The most significant losses were experienced in apple 

orchards (-$51,753,358) and wine vineyards (-$6,752,610),98 the district’s most profitable and 

prolific crops.  

 

Figure 12. Roza acreage by crop category. All sections in green show the 74% of Roza’s cropland devoted to 
permanent crops. 

Regardless of drought conditions, the majority of the district’s crops require a stable water 

supply from year to year to sustain harvest yields, and the junior status of Roza’s 393,000 AF 

water rights puts its water supply and crop revenue at risk. About 61% of Roza’s permanent crop 

acreage requires water late in the growing season, from mid-September through mid-October, in 

order to maintain fruit yields and improve winter hardiness.99 By this time other crops have 

already consumed the Basin’s available water, and in the event of an unexpected water supply 

decrease there is little flexibility in the water market to provide late season watering. Forgoing 

late season watering harms present crop yields, plant survivability, and yields in future seasons - 

thereby harming present and future revenue.100  
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4.3.3.3 ROZA IRRIGATION DISTRICT REVENUE 
 

As a district utility, Roza generates revenue based on a fee for water. During the 2015 

drought, Roza dipped into an emergency fund in order to supplement unexpected drought 

expenses such as high water trading prices.101 To recuperate these unexpected drought expenses, 

Roza increased the water fee from the $138 to $186 per acre in 2016. With the fee increase, they 

were able to generate $13.4 million. The payment of this fee is dependent on the farmers making 

enough profit to pay for water, however, due to irrigators’ dependency on water to sustain their 

livelihood there has historically been support for rate increases.102

4.4 ECOLOGICAL ANALYSIS 

4.4.1 INTRODUCTION 
 

In addition to sustaining Roza’s agricultural economy during drought years, project water 

could also supplement instream flows in Upper Yakima Basin tributaries. The ecological benefits 

of flow supplementation could have benefits for priority fish species and habitat in the Basin. 

4.4.2 SECTION SUMMARY 
 

The Basin supports fisheries for a range of important species—sockeye, spring and fall 

Chinook, coho, steelhead, and bull trout—negatively impacted by low-flow conditions. The 

YDRPP represents an opportunity to alleviate degraded ecological conditions in important 

tributaries during drought years. The location of KRD and its irrigation canal infrastructure could 

facilitate routing project water to Roza through KRD tributaries during drought. This approach 

could supplement instream flows in 90 miles of tributaries, of which 78 miles have been 
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designated as sensitive, low-flow reaches (Table 6).aa Augmenting flows in these tributaries 

could stabilize and increase suitable fish habitat in the Upper Yakima Basin. 

                                                
aa Flow impaired reaches in KRD were classified in the Columbia River Instream Atlas Project (2011) according to 
four scoring metrics: percentage of months when mean monthly flows were below the flow target, deviation of 
withdrawals from average monthly flow, number of claims in a stream reach, and the deviation between flow and 
target flow in August. Streams were evaluated according to flow condition, habitat condition, and fish status. 
Streams designated as low-flow scored below “good” (“low” or “fair”) on flow condition criteria (Table 6). 
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Figure 13.	KRD canals and laterals from which diversions of project water can be made to benefit streamflow and 
priority species in the district. 

4.4.3 FINDINGS 

4.4.3.1 THE YDRPP AND TRIBUTARY SUPPLEMENTATION 
 

YDRPP project water will be transported to Roza along the Yakima River. KRD is 

located along the mainstem of the Yakima River between Lake Kachess upstream and Roza 



Page	42	of	79	
	

downstream, and contains important fish species as well as a network of over 330 miles of canals 

and laterals (Figure 13). The geographic location of KRD within the Basin combined with its 

extensive canal infrastructure may facilitate delivering project water to Roza by ‘wheeling’ it 

through drought-impacted tributaries in KRD. Fisheries benefits may be achieved by 

supplementing instream flows in the upstream irrigation district with the same project water that 

will later support irrigation in Roza. If the main stem of the Yakima River is the direct ‘highway’ 

route to Roza, then the proposed alternative route for a flow supplementation initiative would be 

along important ‘back road’ tributaries in KRD via canal diversions throughout the district. 

Similar diversions were made in KRD during the 2015 drought to conserve important salmon 

streams, and thus some of the infrastructure necessary to divert YDRPP water is already in 

place.103 Compared to the YDRPP, the costs associated with creating diversions are minimal – 

basic diversions only require a series of PVC pipes and a pressure gradient.  

Stream miles eligible to receive supplemental flows from the project were quantified. 

Eligibility was determined by identifying KRD tributaries that intersect the existing canal 

infrastructure. Assuming that diverted project water would be permitted to flow to the Yakima 

River and downstream to Roza by way of low-flow tributaries in KRD, stream miles between the 

canal-tributary intersection and the main stem of the Yakima River were isolated and evaluated 

for fish species presence and flow status. In total, 90 miles of KRD tributaries were identified as 

eligible to receive supplemental flows from the YDRPP (Figure 14). Of the 90 miles, 78 have 

already been classified as low-flow by the WDFW (Table 6).  
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Figure 14. Tributaries in KRD eligible for supplemental flows from the YDRPP. 
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Table 6. Tributaries in KRD receiving supplemental flows from the YDRPP 

N
o. 

Tributary 
Name 

Low-Flow 
Status 

Miles 
Impacted 

Low-Flow 
Miles Impacted BT SC SS C RT EBT WSCT 

1 Naneum Creek Y 11 11 X X X X    
2 Coleman Creek Y 10.4 10.4 X X X X X   
3 Cooke Creek Y 10.3 10.3  X X X X   
4 Park Creek Y 10.1 6.9  X X X X   
5 Caribou Creek Y 9.8 9.8  X X X X   
6 Reecer Creek Y 9.5 9.5 X    X   
7 Wilson Creek Y 8.6 8.6 X  X  X   
8 Robinson Creek N 5.9 -     X  X 

9 Manastash 
Creek Y 5.5 5.5 X X X X X   

10 Taneum Creek Y 2.6 2.6 X X X X  X  
11 Big Creek Y 1.7 1.7 X X X X X  X 
12 Little Creek Y 1.7 1.7 X X X X X  X 
13 Tillman Creek N 1.3 - X X X X X X  
14 Tucker Creek N 0.9 -  X X X X   
15 Peterson Creek N 0.3 - X X X X X X  
16 Swauk Creek Y 0.1 0.1 X X X X X  X 

Total Stream Miles Impacted 89.7 78.1        
*BT = Bull Trout, SC = Spring Chinook, SS = Summer Steelhead, C = Coho,  
  RT = Rainbow Trout, EBT = Eastern Brook Trout, WSCT = Westslope Cutthroat 
**Species listed may not be present over the entire length of flow-supplemented tributaries. 
 

