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Foreword

Although often overlooked, groundwater is increasingly important to all our lives. Groundwater
is the Nation's principal reserve of freshwater. It provides one-half of our drinking water and is
essential to U.S. food production while facilitating business and industry in promoting economic
wellbeing. Groundwater also is an important source of water for sustaining the ecosystem
health of rivers, wetlands, and estuaries throughout the country.

Large-scale development of groundwater resources with accompanying declines in groundwater
levels and other effects of pumping have led to concerns about the future availability of
groundwater to meet all our Nation's needs. The depletion of groundwater to satisfy the
country’s thirst and the compounding effects of recent droughts emphasize the need for an
updated status of the Nation's groundwater resources. Assessments of groundwater resources
provide the science and information needed by the public and decision makers to evaluate
water availability and its effects on the water supply, as well as, to manage and use the water
resources responsibly. Adding to this already complex task of resource assessment is the
analysis of potential future effects due to climate variability, which can further exacerbate an
already challenging situation.

The U.S. Geological Survey (USGS) is conducting large-scale multidisciplinary regional studies
of groundwater availability, such as this study of the Columbia Plateau Regional Aquifer
System. These regional studies are intended to provide citizens, communities, and natural
resource managers with (1) improved information and knowledge of the status of the Nation’s
groundwater resources, (2) how changes in land use, water use, and climate have affected
those resources, and (3) tools to forecast how these resources may change in the future. Over
time, the findings from these individual regional groundwater assessments of principal aquifers
can be scaled up to a national synthesis and scaled down to provide information relevant to
issues of local concern. This national scale groundwater assessment directly supports the USGS
National Water Census.

William H. Werkheiser,

Associate Director for Water
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Groundwater Availability of the Columbia Plateau
Regional Aquifer System, Washington, Oregon, and Idaho

By J.J. Vaccaro, S.C. Kahle, D.M. Ely, E.R. Burns, D.T. Snyder, J.V. Haynes, T.D. Olsen, W.B. Welch, and

D.S. Morgan

Executive Summary

The Columbia Plateau Regional Aquifer System
(CPRAS) covers about 44,000 square miles of southeastern
Washington, northeastern Oregon, and western Idaho. The
area supports a $6-billion per year agricultural industry,
leading the Nation in production of apples, hops, and eight
other commodities. Groundwater pumpage and surface-water
diversions supply water to croplands that account for about
5 percent of the Nation’s irrigated lands. Groundwater also
is the primary source of drinking water for the more than
1.3 million people in the study area. Increasing competitive
demands for water for municipal, fisheries/ecosystems,
agricultural, domestic, hydropower, and recreational uses
must be met by additional groundwater withdrawals and
(or) by changes in the way water resources are allocated and
used throughout the hydrologic system. As of 2014, most
surface-water resources in the study area were either over
allocated or fully appropriated, especially during the dry
summer season. In response to continued competition for
water, numerous water-management activities and concerns
have gained prominence: water conservation, conjunctive
use, artificial recharge, hydrologic implications of land-use
change, pumpage effects on streamflow, and effects of climate
variability and change. An integrated understanding of the
hydrologic system is important in order to implement effective
water-resource management strategies that address these
concerns.

To provide information to stakeholders involved in water-
management activities, the U.S. Geological Survey (USGS)
Groundwater Resources Program assessed the groundwater
availability as part of a national study of regional systems
(U.S. Geological Survey, 2008). The CPRAS assessment
includes:

1. The present status of groundwater resources,
2. How these resources have changed over time, and

3. Development and application of tools to estimate system
responses to stresses from future uses and climate
variability and change.

This effort builds on previous investigations, especially the
USGS Columbia Plateau Regional Aquifer-System Analysis
study (CP-RASA). A major product of this new assessment

is a numerical groundwater-flow model of the system. The
model was used to estimate water-budget components of

the hydrogeologic units composing the groundwater system,
and to evaluate groundwater availability under existing

land- and water-use conditions and a possible future climate
scenario representing an increase in pumpage demand due to a
warming climate. Information from this study also allowed for
analysis of:

1. The CPRAS for predevelopment times (pre-1920),
2. Variations from 1920 through 2007,

3. Conditions during 1985-2007 (referred to as “existing
conditions”), and

4. Changes in the system from predevelopment times.

The model also is a useful tool for investigating water supply,
water demand, management strategies, groundwater-surface
water exchanges, and potential effects of changing climate on
the hydrologic system.

Water Issues

Groundwater availability is critical to managing water
resources in the CPRAS because of the high water demand
for agriculture, economic development, and ecological needs
and the great competition for the limited resource. Water-
resource issues that have implications for future groundwater
availability include:

1. Widespread water-level declines associated with
development of groundwater resources for irrigation and
other uses;

2. Reduction in base flow to rivers and associated effects
on water temperature and quality;

3. Limited availability of non-appropriated surface water;
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4. Potential capture of surface water appropriated through
senior water rights by pumpage of groundwater
appropriated through junior water rights; and

5. Current (2014) and projected effects of climate change
and variability on increasing pumping demand,
groundwater recharge, base flow in rivers, and
ultimately, sustainable groundwater yields.

Ongoing activities in the region for enhancement of fisheries
and obtaining additional water for agricultural, municipal, and
domestic use may be affected by groundwater withdrawals
and rules implemented under the Endangered Species Act for
numerous stocks of salmonids.

The study addresses some of these groundwater
availability issues by improving the understanding of
the hydrogeologic system, the status and trends of the
groundwater system, the general relation between groundwater
and surface waters, current water use, and the water budget for
the CPRAS for both predevelopment and existing conditions.

