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Selected Approaches to Estimate Water-Budget
Components of the High Plains, 1940 through 1949

and 2000 through 2009

By Jennifer S. Stanton, Sharon L. Qi, Derek W. Ryter, Sarah E. Falk, Natalie A. Houston, Steven M. Peterson,

Stephen M. Westenbroek, and Scott C. Christenson

Abstract

The High Plains aquifer, underlying almost 112 million
acres in the central United States, is one of the largest aqui-
fers in the Nation. It is the primary water supply for drinking

water, irrigation, animal production, and industry in the region.

Expansion of irrigated agriculture throughout the past 60 years
has helped make the High Plains one of the most productive
agricultural regions in the Nation. Extensive withdrawals of
groundwater for irrigation have caused water-level declines

in many parts of the aquifer and increased concerns about the
long-term sustainability of the aquifer.

Quantification of water-budget components is a prereq-
uisite for effective water-resources management. Components
analyzed as part of this study were precipitation, evapotrans-
piration, recharge, surface runoff, groundwater discharge to
streams, groundwater fluxes to and from adjacent geologic
units, irrigation, and groundwater in storage. These com-
ponents were assessed for 1940 through 1949 (representing
conditions prior to substantial groundwater development and
referred to as “pregroundwater development” throughout this
report) and 2000 through 2009. Because no single method
can perfectly quantify the magnitude of any part of a water
budget at a regional scale, results from several methods and
previously published work were compiled and compared for
this study when feasible. Results varied among the several
methods applied, as indicated by the range of average annual
volumes given for each component listed in the following
paragraphs.

Precipitation was derived from three sources: the Param-
eter-Elevation Regressions on Independent Slopes Model,
data developed using Next Generation Weather Radar and
measured precipitation from weather stations by the Office of
Hydrologic Development at the National Weather Service for
the Sacramento-Soil Moisture Accounting model, and precipi-
tation measured at weather stations and spatially distributed
using an inverse-distance-weighted interpolation method. Pre-
cipitation estimates using these sources, as a 10-year average
annual total volume for the High Plains, ranged from 192 to
199 million acre-feet (acre-ft) for 1940 through 1949 and from
185 to 199 million acre-ft for 2000 through 2009.

Evapotranspiration was obtained from three sources:
the National Weather Service Sacramento-Soil Moisture
Accounting model, the Simplified-Surface-Energy-Balance
model using remotely sensed data, and the Soil-Water-Balance
model. Average annual total evapotranspiration estimated
using these sources was 148 million acre-ft for 1940 through
1949 and ranged from 154 to 193 million acre-ft for 2000
through 2009. The maximum amount of shallow groundwater
lost to evapotranspiration was approximated for areas where
the water table was within 5 feet of land surface. The aver-
age annual total volume of evapotranspiration from shallow
groundwater was 9.0 million acre-ft for 1940 through 1949
and ranged from 9.6 to 12.6 million acre-ft for 2000 through
20009.

Recharge was estimated using two soil-water-balance
models as well as previously published studies for various
locations across the High Plains region. Average annual total
recharge ranged from 8.3 to 13.2 million acre-ft for 1940
through 1949 and from 15.9 to 35.0 million acre-ft for 2000
through 2009.

Surface runoff and groundwater discharge to streams
were determined using discharge records from streamflow-
gaging stations near the edges of the High Plains and the Base-
Flow Index program. For 1940 through 1949, the average
annual net surface runoff leaving the High Plains was
1.9 million acre-ft, and the net loss from the High Plains
aquifer by groundwater discharge to streams was 3.1 million
acre-ft. For 2000 through 2009, the average annual net surface
runoff leaving the High Plains region was 1.3 million acre-ft
and the net loss by groundwater discharge to streams was 3.9
million acre-ft.

For 2000 through 2009, the average annual total esti-
mated groundwater pumpage volume from two soil-water-bal-
ance models ranged from 8.7 to 16.2 million acre-ft. Average
annual irrigation application rates for the High Plains ranged
from 8.4 to 16.2 inches per year. The USGS Water-Use Pro-
gram published estimated total annual pumpage from the High
Plains aquifer for 2000 and 2005. Those volumes were greater
than those estimated from the two soil-water-balance models.

Total groundwater in storage in the High Plains aquifer
was estimated as 3,173 million acre-ft prior to groundwater
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development and 2,907 million acre-ft in 2007. The average
annual decrease of groundwater in storage between 2000 and
2007 was 10 million acre-ft per year.

Introduction

The High Plains aquifer, underlying almost 112 million
acres in the central United States (fig. 1), is one of the largest
aquifers in the Nation. It is the primary source for drinking
water, irrigation, animal production, and industry in the region.
In 2000, the High Plains aquifer supplied drinking water
for about 80 percent of the High Plains regional population
(Sharon Qi, U.S. Geological Survey, written commun., 2005).
In this report, the term “High Plains” refers to the landscape
and aquifer system corresponding to the geographic extent of
the High Plains aquifer system. Development of this region for
agriculture began during the late 1800s with nonirrigated crop-
land and cattle grazing; however, low precipitation and high
evaporation rates limited the production of nonirrigated crops
for most of the area. Expansion of irrigated agriculture in the
past 60 years has helped make the High Plains one of the most
productive agricultural regions in the Nation. The High Plains
region supplies approximately one-fourth of the Nation’s agri-
cultural production (McMahon and others, 2007). As of
2007, there were 50 million acres of cropland, of which
15.4 million acres were irrigated, in the High Plains (U.S.
Department of Agriculture, variously dated). Extensive with-
drawals of groundwater for irrigation have caused water-level
declines in many parts of the aquifer and increased concerns
about the long-term sustainability of the aquifer.