4.4.3.2 PRIORITY SPECIES 
  

Yakima Basin fisheries have declined since the early 1900s due to flow alterations and 

habitat loss from water storage projects and irrigation practices.104 Despite restoration efforts 

over the last two decades, drought has further exacerbated habitat loss for many of these 

species.105 Priority species in KRD include bull trout, steelhead, and spring Chinook populations 

due to their federal status and cultural significance. Anadromousbb steelhead and bull trout are 

both currently listed as threatened under the ESA. According to WDFW monitoring data, these 

three species are present in the main stem of the Yakima River as well as in tributaries 

throughout KRD, and therefore may receive ecological benefits from the YDRPP (Table 6).  

 

                                                
bb Anadromous fish species spend a portion of their life history in the ocean, returning to freshwater habitat to 
spawn. 
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Bull Trout 

Listed as threatened by the US Fish and Wildlife Service (USFWS) in 1999, bull trout are 

protected by law from commercial harvesting.106 Monitoring efforts are managed by the USFWS 

and the US Forest Service (USFS), which has selected bull trout as a Management Indicator 

Species on certain national forests.107 Habitat requirements for bull trout are highly specific 

compared to other salmonid species in the Pacific Northwest. Suitable conditions include cold, 

clean water (temperatures less than 12°C), complex habitat structure, and connectivity.108  

Bull trout live exclusively in freshwater habitats; unlike steelhead and spring Chinook, 

they do not migrate to the Pacific Ocean.109 Although adult bull trout are present throughout 

KRD, their spawning and rearing grounds are located primarily in the headwaters. Bull trout 

enter into tributaries in late summer for the spawning season.110 Supplementing instream flows in 

drought-impacted tributaries could conserve critical bull trout spawning habitat and provide 

water quality benefits for this and other cold-water species.  

Steelhead 

Middle Columbia steelhead were listed as threatened by NOAA Fisheries in 1999. In 

2006, the ESA status was refined to anadromous steelhead.111 Four distinct populations of 

steelhead are found in the Yakima Basin. KRD tributaries support the Upper Yakima River 

population.112 However, as of 2009, many of these tributaries were unsuitable or inaccessible to 

steelhead due to habitat fragmentation by small dams and unscreened diversions.113 WDFW 

species distribution data indicate that steelhead are being successfully reintroduced into 

previously blocked stream reaches in KRD.114 

The annual return of steelhead to the Upper Yakima Basin during the summer months 

coincides with increased water demand among agricultural users in Roza. The concurrent 



Page	46	of	79	
	

increase in ecological and agricultural water demands during this time, especially during drought 

years, demonstrates the potential for co-benefits of project water. Additional monitoring efforts 

are necessary to identify the exact migration timing of the Upper Yakima steelhead population 

and determine if supplemental flows can be delivered accordingly.115 

Chinook Salmon 

Historically there have been three runs of Chinook salmon in the Basin. Summer Chinook 

were extirpated from the Basin by the early 1970s, and though reintroduction efforts by the 

Yakima Nation began in 2009, reintroduced populations are located outside the KRD boundary 

and have not stabilized.116 Both spring and fall Chinook populations exist in the Basin, however, 

the timing of fall Chinook’s freshwater life history does not align temporally with Roza’s peak 

agricultural water demand. While spring Chinook are not currently protected under the ESA, 

habitat conservation in the Basin may preempt destabilization of the population and subsequent 

federal listing. Of three spring Chinook stocks found in the Basin, the Upper Yakima River 

population is located in KRD. 

Spring Chinook spawn along the main stem of the Yakima River as it flows through 

KRD, however, their preferred rearing habitat extends into low-flow tributaries in the district 

(Figure 14). Approximately 60-70% of the spring Chinook population migrates to the Upper 

Yakima Basin each year from late April through June; spawning takes place in August and 

September.117 The YDRPP will flush cold water through off-channel tributaries, establishing 

connectivity between the Yakima River and nearby critical spawning habitat. 

4.4.3.3 YDRPP ECOLOGICAL MONITORING CONSIDERATIONS 
 

Integral to the water wheeling strategy is the monitoring capacity to track and verify 

YDRPP impacts. Several important aspects of fisheries life cycles, regulatory factors, and 
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existing Basin monitoring efforts should be considered when designing a monitoring plan for 

KRD.  

First, anadromous fish species like steelhead and spring Chinook travel over five hundred 

river miles one way to reach the Pacific Ocean.118 The number of potential stream miles 

enhanced by the YDRPP represents a fraction of the total distance an individual steelhead or 

spring Chinook may travel, with only 34-64% of mortality occurring during the freshwater 

portion of its life history.119 As a result, out-of-basin mortality may confound impacts of the 

YDRPP on specific life history stages. This is especially problematic when calculating net 

survivorship using adult returns. Despite this, and because steelhead and spring Chinook only 

spawn in freshwater tributaries, flow enhanced tributaries in KRD may still promote increased 

population survivorship in these species.  

To isolate the true impact of YDRPP supplemental flows on anadromous species, 

monitoring is necessary at each stage in the freshwater life history. The Smolt Per Adult spawner 

production (SPA) is a metric that can yield insight into within-basin survival. Potential benefits 

of the YDRPP for priority fish species range from increased streamflow at the bare minimum to 

increased genetic variation in federally listed species. The difficulty of monitoring and attaining 

ecological benefits has important implications for the finance strategies available to Roza for the 

YDRPP. 

Over the 30-year lifetime of the YDRPP, it will also be important to monitor any changes 

to ESA listings in order to identify additional priority species. It is of note that any management 

action (i.e. mobilization of the YDRPP) that may impact federally listed species is subject to 

inspection under the ESA by the designated federal agency. For bull trout and steelhead habitat, 

coordination is required with the USFWS and NOAA, respectively. 
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Best practices and recommendations derived from pre-existing monitoring programs could 

form the basis for a new YDRPP monitoring plan. Establishing standardized monitoring efforts 

throughout the Basin may also promote cooperative management by the irrigation districts and 

other key water user groups like Yakima Nation. Basin-wide coordination of local restoration 

and monitoring efforts could maximize overall ecological benefits, especially given that 

individuals from fish populations found in KRD may move throughout the Basin.