Development of the Hydrogeologic Units

Hydrogeologic units were described for the CPRAS by
Kahle and others (2009) on the basis of the CP-RASA; they
include the Overburden, Saddle Mountains, Mabton Interbed,
Wanapum, Vantage Interbed, Grande Ronde, and Older
Bedrock units. A three-dimensional (3D) geologic model was
then constructed to refine the geometry of these units (Burns
and others, 2011). The process yielded (1) maps that represent
upper and lower buried unit boundaries in this complex
terrain, (2) improved estimates of unit volumes, (3) refined
locations of large structural features, and (4) features that
may be important for ongoing groundwater studies. The range
in extents, thicknesses, altitudes, and volumes of the units
indicate the extraordinary complexity of this aquifer system.

The sedimentary Overburden unit mainly occurs in
structural basins and is an important water-bearing unit. The
3D-model derived a thickness of the Overburden unit ranging
from 0 to about 2,000 feet and a volume of about 244 cubic
miles. The Saddle Mountains unit, a Columbia River Basalt
Group (CRBG) unit, covers about 11,700 square miles and
its thickness ranges from 0 to about 2,000 feet. The volume
of this basalt unit was calculated at 665 cubic miles. The
thickness of the Mabton Interbed unit, which underlies the
Saddle Mountains unit, ranges from 0 to about 205 feet, and
averages 39 feet. The Wanapum unit (CRBG) is the surficial
unit covering more than 30 percent of the area and extending
over about 24,400 square miles. The unit is an important
source of water on the Columbia Plateau and its thickness
ranges from 0 to about 3,250 feet. Its calculated volume is
2,160 cubic miles. The thickness of the Vantage Interbed unit,
which underlies the Wanapum unit, ranges from 0 to about
80 feet. The Grande Ronde unit (CRBG) is the most extensive
unit of the CPRAS—it underlies 96 percent of the study area,
extends over about 41,900 square miles, its thickness ranges

from 0 to about 16,000 feet (average of about 3,950 feet), and
its calculated volume is 31,300 cubic miles. The altitude of
the top of the Grande Ronde unit ranges from about -2,200 to
7,900 feet, or a total difference of about 10,000 feet.

The Older Bedrock unit that borders and underlies the
CPRAS is composed of various rock types older than the
CRBG. The Older Bedrock unit is considered the base of the
regional flow system. The Older Bedrock unit is the surficial
unit covering only small parts of the study area. A map of the
altitude of the top of this unit was constructed to estimate the
thickness of the immense Grande Ronde unit.

Development of a Hydrologic Toolbox

As part of a hydrologic toolbox, new applications
were developed for estimating evapotranspiration (ET),
surface-water use, groundwater pumpage, and recharge from
irrigation. The applications can be used over large regional
areas and were summarized in Kahle and others (2011). ET
is a large component of the water budget; it can account for
100 percent of the annual precipitation in the arid areas and
45-70 percent in the more humid uplands, and historically, has
not been estimated. A new Simplified Surface Energy Balance
(SSEB) method that uses satellite data was developed to
estimate monthly ET. The spatial distribution of landscape ET
estimated using SSEB provides an estimate of consumptive
use in irrigated areas. The SSEB has allowed for a new
understanding of the interrelationship between hydrologic
components. A spatially distributed soil-water balance model
(SOWAT) was developed to use relations among climatic,
soils, land-cover, and irrigation data to compute monthly
irrigation requirements and surplus moisture available for
recharge in irrigated areas. Estimates of groundwater pumpage
and surface-water diversions for irrigation and recharge
associated with irrigation were then calculated with ET from
the SSEB driving the calculations. Estimates of monthly
recharge from infiltration of precipitation were made using
regression equations. This combination of methods was used
because a major control on groundwater availability (and
streamflow) is the quantity and timing of water entering
the aquifer system—groundwater recharge. The quantity
and timing of recharge also influences how the flow system
functions and responds to pumpage.

A web interface tool that allows users to explore the 3D
geologic framework also was developed for the project. This
tool allows one to view the subsurface geology by drawing
diagrams of "well logs" at any site, or building complete
geologic cross sections between multiple sites.

Groundwater-Flow Model

A numerical model that simulates groundwater flow
was constructed and documented as part of this study (Ely
and others, 2014). Compared to previous models, the new
model includes a finer vertical spatial discretization, uses a



more detailed depiction of the subsurface hydrogeology, and
simulates annual water budgets for 1920-2007. The simulation
results were used to help assess groundwater availability and
sustainability.

The model includes 74 percent of the study area. Its
boundaries are nearly identical to the previous CP-RASA
model constructed in the 1980s, thus allowing for a consistent
assessment of the response of the system to stresses over time.
The model domain was represented by a grid of 3-kilometer
(9,842.5-foot) cells. Except for the thick Grande Ronde unit,
each of the hydrogeologic units was approximately subdivided
into 100-foot model layers, yielding 100 model layers. The
detailed vertical discretization improved the understanding
of the important vertical flow component within the CPRAS.
The no-flow lower boundary is the top of the Older Bedrock
unit. Internal boundary conditions simulate flow to and from
the major rivers, and groundwater discharge to small upland
streams, groundwater-controlled surface-water features such
as lake complexes, and drains in agricultural areas. Major
geologic structures, which are an important control on the
flow system and locally limit groundwater availability, were
simulated with what are called flow barriers for 38,308 model
cells.

The model was calibrated to conditions representing the
flow system during two periods—estimates of predevelopment
conditions (1920) and annual conditions during 1920-2007.
The differences between measured and simulated water levels
were small, indicating the model can represent the complex
hydrologic system, both laterally and vertically.

The model was used to estimate annual water-budgets
for the system, flow between hydrogeologic units, changes in
the system from predevelopment conditions, changes in the
system if the conditions in 2007 existed through 2050, and
potential effects in 2050 of increased irrigation demand owing
to climate warming. The model results are used to show the
potential usefulness of this tool in providing information for
short- to long-term management planning and decisions by
numerous stakeholders.

Evapotranspiration and Groundwater Recharge

The estimate of average annual ET for predevelopment
conditions (native vegetation with no irrigation) was about
24 million acre-feet (MAF), and spatially ranged from about
1 to 38 inches. As a percentage of precipitation, ET ranged
from a low of 10 percent to a high of nearly 100 percent,
and averaged 59 percent. The estimate of average annual
ET for existing conditions was 28 MAF (an increase from
predevelopment conditions of about 3.5 MAF—a quantity
of water that could irrigate more than 1 million acres). The
complex spatial distribution of this important water-budget
component differs from the predevelopment distribution in
areas affected by human activities, particularly irrigation.
The differences are especially pronounced in the surface-
water irrigated areas such as in the Yakima River Basin and

Executive Summary 3

Columbia Basin Project (CBP), where increases in ET ranged
from about 20 to 36 inches due to consumptive water use by
irrigated crops.

Estimated predevelopment groundwater recharge (same
conditions as for ET) averaged 11 MAF and annually ranged
from 9.6 to 25.6 MAF. The large spatial-temporal variability
of this important water-budget component indicates not only
the precipitation distribution but also the ET distribution.
Average annual recharge for existing conditions was 14 MAF
(an increase of 3.6 MAF from predevelopment conditions)
and locally ranged from nearly zero to more than 40 inches.
Low recharge values throughout much of the central Columbia
Plateau indicate a potential limitation on regional groundwater
availability. Total recharge for existing conditions includes
additional recharge from surface-water and groundwater
irrigation that was calculated using the SOWAT model.
Estimated average annual recharge in the study area from the
delivery and use of irrigation water was 4.2 MAF, with 50
percent occurring in the predominately surface-water irrigated
regions—the Yakima and Umatilla River Basins, and the CBP.

Water Withdrawals

Surface-water use and groundwater pumpage were
estimated on an annual basis for 1985-2007 for five categories
of use:

1. Trrigation;
2. Public water supply (PWS);

3. Domestic (also referred to as exempt wells in the Western
United States, as these wells are exempt from State
permitting processes);

4. Industrial; and

5. “Other,” which includes mining, livestock, and fisheries
(Kahle and others, 2011).

Irrigation water use was estimated using SOWAT for both
surface water and groundwater. For the groundwater model,
water use for 1920-1984 was estimated based on previously
published data (in particular from the CP-RASA study),
increase in the number wells over time on the Columbia
Plateau, and the start of surface-water irrigation by the
irrigation districts. Only withdrawals under existing conditions
are summarized here.

Irrigation water use averaged 5.3 MAF during 1985-2007,
with 1.4 MAF (26 percent) supplied from groundwater and
3.9 MAF supplied from surface water. Surface-water use was
largest in the CBP, followed by the Yakima River Basin and
then the Umatilla River Basin. Annually, irrigation water use
for the entire study area ranged from about 4.1 to 7.1 MAF, and
the amount supplied by groundwater ranged from about 25 to
35 percent of the total. Thus, if the increases in both ET and
recharge are considered, more than 12 MAF of water fluxes are
associated with irrigation.
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Excluding irrigation pumpage, annual pumpage averaged
0.4 MAF during 1985-2007, and including irrigation pumpage,
averaged 1.8 MAF. For the pumpage categories, annual PWS
averaged 0.23 MAF, and increased from 0.2 MAF in 1985 to
0.27 MAF in 2007. Domestic self-supplied pumpage increased
from 0.06 MAF in 1985 to 0.07 MAF in 2007 (average annual
pumpage of 0.06 MAF). Industrial annual pumpage averaged
0.05 MAF, and decreased from 0.05 to 0.04 MAF during
1985-2007. Other annual pumpage averaged 0.03 MAF, and
increased from 0.02 to 0.04 MAF over the 23-year period.

Groundwater Budget and Changes from
Predevelopment Conditions

Recharge is the primary water-budget component of
the groundwater system, closely followed by discharge to
streams; this relation represents typical Pacific Northwest
hydrology, with much of the recharge discharging along short-
to-intermediate flow paths to surface-water features. Storage
changes are much smaller than recharge and, as with discharge
to streams, annual variations in storage changes closely follow
recharge variations. Pumpage is about 25 percent as large
as recharge but, in major pumping centers, it is the largest
water-budget component. The water budget for the individual
units follows the same general trend as the total water budget,
with recharge and discharge to streams dominating. Excluding
recharge and discharge to streams, the water budget for the
CRBG units indicates that pumpage is the largest component,
highlighting the importance of pumpage and its historical,
current (2014), and potential future effects on the system.
Downward flow from overlying to underlying units is the next
largest component and is nearly three times larger than upward
flow. Changes in storage fluxes within the units are about as
large as the upward fluxes between units.