4.5 FINANCE STRATEGIES 
 

Roza has multiple options available to finance the YDRPP. Specifically, four financial 

strategies of varying complexity were analyzed to aid in Roza’s planning: traditional bonds, 

layered capital, public-private partnerships (P3s), and environmental impact bonds (EIBs). In 

three of the four strategies, the project costs to Roza were assessed in terms of annual costs as 

well as total costs over the 30-year design life of the project. In order to analyze the affordability 

of each strategy for Roza, project costs were estimated based on an early financial model for the 

YDRPP (Table 7). 

Table 7.	Estimations of Project Costs provided by the NRIC.	

Project Component Cost (in USD millions) 

Construction Costs $175.0 

Soft Costs $52.5 

O&M Costs:  

• Baseline Use $21.9 

• Low Use $18.1 

• High Use $25.7 

 



Page	49	of	79	
	

The operational costs of the project are contingent on the frequency and magnitude of 

drought in the future because the YDRPP will only be mobilized during prorated water years. 

Therefore, three usage scenarios were explored including a baseline and two extreme 

endmembers that reflect variation in the number of future droughts in the Basin (Figure 15). As 

the YDRPP ages, the costs of maintaining and operating the plant will also increase (Table 7).  
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Figure 15.	Usage scenarios for the YDRPP based on hydrologic risk in the Yakima Basin. 
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Table 8. Summary of financial strategies and their associated advantages and challenges. 

Finance 
Alternative 

Description Advantages  Challenges 

Traditional 
Municipal 
Bond 

“Vanilla” bond 
with single fixed 
interest rate 

• Simplest finance option  
• No monitoring required 
• Tax-exempt  

• Roza bears all of the risk 
and associated cost 

• Project costs may exceed 
the revenue Roza is able to 
generate 

Layered 
Capital 

Impact capital 
layered with 
traditional 
municipal bond 

• Lowered project costs 
• More established form of 

impact investing 
compared to EIBs 

• Potential for tax-
exemption 

• Positive image for 
investors 

• Monitoring may be 
required, though unlikely 

• Requires more 
coordination than vanilla  

Public-Private 
Partnership 
(P3) 

Risk-transfer 
contract in which 
availability 
payments are 
exchanged for 
guaranteed water 
delivery 

• Transfer of risk to private 
sector 

• Contractual guarantee of 
water delivery  

• High annual payments 
• Complexity in contract 

design 

Environmental 
Impact Bonds 
(EIB) 

Green bond in 
which financial 
returns are tied to 
environmental 
performance 
metrics 

• Monetization of 
ecological project 
benefits 

• Opportunity to hedge 
infrastructure 
construction risks 

• Positive publicity 
associated with novelty 

• Extensive ecological 
monitoring and reporting 
required to meet contract 
requirements 

• Additional contract 
required 

• High risk due to novelty 

 

4.5.1 TRADITIONAL MUNICIPAL BOND 

4.5.1.1 INTRODUCTION 
 

A tax-exempt municipal bond is the simplest strategy for financing the YDRPP. The 

bond’s single interest rate would be determined based on Roza’s market credit rating, and Roza 

would be responsible for financing the capital required for the construction and operation and 

maintenance of the project.  
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4.5.1.2 MUNICIPAL BOND FOR ROZA 
 

For the analysis, a 30-year bond with a fixed 6% interest rate was used assuming 

inclusive financing of all project costs. Project costs include construction and soft costs, as well 

as operation and maintenance over the life of the project (Table 9). The total payment of the 

YDRPP at the modeled 6% interest rate is $539 million, or $17.9 million per year.  

 
Table 9. Estimation of municipal bond payment based on a 30 year bond period, baseline plant use, and a 6% interest rate. 

Municipal Bond Specification  

Annual Debt Payment at 6% Interest Ø $17.9 Million 

Total Payment at 6% over 30 Year Bond Period Ø $539.3 Million 

4.5.1.3 ADVANTAGES AND CHALLENGES 
 

Roza may choose to pursue this option simply because it is the most straightforward 

finance method to execute and would allow them to access capital quickly. While acquiring a 

traditional bond is relatively simple, managing a capital infrastructure project of this magnitude 

is anything but. In this finance strategy, Roza assumes all risk associated with the YDRPP, and is 

responsible for financing all project cost regardless of cost overruns. Another consideration is 

that Roza’s total project costs would be higher with this strategy compared to others alternatives 

proposed.   

4.5.2 LAYERED CAPITAL 

4.5.2.1 INTRODUCTION 
 

In a layered or stacked capital finance strategy, Roza would attempt to attract as much 

capital as possible from environmental impact investors and other funding sources to lower their 

overall project costs, and then fund the remaining capital through a traditional municipal bond. 

Impact investors may be willing to provide concessionary capital at a more attractive or lower 
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rate of return based on the environmental benefits the project provides- in this case, flow 

supplementation and fish population benefits as described in Section 4.4. Contributions from 

impact investors could provide Roza with lower interest rates for part of the project, which 

would lower their overall costs. Roza may also be eligible for grants from state, federal, or 

private sources which may further offset project costs (Table 7).  

4.5.2.2 LAYERED CAPITAL FOR ROZA 
 

Overall project costs were evaluated using a sensitivity analysis based on interest rates 

and percentages of concessionary or impact capital (Figure 16). As interest rates decrease 

(compared to the 6% modeled market rate) and the amount of concessionary capital increases, 

project costs decrease. With 75% of capital coming from impact investing at 2% interest, Roza 

could save up to 30% of total project costs using this strategy compared to a traditional 

municipal bond. See Appendix C for projections of low and high usage scenarios.  

These results are only projections, and it is important to note that impact investing is 

often a conglomeration of multiple interest rates at different percentages of overall project 

capital. However, this analysis demonstrates that project costs could be significantly lower for 

Roza using a layered capital approach. 
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Figure 16. Layered capital projections for the YDRPP based on a baseline usage scenario. The static (top) line represents the 
payout with a traditional municipal bond. The other projections represent varying levels of concessionary capital at a range of 
interest rates lower that the modeled 6% market rate. 