Human activities have substantially altered the
predevelopment hydrologic system. The construction of
hundreds of small-to-large dams and diversion structures
for supplying irrigation water and hydropower, coupled
with thousands of instream diversions, has resulted in an
intensively modified streamflow system throughout the study
area. Streamflow characteristics (from hourly to annual)
for most streams have changed from the natural streamflow
regimen. These changes have affected the aquatic ecosystem
and have cascaded through the groundwater system. Indeed,
diversions and the need for instream flows have limited the
future availability of groundwater withdrawals in some areas.
The delivery and application of surface water for irrigation
of more than 1.2 million acres has resulted in groundwater-
level rises occurring over about 2,400 square miles (with local
rises of more than 200 feet) and a net increase in groundwater
storage in these areas of more than 11 MAF. The area of rises
encompasses about 5 percent of the study area. This increase
in storage is the result of the increase in recharge that primarily
occurs in the surface-water irrigated areas. Many of these rises

have occurred in the Overburden unit where irrigation occurs,
but rises also have occurred in the underlying basalt units. For
example, water-level rises in the Wanapum unit were more than
200 feet in part of the Quincy Basin, and the overlying Saddle
Mountains unit (the largest basalt-unit benefactor of the excess
irrigation water) has increased importance as a transmitter

and supplier of water because of the increase in the area and
volume of its saturated material. The return of excess irrigation
water through surface-water drains and groundwater discharge
also has contributed to the alteration of the streamflow
characteristics and availability of water in the area. As a result,
surface-water demands in some locations are met by these
return flows; that is, the return flows are relied upon to meet
downstream uses.

The groundwater system has been substantially affected
by the extraction of groundwater. Groundwater levels have
declined over more than 10,000 square miles (about 23 percent
of the study area) because of historical and current pumpage.
Declines have exceeded 300 feet in parts of Washington
and 200 feet in Oregon. The declines due to pumpage have
decreased groundwater storage by more than 10 MAF. As
documented in this study, these declines are continuing to
occur in the areas with large irrigation withdrawals and have
expanded to new areas since the CP-RASA study. Concurrently,
groundwater quantities moving between units have been altered
because of pumpage and surface-water irrigation, resulting
in total increased inflow to units from other units exceeding
1,500 cubic feet per second. However, net outflows (discharge
to surface-water features, pumpage, and storage changes) for
all but the Overburden unit have exceeded these increased
inflows since predevelopment times (partly because declining
groundwater levels in some areas have resulted in streams
losing water).

Groundwater Availability and Sustainability

Groundwater availability is a function of not only the
physical processes that govern the quantity and quality of water,
but the laws, rules, regulations, and socioeconomic factors
that control its demand and uses (Reilly and others, 2008).
Groundwater availability and, ultimately, its sustainability in
the study area, are issues that are interrelated to groundwater
management and the availability and use of surface water.
Water management, in turn, generally is intricately related to
environmental protection and public health; thus, groundwater
availability is related to conflicts between consumptive use
and instream uses. Important institutional factors (such as
use restrictions, basin adjudication, and surface-water rights/
instream flows) limit the availability of water because storage
changes due to groundwater pumpage can affect streamflow.
Aquifer-system hydraulic characteristics, well yields, the cost
of drilling/deepening wells, the cost of energy for pumping
water, and the design of the well and pump also can limit the
availability of groundwater, and these hydrologic limitations are
amplified by the institutional factors.



An overarching control is the laws, rules, and regulations
codified in State law that ultimately affect water availability
and, thus, sustainability. Entering into this mix are a mosaic of
rulings from court cases and Federal government intervention
in State water policy in response to a State request or when
State law may encroach on the U.S. Constitution. There is
limited surface-water and groundwater availability during
the “dry” season (when water demand is greatest) in or near
large parts of the study area. Limited surface water indicates
that groundwater necessarily would need to be part of the
future water-availability mix. However, most of the senior
(and junior) surface-water rights are senior to groundwater
rights and, thus, “dry” season groundwater availability may be
further limited in the future.

Water availability and sustainability were addressed by
(1) estimating the water in storage in the system, fluxes within
and through the system, uses of water, and changes due to
human activities; and (2) describing the legal framework.

For example, the comparison of the predevelopment system
to existing conditions defined the overall effect of human
activities and their relation to groundwater availability.
Auvailability was further addressed by analysis of the
groundwater system changes simulated by the CPRAS
model for long-term (2050) conditions under (1) existing
water-management strategies, and (2) a set of conditions
estimated to occur with a changing climate that represents
average increased groundwater irrigation demand due to
climate warming. Increased surface-water demand was not
addressed, but that increase would have large repercussions on
groundwater availability.

Although pumpage is only about 10 percent of recharge,
depletion of aquifer-system storage by pumpage has been
substantial in parts of the study area (more than 10 MAF for
the Wanapum unit alone). This depletion has occurred because
much of the pumpage occurs in areas with minimal recharge.
Water-level records and previous studies confirm that large
amounts of water were removed from storage in the basalt
units prior to 1985 (Vaccaro, 1999). Measured water levels
from this study verified continual declines in the basalt units
over large areas (Snyder and Haynes, 2010; Burns and others,
2011), and groundwater levels have declined significantly
in some areas (Snyder and Haynes, 2010). Between 1985
and 2007, CPRAS simulations indicate that the total storage
(associated with recharge variations and groundwater-level
declines) has been depleted by an additional 7.7 MAF (Ely
and others, 2014).

Model simulation results show even larger areas of
water-level declines by 2050. Declines from 2007 to 2050
in the Wanapum unit extend over more than 20,000 square
miles, with a concomitant large loss in storage. In these areas
of water-level declines, groundwater availability may become
limited hydrologically or by regulations, or may be already
limited. The water-level declines may result in changes in
surface-water quantity and quality, and (or) a decrease in
the economic viability of groundwater irrigation because
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of increased energy costs with the increased pumping lifts.
Water-level declines, in turn, can factor into environmental
issues by changing and (or) degrading habitats if groundwater
discharge to surface-water bodies decreases. These related
effects may constitute the primary constraint to groundwater
development. For example, under long-term 2050 conditions
with 2007 pumpage, groundwater discharge to streams in

the model area was simulated to decrease by more than 600
cubic feet per second. Thus, during the summer low-flow
period, some streams may not have enough groundwater input
to sustain environmental flows, which include codified or
“target” instream flows.