4.5.2.3 ADVANTAGES AND CHALLENGES 
 

While this alternative would require more effort from Roza than a traditional municipal 

bond, cost reduction may be worth the extra effort. The more affordable the project becomes, the 

more support it will have given that irrigators within Roza would bear the payment for the 

YDRPP through district fees and taxes. Additionally, this is a more established form of impact 

investing compared to EIBS discussed in Section 4.5.4, and the framework for implementing this 

type of bond already exists. Impact investors receive positive benefits from this strategy as well, 

as they could use this project to show divestment or diversification of their portfolio and would 

benefit from Roza’s tax-exempt status. Investing based on ecological impacts may require a 

monitoring element, however, a previous Nicholas School of the Environment Masters Project 

found that investors are not as interested in monitoring for results as simply being associated 

with ‘green’ projects.120  
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4.5.3 PUBLIC-PRIVATE PARTNERSHIPS 

4.5.3.1 INTRODUCTION 
 

Roza’s motivation for pursuing the YDRPP is simple: it wants to provide water to 

farmers during proration. Roza can ensure the timely and cost-effective delivery of YDRPP 

water by pursuing a P3, or a long-term contract between the public and private sectors in which 

the desired delivery outcome is met through the sharing of multi-sector skills and resources.121 

Through a P3, Roza would pay the private sector to assume all infrastructure-related risk. In 

return, the private sector would be contractually obligated to meet certain performance criteria 

while operating the YDRPP.122  

4.5.3.2 P3 FOR ROZA 
 
 The YDRPP lends itself to a common P3 contract structure: Design-Build-Finance-

Operate-Maintain (DBFOM). In a DBFOM, the responsibilities associated with the design, 

construction, finance, and operation phases of the YDRPP would be integrated into one contract 

and carried out by a private company.123 The private company would then be paid by Roza for its 

services based on performance (known as a Performance-Based contract).124 Roza would pay the 

private company a fixed annual fee—an availability payment—for its services, regardless of 

whether the pump was mobilized. However, in the event that the private company was unable to 

deliver project water when required, they would be legally obligated to pay Roza a fine as 

stipulated in the contract. In order to incentivize the private sector to adopt the project risks, 

Roza should expect to pay an inflated annual fee compared to other financial strategies. Roza’s 

availability payments should be optimized so that the private sector can project to profit. cc The 

                                                
cc Net Present Value is a commonly used metric to assess the attractiveness of project. 
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private sector may require additional revenue guarantees from Roza to account for hydrologic 

risk. 

4.5.3.3 ADVANTAGES AND CHALLENGES 
 

In transferring risk to the private sector, Roza would reduce the uncertainty associated 

with the operation and maintenance of the YDRPP. A P3 is the only financial strategy proposed 

that accounts for the cost of uncertainty—or rather, the cost of reducing uncertainty. For 

example, market fluctuations, climate change, and political support are all influential variables 

that are can greatly increase the cost of the YDRPP under different scenarios. Without the 

structure of a P3, Roza could be accountable for all overrun expenses, making its annual revenue 

stream unstable. Revenue instability, in turn, could lower Roza’s credit rating and impair the 

district’s ability to plan for future infrastructure projects.125 Just because the other financial 

strategies do not incorporate financial risk into their overall projections does not mean Roza will 

be exempt from the cost.  

Another benefit of the YDRPP is the contractual guarantee of water delivery. Roza is a 

public entity, and maintaining support from community is extremely important. While farmers 

may not be eager to pay for a drought-relief pumping plant during wet years, they will certainly 

loathe paying for a broken pumping plant during times of drought or worse – suffering financial 

losses without sufficient water supply. A P3 can protect Roza from a worst-case scenario in 

which farmers have no water but must still repay the YDRPP.  In fact, in the event that the 

YDRPP does fail, the district would not be obligated to pay for infrastructure costs; rather, they 

would receive a payout from the private company.  

The risk transfer advantages of a P3 come at a cost. Achieving an affordable annual 

payment high enough to attract private investors requires innovative financing during the design 
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and construction phases to keep upfront costs low. The estimated cost of construction ($175 M) 

is an order of magnitude more expensive than operation and maintenance costs over the 30-year 

design life of the plant, even in the high-use scenario. An analysis of a potential P3 contract 

found that the high construction cost drives up Roza’s availability payment to an unaffordable 

projection.dd  

In addition to cost, another challenge to P3 is the complexity of the contract. A P3 

contract requires extensive preparation and design so that the final product is as transparent, 

robust, and fair as possible.ee An experienced P3 moderator may be required to facilitate the 

process. In all, the time and costs needed to create a suitable P3 contract may be seen as 

unfeasible to Roza, who is eager to secure an emergency supply of water for use in drought 

years.  

4.5.4 ENVIRONMENTAL IMPACT BONDS 

4.5.4.1 INTRODUCTION 
 

The ecological benefits generated by the YDRPP in the Upper Yakima Basin can be 

leveraged to create a novel finance option for Roza: an EIB. EIBs are distinguished from 

traditional bonds in that returns to investors are directly tied to project performance on 

environmental metrics. In the case of the YDRPP, water quantity and quality benefits from 

additional instream flows provided by the project are concentrated in KRD, but could have 

widespread impacts on important fisheries found throughout the Basin. 

 

                                                
dd An annual payment of $36 M was needed in order to produce an attractive Net Present Value for the private 
sector.  
ee A one-sided P3 can be dangerous. If Roza’s annual payments are too high, or the private sector is burdened with 
too many unexpected cost, the entire project can default and fail.  
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4.5.4.2 EIBS FOR ROZA 
 

EIBs, or “pay for performance” contracts, are an opportunity for investors to monetize 

future cost savings. The two main pay-for-performance mechanisms are principal-at-risk and 

performance-at-risk.126 In the former, Roza would be required to pay the principal and interest to 

investors at the maturity date of the bond; for the latter, private investors would receive annual 

payments from Roza in addition to the bond principal at maturity. Under a traditional EIB 

structure, returns are paid to investors using projected or real cost savings associated with the 

project.127 If project targets are met, private investors are paid the principal and interest, 

however, in the event that the project exceeds or fails to meet its target, investors are paid more 

or less respectively. To incentivize Roza, an EIB for the YDRPP would need to yield lower 

returns to investors if the project were successful, and vice versa if it were not.  

Currently, only one EIB exists between the DC Water and Sewer Authority, Goldman 

Sachs, and the Calvert Foundation. The bond supports construction of stormwater infrastructure 

practices to reduce combined sewer overflows associated with heavy rain events.128 Pre- and 

post-construction runoff monitoring are being used to classify project impacts into performance 

tiers. In this EIB, a tender date is set for five years after the issuance of the bond. At this date, if 

the project has met its target, no contingency payment will be exchanged and the principal 

amount of $25k will be returned to the private investors at maturity. However, if by this date the 

project has exceeded or failed to meet expectations, either the private or public sector will make 

a payment to the other party in the amount of the total interest on the bond.  

Simplified features of a hypothetical EIB for the YDRPP were explored (Table 10). The 

upfront capital required to build the YDRPP is $175M, and the lifespan of the plant is 30 years. 

An example of a performance metric that may be used is a 20-25% increase in juvenile bull trout 
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survivorship. It is important to note that in setting a metric, a baseline must first be determined 

with which to compare project impacts. The EIB contract details the upfront capital provided by 

the private sector as well as the payment schedule for Roza over the duration of the bond. 

Finally, the payout scenarios are determined using the environmental metric. Here, an inverse 

approach to that used in the DC Water EIB was used - if the project outperforms expectation, 

then Roza will pay back the principal less the interest. If the project fails to meet its target, then 

Roza would return the principal and interest to investors. Because ecological benefits of project 

water are not located in Roza, this approach was implemented to provide financial incentive for 

the district to ensure that the environmental impacts agreed upon in the EIB are achieved. In 

order for this hypothetical scenario to be possible, the private sector would need to approach the 

EIB with an impact investing mindset, or the willingness to receive lower financial returns in 

exchange for “green” impacts of the project. 

Table 10.	Hypothetical features of an EIB for the YDRPP. Adapted from Duke University Fuqua School of Business Working 
Paper.129	

YDRPP EIB Description 

Upfront Capital Ø $175M, 30-year term 

Performance Metric Ø 20-25% increase in juvenile bull trout survivorship 

Contract Ø Upfront capital provided to Roza by private sector investor 
Ø Roza pays investor at maturity based on payout schedule 

Payouts Ø Meet target of 20-25% increase in juvenile bull trout survivorship: $175M 
returned 

Ø Below target of 20-25% increase: >$175M returned 
Ø Exceed target of 20-25% increase: <$175M returned 

4.5.4.3 ADVANTAGES AND CHALLENGES  
 

The EIB strategy would allow Roza to capitalize on the ecological co-benefits of project 

water in order to hedge some of the risk associated with constructing the YDRPP. Since the 

tributaries benefitting from supplemental flows are not located in Roza, a contractual agreement 
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between KRD and Roza would be necessary to facilitate and meet the requirements of the EIB. 

This type of finance approach also requires extensive ecological monitoring and reporting to 

evaluate project performance and adjust financial returns accordingly. The EIB is an inherently 

risky strategy just by virtue of its novelty. Given all of these considerations, an EIB may be more 

logistically complex than Roza is willing to undertake for this project, however, Roza could 

serve as a model for this type of alternative finance approach to water supply infrastructure 

projects in the future.

 

5 DISCUSSION & CONCLUSIONS 
This Masters Project identified evidence supporting the need for and benefits of the YDRPP 

for Roza. Increasing temperatures and shifts in precipitation type are already impacting water 

supplies in the Basin. The additional water storage historically provided by snowpack is 

declining, and this storage source has been vital to fulfilling the water rights of agricultural users 

through the duration of the growing season. The existing reservoir capacity in the Basin is 

insufficient to meet the growing water needs associated with perennial crops in Roza, especially 

during drought. The YDRPP would provide an additional 200,000 AF of water, up to 70% of 

Roza’s total allocation, to the irrigation district in prorated years. This additional water would 

support the permanent, unfallowable crops that account for 74% of Roza’s acreage. The co-

benefits of project water distinguish the YDRPP from other water supply infrastructure 

initiatives; water intended for agricultural use in Roza could also be non-consumptively diverted 

to supplement approximately 90 miles of streams in the Upper Yakima. Supplementing instream 

flows in KRD within the Upper Yakima may generate basin-wide fisheries benefits by 

conserving priority fish habitat.  
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These findings can be used to highlight YDRPP benefits when discussing the project with 

investors or other Basin stakeholders. If Roza prioritizes simplicity and a quick turn-around in 

the delivery of project water, then a traditional bond is the optimal strategy. However, if Roza is 

willing to invest in the preliminary financing phase, then a layered capital approach could save 

the district up to 30% of project costs. The strategy that allows Roza to transfer the most 

infrastructure-related risk to the private sector is a P3, which could help to contractually 

guarantee the timely delivery of project water. If Roza is interested in exploring an innovative 

finance approach that ties project costs to the YDRPP’s ability to generate ecological benefits for 

the Basin, then the district may choose to pursue an EIB.  

The YDRPP was borne out of collaboration between agricultural, ecological, tribal, and 

federal stakeholders. It is recommended that Roza continues collaborating with other 

stakeholders in the Basin to manage water resources. The district should meet with both senior 

and junior water users to discuss opportunities for participation in the YDRPP. These 

opportunities may include trading project water, and basin-wide contingency planning for severe 

drought. The YDRPP is a promising solution to Roza’s water supply challenges that also could 

serve as a tool supporting integrated water management across the Basin. 
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A.  APPENDIX: METHODS 

A.1 GENERAL GEOSPATIAL DATA COLLECTION AND PREPARATION 
 
 A variety of geospatial data including hydrography, digital elevation models, and 

political boundaries were collected and organized during the onset of the project to aid in the 

analysis and visualization of non-spatial data. All final geospatial products were converted to the 

USA Contiguous Albers Equal Area Conic USGS coordinate system with a NAD 1983 datum 

and imported into a file geodatabase called Yakima.gdb. A list of all geospatial data used, along 

with sources and download procedures are detailed in Appendix B.  

A.2 HYDROLOGIC ANALYSIS 

A.2.1 DATA COLLECTION AND PREPARATION 

A.2.1.1 SNOTEL DATA  
 

SNOTEL data serves as the backbone of the hydrologic analysis. SNOTEL stations are 

operated and maintained by the Natural Resource Conservation Service (NRCS) and the National 

Water Climate Center (WCC).32 SWE, precipitation, and temperature data were downloaded 

from the SNOTEL network for this analysis. SWE measurements represent the pressure 

                                                
 
32 NRCS and WCC are located in the USDA; see https://www.wcc.nrcs.usda.gov/snow/ 
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snowpack exerts on a manometer and are recorded daily.33 It is important to note that the SWE 

measurements are not a daily incremental tallies, but rather cumulative totals representing the 

current condition of the snowpack. Precipitation measurements are also measured daily and 

represent cumulative totals.34 The cumulative measurements for SWE and precipitation are reset 

to 0 at the beginning of each water year (October 1st).130  Air temperature measurements are 

collected in real time daily from midnight to midnight, and are reported by the daily minimum, 

maximum, and average.131 Only the daily average air temperatures were used in this analysis.  