In the future, population growth and irrigation demand
may increase conflicts over water (Washington State
Department of Ecology, 2011). Factoring in projected climate
change, without increased storage, the projected changing
surface-water regime with earlier runoff because of less
snowpack will lead to larger water demands, especially
during the summer low-flow season (Climate Impacts Group,
2009; Washington State Department of Ecology, 2011). If
the amount of surface water available during the dry season
decreases, the amount and timing of groundwater pumpage
ultimately may be affected. This effect would be in addition
to increased crop-water demand. That is, the crop water
demand can be expected to increase in the future and add
more competitive demands on the available water supply. The
large quantity of irrigated lands in the study area dedicated to
perennial crops (such as apples, cherries, asparagus, grapes,
hops, timothy hay, and alfalfa) makes changing crop types
difficult, but water limitations may result in a changing crop
mix. Effects of historical usage indicate that in many areas
the groundwater system cannot meet competing demands
indefinitely, and any increased groundwater use under a
changing climate will increase the competitive demand for
the limited resource and (or) result in the loss of agricultural
production. In particular, projected climate effects may
decrease the number of years in which water demands for
agricultural uses are met. Assuming these climate projections
are correct, decreases in water storage likely will continue in
some areas, perhaps at an accelerated rate.

Since the late 1970s, State and Federal water projects
have not expanded with growing urbanization and the
increased agricultural and environmental uses of water on the
Columbia Plateau. The study area faces ongoing and projected
increases in competing demands for water resources, few of
which are likely to be met by improvements in agricultural
efficiencies. Indeed, except for a few areas, most water
available from agricultural efficiencies is being directed
to environmental uses. The demand for water resources
by people directly competes with environmental uses such
as maintaining minimum streamflows and preserving fish
habitat, and this competition is expected to increase. The
interrelationship between these competing demands and legal
constraints likely will strengthen.
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Introduction

Groundwater availability in the Columbia Plateau
Regional Aquifer System (CPRAS), in northeastern Oregon,
southeastern Washington, and western Idaho (fig. 1), is a
critical water-resource management issue because of the
high water demand for agriculture, economic development,
and ecological needs, creating competing interests for the
limited resource. These demands generally must be met
by groundwater withdrawals and (or) by changes in the
way water resources are allocated and used throughout the
hydrologic system because surface water in many of the basins
in the study area is fully appropriated or over-appropriated,
more water has been legally distributed through surface-
water rights than actually exists in some rivers and streams.
Ongoing activities in the region for enhancement of fisheries
and obtaining additional water for agriculture and municipal
use may be affected by groundwater withdrawals. Listing of
numerous stocks of salmonids under the Endangered Species
Act (ESA) has introduced new constraints on the management
of water resources in the region.

The development of the groundwater resources and
nearly full development of surface-water resources has set the
stage for conflict over any remaining water and existing water
uses. Water-resources issues that have implications for future
groundwater availability in the region include:

1. Widespread water-level declines associated with
development of groundwater for irrigation and other
uses,

2.  Reduction in base flow to rivers and associated effects
on water temperature and quality,

3. Limited availability of non-appropriated surface water
and constraints on groundwater uses in some areas,

4. Potential capture of surface water appropriated through
senior water rights by pumpage of groundwater
appropriated through more junior water rights, and

5. Current (2014) and anticipated effects of climate change
and variability on groundwater recharge, base flow in
rivers, and, ultimately, sustainable groundwater yields.

The economic viability of the area and its ecosystems,
especially as related to the iconic Pacific Northwest salmon,
depend directly or indirectly on groundwater. Because of
intensified competition for available water, there was a need
to quantify water resources of the Columbia Plateau and to
better understand the spatial-temporal variations in the system
to help with future water-use considerations. In response, the
U.S. Geological Survey (USGS) assessed the groundwater
availability of the CPRAS as part of a National Groundwater
Resources Program (U.S. Geological Survey, 2008). The

USGS national assessment of groundwater availability was
initiated because of the need for improved understanding
of these regional resources throughout the United States.
The framework for the national assessments is provided in
U.S. Geological Survey (2002) and National Science and
Technology Council (2004). The framework defines a water-
resource assessment of status and trends of water in storage,
flow rates, and water use and withdrawals.

The broad goals of the national assessment were to:

1. Characterize the status of the hydrologic system,
2. Identify trends in groundwater storage and use,

3. Assess the relation of groundwater availability to the
overall hydrologic system,

4. Estimate components of landscape and groundwater-
flow system water-budget, and

5. Quantify groundwater availability.

To achieve these goals, data were collected and analyzed,
the hydrogeologic framework was updated, a transferable
hydrologic toolbox that incorporates new techniques was
developed as part of the CPRAS study, and a regional
groundwater-flow model was developed.