A list of all SNOTEL stations in Washington was downloaded from the NRCS website. 

132 SNOTEL station coordinates were converted into a shapefile in ERSI’s ArcMap. Using the 

Select by Location tool, all SNOTEL sites located within the Yakima HUC 6 boundary were 

selected. The Yakima SNOTEL sites were exported as a feature class to the Yakima.gdb, and 

saved as a CSV. A Python script was written to scrap SNOTEL data off of the NRCS website 

using the list of Yakima SNOTEL stations. For each station, all historical records for SWE, 

precipitation, and temperature were downloaded (if available) and saved as a CSV file (one file 

per station).  

Once all SNOTEL data were downloaded, they were run through a Quality Control 

procedure in R based on methodology published by Serreze et al.133 To begin, cumulative 

precipitation values were used to calculate the rate of precipitation for each day. This was done 

within each water year by subtracting the previous day’s cumulative precipitation from the 

current day; the only exception was for October 1st (the restart day of the cumulative 

                                                
33 “SWE measurements are made using snow pillows filled with an antifreeze solution. As the snow accumulates, 
the weight of the snowpack forces the solution into a manometer column inside the instrument shelter. The 
increase/decrease in manometer height is equal to the increase/decrease in SWE.” Serreze, et al. 1999. 
34 “Each gauge stores precipitation for an entire year (also reported in inches) and works on the same 
manometer/pressure transducer principle as the snow pillow. Once daily, just after midnight, a system-wide poll is 
conducted, and each site transmits data for the previous day.” Serreze, et al. 1999. 
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measurement period), in which case the daily precipitation rates were set equal to the cumulative 

observation. Next, all SWE and precipitation measurements were converted from inches to 

millimeters by multiplying each value by a conversation of 25.4. Air temperatures were 

converted from Fahrenheit to Celsius using the conversion of (Fahrenheit-32)*(5/9). Finally, a 

series of queries were written to remove overtly erroneous data.  In short, any date with missing 

data or extreme observations were flagged and removed. After that, standard deviations and 

means for SWE, precipitation, and temperature were calculated for every month using a 60-day 

window (centered on the mid-month). Then, every observation was compared to its relevant 

month’s standard deviation and mean. Any observation greater than 5 times its month’s standard 

deviation was removed. However, an exception was made if both SWE and PRE for a single day 

were in exceedance, as these occurrences represent major weather events. Finally, once the data 

for a station was quality controlled, it was exported to a new CSV file (one for each station).  

After the data were cleaned, the observations from every SNOTEL station were brought 

into a new R script and aggregated into daily averages for each variable. For example, if the 8 

SNOTEL stations each collected temperature data on 01/01/2000, then those 8 values were 

averaged into one value to represent temperature for that date. Daily average SWE, precipitation 

and temperature were then exported to one CSV file called CompiledSNOTEL.csv.  

A.2.1.2 USGS STREAM GAGE DATA 
 

 The USGS installs, operates, and maintains a network of stream gages through the United 

States. 8 active stream gages were identified in the Yakima Basin, although older records for 

inactive gages are also available. Our criteria for selecting suitable stream gages centered on key 

spatial and temporal factors. First, only gages on headwater streams were considered for this 

analysis. Streamflow in developed streams like the Yakima River is disrupted by reservoir 
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operations, canals, and diversions and is not reflective of the natural hydrologic regime. 

Headwater streams, in contrast, can be used to parse out natural hydrologic trends. The second 

limiting criterion was continuous data. Because the temporal component plays such a large role 

in the hydrologic analysis, any gages with large periods of missing data were eliminated. Of the 

8 gages, only the American River gage (USGS 12488500) met all selection criteria.  

 Data for the American River gage were downloaded from the National Water Information 

System.134 Specifically, daily discharge data (00060 Discharge) was downloaded as in the tap-

separated format using the date range of October 1, 1940 to September 30th 2016.  

A.2.1.3 RECLAMATION RESERVOIR STORAGE DATA 
 

 The Bureau of Reclamation provides reservoir elevation data through their Hydromet 

information system.135 “Reservoir Storage Content (AF)” data for the following stations were 

downloaded for the KAC – Kachess Reservoir, River and Weather Station gage. Reservoir 

elevations from October 1st, 1920 to September 30th, 2016 were downloaded.  

A.2.2 STATISTICAL ANALYSIS 

A.2.2.1 ANNUAL TRENDS 
 

In order to investigate annual trends in hydrology, SNOTEL data from the 

CompiledSNOTEL.csv (see step 7.2.1.1) was imported into R and aggregated into monthly 

averages. Each month was assigned a season: Fall = September, October, November; Winter = 

December, January, February; Spring = March, April, May; Summer = June, July, August. 

Months were then rearranged to follow a water year cycle (i.e. October is the 1st month in the 

year).  

Seasonal precipitation was calculated and compared to the average annual precipitation. 

First, amount of precipitation to fall each month was calculated. October’s cumulative 
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precipitation value already equals its monthly incremental value since SNOTEL resets its 

cumulative precipitation record on October 1st every year. September’s cumulative precipitation 

value, being the last of the water year, represents the total annual volume of precipitation. For all 

other months, the amount of precipitation to fall each month was determined by subtracting the 

current month’s total from the previous month’s total (ex: November’s volume of precipitation = 

cumulative precipitation as of November – cumulative precipitation as of October). Monthly 

fraction of annual precipitation was then calculated by dividing monthly precipitation increments 

by the total annual volume of precipitation. Monthly precipitation increments and fractions were 

then summed by season to get a seasonal totals. Seasonal precipitation increments were then 

converted from millimeters to inches by dividing by 25.4.  