The availability and sustainability of groundwater as a
source of water supply is a function of many factors—both
natural and human—that control its use. Natural factors
include the quantity and quality of water, climate, and
environment. Human factors include laws, regulations,
and economics (U.S. Geological Survey, 2002). As with
groundwater availability of the Central Valley Aquifer in
California that was assessed as part of the USGS National
Groundwater Resources Program (Faunt and others, 2009),
water concerns and conflicts can be categorized under three
general categories:

1. Natural distribution (both spatial and temporal);
2. Technical-hydrologic; and

3. Political, legal, and social.

Political, legal, and social concerns include fully or over-
appropriated waters in some basins, streamflows needed

to support ESA listed species, and potential impairment of
senior surface-water rights. This study addresses some of
these problems and conflicts by contributing to the improved
understanding of the hydrologic system and providing an
updated description of groundwater availability in the CPRAS.
To help improve the understanding of the hydrologic system,
a regional groundwater-flow model was constructed for an
area referred to as the “model domain.” The model domain
includes 74 percent of the study area (fig. 1). Nearly all the
agriculture (irrigated and dryland), population, and human
activities are within the model domain.
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EXPLANATION

Structural regions of Columbia
Plateau Regional Aquifer System

[ ] vakimaFold Belt
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—— - - — Study area boundary

Groundwater-flow model boundary

Figure 1. Columbia Plateau Regional Aquifer System study area and structural regions, Washington, Oregon, and Idaho (from
Kahle and others, 2011).
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Ultimately, groundwater availability and water
availability generally have been, are, and will be controlled
by State water law and its association with political and
social complexities. Water law on the Columbia Plateau, as
in most of the Western United States, is the doctrine of “prior
appropriation” (principle of appropriative rights—the first in
time is the first in right), especially for surface water. A brief
overview of the water codes for Washington, Oregon, and
Idaho is provided in appendix | because of the importance of
State water law and its effect on groundwater availability.

Purpose and Scope

This report summarizes a series of reports published as
part of the groundwater availability analysis of the CPRAS,
and incorporates, to the extent possible, the nomenclature
and wording of each published report to provide consistency.
Figures from these reports also are incorporated when
possible. Detailed descriptions of these reports and results are
available in the following previously published reports:

* Ground-water availability assessment for the
Columbia Plateau Regional Aquifer System,
Washington, Oregon, and Idaho (U.S. Geological
Survey, 2008)

* Geologic setting and hydrogeologic units of the
Columbia Plateau Regional Aquifer System,
Washington, Oregon, and Idaho (Kahle and others,
2009)

» Groundwater conditions during 2009 and changes
in groundwater levels from 1984 to 2009, Columbia
Plateau Regional Aquifer System, Washington,
Oregon, and Idaho (Snyder and Haynes, 2010)

» Three-dimensional model of the geologic framework
for the Columbia Plateau Regional Aquifer System,
Washington, Oregon, and Idaho (Burns and others,
2011)

» Groundwater status and trends for the Columbia
Plateau Regional Aquifer System, Washington,
Oregon, and Idaho (Burns and others, 2012)

* A coupled remote sensing and simplified surface
energy balance approach to estimate actual
evapotranspiration from irrigated fields (Senay and
others, 2007)

* Global reference evapotranspiration modeling and
evaluation (Senay and others, 2008)

* Characterizing landscape evapotranspiration dynamics
in the Columbia Plateau using remotely sensed data and
global weather datasets (Senay and others, 2009)

» Hydrogeologic framework and hydrologic budget
components of the Columbia Plateau Regional Aquifer
System, Washington, Oregon, and Idaho (Kahle and
others, 2011)

* Numerical simulation of the groundwater flow in the
Columbia Plateau Regional Aquifer System, Idaho,
Oregon, and Washington (Ely and others, 2014)

This report is one in a series of reports summarizing the
findings of studies conducted as part of the USGS National
Groundwater Resources Program assessment of groundwater
availability throughout the Nation. Additionally, to be
consistent with the other national summaries, selected section
headings and wording also have been incorporated from the
following national summary reports:

» Groundwater availability of the Central Valley Aquifer,
California (Faunt, 2009)

» Groundwater availability in the Atlantic Coastal Plain
of North and South Carolina (Campbell and Coes,
2010)

* Water availability and use pilot—A multiscale
assessment in the U.S. Great Lakes Basin (Reeves,
2010)

¢ Groundwater availability of the Denver Basin aquifer
system, Colorado (Paschke, 2011)

» Groundwater availability of the Mississippi embayment
(Clark and others, 2011)

The report includes a description of the physical setting,
physiography, climatic setting, cultural setting, and water
resource and economic development, and the geologic setting
to provide an understanding of the generalized background for
the CPRAS area. Each of these items is intricately related to
water availability. This report includes descriptions of:

* The hydrogeologic units and their characteristics,
* The model of groundwater flow,

* Generalized water budgets for the complete study area,



* Detailed water budgets for the hydrogeologic units in the
groundwater-model domain, and

* Changes in the water budget within the groundwater-
model domain due to human activities.

When appropriate, the generalized water budgets for the study
area are presented for predevelopment conditions and existing
conditions. Predevelopment conditions represent the hydrologic
system before appreciable land-uses changes, especially
agriculture. Existing conditions represent the developed
system during 1985-2007, as defined by Kahle and others
(2011). The influence and importance of climate variability
and projected climate change on the groundwater flow system
also is presented. The information described in this paragraph
provides for the assessment and presentation of groundwater
availability of the CPRAS. The monitoring of the hydrologic
system is described because of its importance in understanding
groundwater sustainability and, thus, availability.

Background

The CPRAS is in the Columbia Plateau in northeastern
Oregon, southeastern Washington, and northwestern Idaho
(fig. 1); an overview of the aquifer system is presented in
Whitehead (1994). The aquifer system covers about 44,000
mi%. The area supports a $6 billion per year agricultural
industry, and leads the Nation in production of apples and nine
other commodities (State of Washington Office of Financial
Management, 2007; U.S. Department of Agriculture, 2007a).
Surface-water diversions and groundwater pumpage supply
water to the irrigated croplands that primarily occur in the
arid and semi-arid parts of the study area. These croplands
account for about 5 percent of the Nation’s irrigated croplands.
Groundwater is the primary source of drinking water to the more
than 1.3 million people in the study area.