The accumulation of precipitation was plotted against SWE accumulation using monthly 

time steps. This was done to illustrate the relationship between the two variables. All plotting 

was done in R using the plot function 

Drought years 

 Important hydrologic conditions in drought years were compared to the same variables in 

non-drought years. Specifically, SWE, precipitation, and temperature from the 

CompiledSNOTEL.csv, and streamflow data from USGS gage 12488500 were imported into R. 

Data were then divided into two distinct dataframes: Drought and Non-drought. Data was 

imported into the Drought dataframe if its water year was within the list of prorated drought 

years (Table 3). All other data was imported into the Non-drought dataframe. The Drought and 

Non-drought dataframes were then aggregated into monthly averages for SWE, precipitation, 

temperature, and streamflow.  
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April values were extracted from both the drought and non-drought datasets to represent 

peak SWE, and were compared using the relative change formula: 

Formula 1. Relative Change: (Drought observation – Non-drought reference)/ Non-drought reference 

Next, total annual precipitation values were compared between the two groups. September 

precipitation values were extracted, as these represent the total annual precipitation volume. 

Annual totals were compared using the relative change formula (Formula 1). Next, Monthly 

streamflow values were aggregated into annual averages for each dataset (Drought and Non-

drought), and then compared using the relative change formula (Formula 1). Finally, 

temperatures from December through May were averaged for each dataset. The difference 

between the two averages was calculated and represents the average change in temperature 

during the winter and spring months.  

 A 4-paned plot was created in R to display SWE, precipitation, streamflow, and 

temperature in both drought years and non-drought years.  

A.2.2.2 LONG-TERM TRENDS 
 
Declining Snowpack 
 

In order to investigate long-term trends in snowpack, SWE data from the 

CompiledSNOTEL.csv (see step 7.2.1.1) was imported into R. SWE’s data was then split by its 

median year: 2001. Data recorded before 2001 was put into the Old dataframe; data recorded 

during or after 2001 was put into the New dataframe. Both dataframes were both aggregated by 

month, and then rearranged to follow a water year cycle. Using the plot function, monthly SWE 

accumulation was then plotted for both datasets to illustrate the difference in volume between the 

two.  
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Increasing winter streamflow 
 

To understand how hydrology is changing in the Basin, it is first important to understand 

how climate is changing. Therefore, seasonal air temperatures were analyzed using the non-

parametric Mann-Kendall trend test. To begin, daily air temperatures were imported from 

CompiledSNOTEL.csv into R and aggregated by year and month (i.e. every month in every year 

had its own average daily air temperature). The month and year columns were converted into a 

standardized identifier called decimal date using the following equation:  

Formula 2: Decimal Date: Year + (Month-1)/12 

The decimal date identifier maintains the temporal sequence of the data. From this dataset, a 

subset featuring only the winter months was created (December, January, and February). Winter 

temperature data was then converted into a time-series using the trend library (the frequency in 

the time-series was set to 3 to represent the three months in each year). Next, the Man-Kendall 

test was run in R (again using the trend library), which estimated the temperature trend’s slope, 

intercept, and 95% confidence interval. These variables were used to plot winter temperature 

through time.  

Once climatic trends were evaluated, an analysis of streamflow was performed. 

Streamflow data from USGS gage 12488500 were imported into R and followed a procedure 

identical to the analysis of air temperatures. To summarize, daily data were aggregated by year 

and month, and then given a decimal date.136 A subset of only the winter months was then 

created, analyzed using the Mann-Kendall trend test, and then plotted. After both the climate and 

the hydrology in the Basin were analyzed separately, the two variables were then run through a 

series of statistical analyses to assess their relationship. Seasonal temperature and discharge were 

plotted on the same graph so that peaks and valleys could be visually interpreted. Then, the 
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variables were merged into one dataset (joined using decimal date) and run through the 

Spearman Correlation Test.  

Decreasing summer streamflow 

 Summer streamflow trends analyzed using a similar procedure from the section above. 

Streamflow was imported from USGS gage 12488500 into R. To reduce noise, data were 

aggregated into seasonal averages for every year instead of monthly averages. The summer 

seasons were the subset and used to create a time series (now, frequency =1 because each year 

only has one summer season). The time-series was analyzed using the Mann-Kendall trend test, 

and then plotted. 

A.2.2.3  RESERVOIR OPERATIONS 
 
 To help understand how demand for Lake Kachess’ reservoir storage has changed over 

time, daily reservoir volume data from BOR data was imported into R to be analyzed. A decimal 

date column was created for each data point (Formula 2). Next, the percent of reservoir capacity 

filled was calculated by dividing daily volume by total reservoir capacity (i.e., 239,000 AF). 

Then, a column created to identify any year in which proration was declared. Once the data were 

organized, the percentages were then plotted through time using the ggplot2 library in R. The 

data points were colored using proration field (any year in which proration was declared was 

colored red; all other years were colored gray).  

 Finally, an analysis was performed to assess how frequently the reservoir was drawn-

down to less than 10% of its capacity. A subset was created to only include days in which the 

reservoir capacity was below 10%. The subset was refined to include only the years that this 

drawdown occurred (the unique function in R was used so that no year was listed twice). This list 

was then compared to the list of prorated drought years and evaluated for similarities.   
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A.3 ECOLOGICAL ANALYSIS  
 
 The objective of the ecological analysis was to 1) identify priority aquatic species in 

KRD, 2) determine the number of stream miles in KRD eligible to benefit from supplemental 

instream flows produced by the YDRPP, and 3) identify basin-specific considerations for 

developing a monitoring plan to guide management and evaluate impacts of the YDRPP on 

important fish populations in KRD. 

 A WDFW ESRI geodatabase containing the spatial distribution of important fish species 

and habitat was obtained. Other data sources include a flow-critical stream layer digitized by 

National Fish and Wildlife Foundation’s Columbia Basin Water Transactions Program from the 

WDFW’s Columbia River Instream Atlas Project, shapefiles of the Roza and KRD borders, and 

shapefile of the canal infrastructure in KRD. 

 Eligibility to receive supplemental flows was determined by identifying those streamsthat 

intersect the existing canal infrastructure in KRD. The length of eligible tributaries between the 

canal network and the Yakima River main stem was evaluated for fish species presence and flow 

status. All GIS files were formatted using the same projection 

(USA_Contiguous_Albers_Equal_Area_Conic). A new point feature was created from the 

intersection of the KRD canal network and the WDFW stream layer representative of the 

location for future water diversions. Flow limited streams were classified based ondata collected 

by the Washington Department of Fish and Wildlife for the Columbia River Instream Atlas 

Project. The line features in the WDFW stream layer were split into sections based on the 

location of canal-stream intersections. The distance between each diversion point and the 

Yakima River was recorded, converted from kilometers into miles, and totaled to establish the 

number of stream miles eligible to receive supplemental instream flows.  