To study such a large and important aquifer system, an
approach was developed that included:

» Updating the regional hydrogeologic framework,

* Documenting changes in the status of the hydrologic
system,

* Quantifying the predevelopment and existing hydrologic
budget (including water withdrawals) for the complete
system, and

* Developing a numerical regional groundwater-flow
model for part of the system.

Description of Study Area 9

The model was used to estimate water-budget components and
to evaluate groundwater availability under existing land- and
water-use conditions and a possible future climate scenario
representing an increase in pumpage demand because of
changing climate. The model is based on the USGS CP-RASA
groundwater-flow model developed by Hansen and others
(1994), and its boundary is nearly identical to the CP-RASA
model boundary. The new model incorporates information on
the surface-water and groundwater systems that has become
available since the original model was developed, includes

a higher degree of spatial resolution than previous models,

and makes use of the advancements in numerical hydrologic
models and computer capabilities that have occurred since the
original model was developed.

Description of Study Area

Much of the information presented in this section is
based on the presentation in the CP-RASA report of Whiteman
and others (1994). This information provides generalized but
important information for understanding the study area and its
hydrologic system.

Physical Setting

The Columbia Plateau lies within the Columbia
intermontane physiographic province (Freeman and others,
1945). It is bordered by the Cascade Range on the west, the
Okanogan Highlands on the north, and the Rocky Mountains
on the east; its southern boundary is defined more by the
extent of the Columbia River Basalt Group (CRBG) than
by any physiographic feature. Altitudes in the study area
range from less than 300 ft to more than 9,000 ft. About
58 percent of the study area is in Washington, 34 percent is
in Oregon, and 8§ percent is in Idaho. The Columbia Plateau
is drained by the Columbia River and its major tributaries in
the study area—the Yakima, Spokane, Clearwater, Salmon,
Imnaha, Grande Ronde, Tucannon, Snake, Touchet, Walla
Walla, Umatilla, John Day, Deschutes, Klickitat, Hood, and
White Salmon Rivers (fig. 1). The headwater areas for most
of the rivers are outside of the study area, and nearly all the
streamflow entering, flowing through, and exiting the study
area is derived from the snowpack. Continuous discharge
measurements are available for many streams in the study
area and have been measured at more than 208 active and
discontinued USGS stream-gaging stations.
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Physiography

The Columbia Plateau was divided into four structural
regions—the Yakima Fold Belt, Palouse Slope, Blue
Mountains, and Clearwater Embayment subprovinces
(fig. 1; Myers and Price, 1979; Reidel and others, 2002).

The subprovince delineation is important for describing
groundwater availability. The Yakima Fold Belt includes
most of the western half of the Columbia Plateau north of
the crest of the Blue Mountains and is characterized by a
series of anticlinal ridges and synclinal basins. The Palouse
Slope occupies the northeast quarter of the Columbia Plateau
in Washington, north of the Blue Mountains, and extends
eastward into Idaho. It consists of nearly undeformed basalt
with a gentle southwestern slope. The Blue Mountains
subprovince includes the Blue Mountains, a composite
anticlinal structure, and surrounding areas. This subprovince
is characterized by high plateaus that are deeply dissected

by many streams. The Clearwater Embayment marks the
eastward extent of the CPRAS along the foothills of the
Rocky Mountains. The easternmost extent of this subprovince
extends into the Rocky Mountains along the Clearwater
River drainage; most of its rugged terrain is forested and
relatively unpopulated.

The topography in central Washington, commonly
referred to as the "channeled scablands," was produced by
catastrophic floods during Pleistocene time (Bretz, 1923;
Bretz and others, 1956). Referred to as the “Missoula Floods,”
these floods resulted from the breakup of glacial ice dams that
impounded immense lakes in western Montana and northern
Idaho, and carved spectacular erosional features into the basalt
plateau. Floodwaters stripped away overlying sediments and
left behind deep canyons and coulees, rugged cliffs and buttes,
large gravel bars, and giant ripple marks that measure 20-30 ft
in height. The scablands cover about 15,000 mi? between the
Columbia, Snake, and Spokane Rivers.

Climatic Setting

The climatic setting of the CPRAS controls the natural
water fluxes across the landscape. For example, water
demand by vegetation is most directly related to precipitation,
temperature, growing-season length, and hours of daylight.
Much of the area is semiarid, with 57 percent of the area
receiving less than 15 in. of annual precipitation (fig. 2).
Average annual precipitation ranges from about 7 in. in the
center of the study area to more than 45 in. in the surrounding
mountains. Precipitation is greater in the Cascade Range to
the west than at similar altitudes in the east and southeast.
The average annual precipitation from 1895 to 2007 (fig. 2;
PRISM Climate Group, 2010) was about 17 in. or 55,000 ft*/s

(about 40 million acre-ft [MAF]). The interannual variability
of precipitation generally is similar throughout the study area,
but varies in some years. The mean monthly precipitation
distribution at selected weather sites in the study area (fig. 3;
National Oceanic and Atmospheric Administration, 2013)
shows that precipitation generally is greatest in December
and January and least in July. Typically, about 75 percent of
the annual precipitation occurs during October through April,
and 42 percent falls from November through January. Much
of the precipitation from October through April falls as snow.
Winter snowfall (snow water equivalent) ranges from about 8
to 20 in. in the central Columbia Plateau to more than 70 in.
at higher altitudes in the Cascade Range and Blue Mountains.
Spatial and interannual variations in mountain snowpack can
be large and can indicate the large temporal-spatial variability
of climate across the study area that greatly influences

water availability.

Minimum air temperatures range from about 3 °C in the
low-lying areas to about -3 °C in higher-altitude areas, and
maximum air temperatures range from about 30 °C in the
central Columbia Plateau to about 12 °C in the mountainous
areas. Average daily temperature fluctuations typically
range from 8 °C in winter to as much as 20 °C in summer;
temperatures vary by about 40 °C between winter lows and
summer highs. The percentage of sunshine ranges from about
10 percent in the winter to 75 percent in the summer; it is
about 50 percent in the spring and autumn. In response to
the climate variations, the growing season ranges from about
220 days near Walla Walla, Washington, to less than 100 days
in the Cascade Range and Blue Mountains.

The types of natural vegetation present on the Columbia
Plateau are largely dependent on the climatic setting and
land-surface altitudes, and this vegetation is defined by the 14
Level IV ecoregions of the Columbia Plateau (Omernik, 1987;
http://www.epa.gov/wed/pages/ecoregions/level iii_iv.htm).
In the central part of the Columbia Plateau, where land-
surface altitude ranges from 350 to 2,000 ft and precipitation
ranges from 7 to 15 in/yr, vegetation primarily is sagebrush
and grasslands, and there are few perennial streams. At
altitudes ranging from 2,000 to 3,000 ft, vegetation is
typical of semiarid-to-transitional humid zones and includes
grasslands and forest. These areas generally receive from
15 to 25 in. of annual precipitation, but in the Cascade
Range, precipitation can be much greater. Where altitudes
generally are greater than 3,000 ft, forests predominate and
small perennial streams in deep canyons are common. The
generalized land cover and land use in the study area shows
the regional pattern of vegetation (fig. 4). The locations of
Bureau of Reclamation (Reclamation) projects that provide
most of the surface water for irrigation on the Columbia
Plateau also are shown in figure 4.


http://www.epa.gov/wed/pages/ecoregions/level_iii_iv.htm

ag°

47°

46°

45°

Description of Study Area 1"

N~ - (ﬁ c}'}‘ Benewah 4)0
- DR 5
L J : L}, R _
. A T

. {
Marion $

N

[

Linn /

L

R | ~ag

122° 120° 118° 116°
.L _ K | ’ ‘ | Pend l Lincoln
N Okanogan OKANOGAN [HIGHLANDS & Stevens Orielle Bonner ,q
K Ferry N 7 I : : \
Snohomish N ‘d“f & ./\" 4‘5‘\ /
& o R | \’\ ]
’D (Ro | _l <A

~ N\ Sanders

| \\

&

-

—_— RV

Baker

Jefferson Wheeler

—

B A J_J_;rook I___I i

\ I" Malheur * .

Base modified from U.S. Geological Survey digital data, various scales. Coordinate system:
State Plane, Washington South, FIPS 4602: Projection: Lambert Conformal Conic. Horizontal
datum: North American Datum 1983, Vertical datum: North American Vertical Datum of 1988.

Figure 2.

EXPLANATION
Mean annual precipitation, in inches — - - — Study area boundary
Less than 8 Sunnyside Weather station
81t015
15.1t0 25

25.11t0 40

40.1t0 60
60.1to0 80

Greater than 80

Mean annual precipitation, Columbia Plateau Regional Aquifer System study area, Washington, Oregon, and Idaho,

1895-2007 (from PRISM Climate Group, 2010; and Kahle and others, 2011).
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Figure 3. Mean monthly precipitation at selected weather stations, Columbia Plateau Regional Aquifer System,
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Cultural Setting

The cultural setting of the CPRAS is intricately linked to
the use and development of the water resources in the region.
Although there are numerous sources of historical information
for the CPRAS, the following summary, mostly from the
Washington State Historical Society (2014), provides the
context and history of exploration and development.

Lewis and Clark explored parts of southern Washington
and northern Oregon along the Snake and Columbia Rivers in
1805. What early explorers found was semiarid land, home to
an estimated 14,000 aboriginal people, including about 6,000
Nez Perce. With the arrival of fur traders and the resulting
development of the fur trade in the late 1790s, steamboats first
appeared along the Columbia River in 1836. Fur traders were
followed by missionaries and the establishment of forts, and
then by the migration of miners and cattlemen. The Oregon
Treaty of 1846 established the 49th parallel as the boundary
between British and American lands and the creation of the
Oregon Country, which in 1848 became the Oregon Territory.
Settlers petitioned for the Oregon Territory to be separated,
with a new territory north of the Columbia River. Congress
established the Washington Territory in 1853; present-day
Idaho was included in both the Oregon and Washington
Territories. When Oregon became the 33rd State in 1859,
Idaho became part of the Washington Territory, and in 1863,
Idaho was made into a separate territory. Washington was
admitted to the Union in 1889 as the 42nd State, and was
followed the next year by Idaho as the 43rd State.

During the 1850s, the U.S. Government signed numerous
treaties with various Tribes in eastern Washington, eastern
Oregon, and western Idaho establishing reservations; in 13
months in the 1850s, Governor Stevens signed 10 treaties.
Intertwined with the treaties were the Cayuse, Yakama,
and Palouse Indian Wars from 1855 through 1858. In
1879, Chief Moses of the Columbia Tribe signed a treaty
creating the Moses Columbia Reservation (modified in
1883, creating the Colville Reservation); it was during this
period that the Spokane Indian Reservation was established.
Lands opened up for settlement as a result of Tribal ceding
and relinquishment of tens of millions of acres outside
reservations and Federal land grants associated with the
railroads. In exchange for ce