Page	70	of	79	
	

 Given the federal status of bull trout and steelhead, a literature review of monitoring 

plans and reports for these species was conducted. The water quality and flow needs of each 

species was evaluated in the context of potential YDRPP benefits. Spring Chinook, also found in 

KRD, were similarly explored. Monitoring considerations were synthesized from the literature 

review for a YDRPP monitoring plan in KRD based on potential impacts of supplemental flows. 

A.4 FINANCIAL ANALYSIS  

A.4.1 TRADITIONAL BOND 
 

Financial strategies were assessed based on the project costs outlined in Table 7. A 

financial model populated with estimated input parameters were provided in an internal NRIC, 

which was adapted for this analysis. These input parameters account for inflation and incorporate 

core operation and maintenance, core electricity, periodic maintenance, and periodic operation 

costs as well as the increased costs of operating the plant after 20 years. It is important to note 

that these input parameters were based on a previous design for this plant, and in order to provide 

the most salient cost estimates to Roza the most recent project cost figures should be used when 

made available. Input parameters into the Excel model (in “Inputs” tab) include the input 

parameters; inflation, interest, debt, and equity estimates; the ratio of debt to equity. The usage 

scenarios were created in “Basic Expenses” tab to represent projections of operation and 

maintenance costs for each of the three usage scenarios. To calculate the annual and overall 

payment based on the above project costs, the “PMT” function was used in Excel in tab 

“Amount Table” in the NRIC spreadsheet. The default for this analysis was a 6% market interest 

rate. 

A.4.2 LAYERED CAPITAL 
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To create the layered capital projections, the traditional bond analysis for each usage 

scenario was modified from the Traditional Bond model to divide the overall capital into two 

bins. The first bin maintained a static interest rate (6%) with each projection, while the 

percentages of initial project costs flowing into this bin varied based on percentages of 

concessionary capital. Both the concessionary interest rates and the percent of initial project 

costs flowing into the second bin altered with each iteration in order to determine values for 

varying levels of impact investing.  

A.4.3 PUBLIC-PRIVATE PARTNERSHIP 
 
 The P3 analysis was based on a financial model called an integrated financial model. The 

template for this model was provided through a Duke University class in the Sanford School of 

Public Policy.137 The same input parameters and usage scenarios from the traditional bond were 

adapted into this model. Cash inflows are based on Roza’s annual revenue of $16 Million. The 

conversion factor used in the economic analysis was derived from Roza’s revenue lost during the 

2015 drought. All other inputs, such as the interest rate and the discount rate, were estimated 

based on knowledge of the current financial climate. Costs were projected through the YDRPP’s 

30-year lifetime.  

 The model integrates inflow, outflow, tax streams, and loan conditions through both a 

financial analysis and an economic analysis. In the economic analysis, a conversation factor was 

added to account for externalities. For each section, the net present value was calculated using 

Excel’s NPV function. Roza’s availability payment was determined by the amount of money 

needed to allow the private sector to break even after operating costs. 
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B APPENDIX: GEOSPATIAL DATA COLLECTION SUMMARY 
Geospatial Data 
Type 

Source Website Download Steps 

Yakima Basin 
Watershed 
Boundary/ 
Yakima River 
Outline 

USGS 
National 
Map 

https://viewer.nationalmap.gov/basic/ht
tps://viewer.nationalmap.gov/bas
ic/ 

Section: Hydrography (NHD) and 
Watersheds (WBD) 

 
 
 

Subcategory: Hydrography 

 
 
 

Data Extent: HU-4 Sub-region 

 
 
 

File Format: FileGDB 10.1 

Yakina Basin 
Hydrography 
(streams and 
reservoir lakes) 

USGS Small 
Scale 
Dataset 

https://nationalmap.gov/small_scale/atl
asftp.html 

Section: Water 

 
 
 

Name: Hydrographic Geodatabase – 
United States, One Million-Scale 

 
 
 

Date: March 2014 

 
 
 

File Name: hydrusum010g.gdb.tar.gz 

Digital Elevation 
Models 

USGS 
National 
Map 

https://viewer.nationalmap.gov/basic/ht
tps://viewer.nationalmap.gov/bas
ic/ 

Section: Elevation Products (3DEP) 

 
 
 

Subcategory: 1/3 arc-second DEM 

 
 
 

File Format: ArcGrid 

 
 
 

Products: n47w120; n47w121; 
n47w122; n48w121; n48w122 

County Data/ 
State Outline 

US Census 
Bureau 

https://www.census.gov/cgi-
bin/geo/shapefiles/index.php 

Year: 2016 

 
 
 

Layer Type: Counties (and equivalent) 

KRD Canal 
Infrastructure 

KRD 
Contact 

Email  

KRD Boundary KRD 
Contact 

Email  

Roza Irrigation 
District 
Boundary 

BOR 
Contact 

Email  
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Geospatial Data 
Type 

Source Website Download Steps 

BOR Gage 
Locations 

BOR 
Contact 

Email  

SNOTEL Station 
Locations 

NRCS 
National 
Water 
Climate 
Center 

https://wcc.sc.egov.usda.gov/nwcc/year
count?network=sntl&state=WA&count
type=statelisthttps://wcc.sc.egov.us
da.gov/nwcc/yearcount?network
=sntl&state=WA&counttype=sta
telist 

Station type: SNOTEL 

 
 
 

List type: List by state 

 
 
 

State: WA 

USGS Gage 
Locations 

USGS     

WDFW Fish 
habitat locations 

WDFW Email/application  

Flow-Limited 
KRD Tributaries 

WDFW Email  
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C APPENDIX: FIGURES 
 

 
 

 
Appendix Figure 1. Layered capital projections for the YDRPP based on a low usage scenario. The static (top) line represents 
the payout with a traditional municipal bond. The other projections represent varying levels of concessionary capital at a range of 
interest rates lower that the modeled 6% market rate. 
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Appendix Figure 2. Layered capital projections for the YDRPP based on a high usage scenario. The static (top) line represents 
the payout with a traditional municipal bond. The other projections represent varying levels of concessionary capital at a range of 
interest rates lower that the modeled 6% market rate. 
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