This study is part of a series of regional studies funded
by the U.S. Geological Survey (USGS) to evaluate the avail-
ability and sustainability of major aquifers across the Nation.
These studies are designed to assist State and local agencies
who manage groundwater resources and to assess the status of
groundwater resources from a national perspective. The High
Plains Groundwater Availability Study updates the High Plains
Regional Aquifer System Assessment (Weeks and others,
1988). That study compiled information about the hydrogeo-
logic framework, water-quality characteristics, hydrologic
budget, and stresses to the aquifer system.

Purpose and Scope

This report describes selected approaches to estimate
pregroundwater development (1940 through 1949) and current
(2000 through 2009) water-budget components of the High
Plains aquifer and overlying landscape. The report emphasizes
the groundwater part of the budget but also includes several
land-surface budget components because of their connection
with the groundwater system. Because no single method can
perfectly quantify the magnitude of any part of a water budget
at a regional scale, results from several methods and previ-
ously published work are compared when feasible. Effects

of land use, landscape, climate, and modeling methods on
individual water-budget components are discussed. This report
provides information that can be used to guide the construc-
tion and evaluate individual water-budget components of
regional hydrologic models of the High Plains area, but does
not present a complete water budget or comprehensive evalua-
tion of groundwater availability or sustainability.

Water Budgets and Sustainability

A water budget is an accounting of hydrologic compo-
nents of the water cycle, transfers between the components,
and their relative contributions within a water system. Water
budgets help define how much water is available, how much
water is used, where the water comes from, and at what rate
water is replenished. In its simplest form, a water budget
defines the amount of water entering and leaving a water
system. A schematic showing water inputs and outputs for the
water system in the High Plains, referred to as the landscape
and aquifer system, are shown in figure 2.

Under undisturbed or undeveloped conditions, the only
sources of water to the High Plains landscape and aquifer sys-
tem are from precipitation, streamflow from outside the High
Plains, or subsurface water entering from underlying geologic
units. Water entering the High Plains can follow many routes
through the system. Precipitation can be lost to the atmo-
sphere through interception or evapotranspiration (ET), which
includes evaporation from soil or water bodies and plant tran-
spiration; flow to streams or reservoirs; or percolate downward
where it either is stored in the unsaturated zone or becomes
aquifer recharge. Incoming streamflow can infiltrate into the
aquifer, evaporate, or continue to flow out of the High Plains.
Water entering the aquifer from subsurface sources or as infil-
tration from surface sources (recharge or stream leakage) can
be stored there, discharge to streams or springs, or become ET
(if the water table is close enough to land surface). Once an
area is developed for irrigated agriculture, water is transported
from streams or the aquifer to irrigated fields where it becomes
ET, surface runoff, or recharge (from irrigation return flow or
canal leakage).

Water-Budget Equations

A simplified water-budget equation for a hydrologic sys-
tem can be expressed as the following equation:

P+Qin - ET + Qout + AS (1)

where
P is precipitation,
0., is flow into the system,
is evapotranspiration,
0. is flow out of the system, and
AS s the change in storage.
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Precipitation and flow into the system represent inputs,
and ET and flow out of the system represent outputs. Change
in storage results from an imbalance between inputs and
outputs. In the general system described by equation 1, the
groundwater system is not treated as a separate hydrologic
compartment.

For the High Plains landscape and aquifer system, these
water-budget components can be expanded to:

P+QY+Q8+Q" = ET*"+ET '+ ET*"+ ET"+ET"" + )
07 +0%+ 0" +AS"+AS™"+AS"

out out out
where
P is precipitation,

Q0”7  is the base-flow component of streamflow into
the system,

o is groundwater entering the system from
adjacent geologic units,

Q" is the runoff component of streamflow into
the system,

ET#vr is evapotranspiration of water from
groundwater irrigation (groundwater
pumpage minus return flow and runoff),

ET? is evapotranspiration from precipitation,

ETss is evapotranspiration from shallow
groundwater,

ET* is evapotranspiration from surface-water
bodies,

ETsvr is evapotranspiration of water from surface-
water irrigation (diverted water minus
canal leakage, return flow, and surface
runoff),

in; is groundwater discharge to streams (base
flow) or springs,
8" is groundwater leaving the system to adjacent
geologic units,
Q. is the surface-runoff component of streamflow
out of the system,
AS&” is the change in groundwater storage,
AS* is the change in surface-water storage, and
AS* is the change in unsaturated-zone storage.

This equation illustrates that in addition to precipitation, water
can enter the system from outside the High Plains as the base
flow or surface-runoff components of streamflow or from
subsurface sources. Water leaves the system primarily by ET
of water from precipitation, shallow groundwater, irrigation
water (originating from surface water or groundwater), or
directly from surface-water bodies. Water also flows out of the
system as groundwater discharge to streams or springs, surface
runoff to streams, or to adjacent geologic units. Imbalances
between inputs and outputs will change the amount of water
stored in groundwater, the unsaturated zone, or surface-water
bodies.

A water budget can be created for any part of the hydro-
logic system, such as for a lake, the soil zone, the unsaturated
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zone, or the aquifer. The water budget specific to the High

Plains aquifer system can be expressed by the following

equation:

R®"+RP+R™+R "+Qf =ET SngerL;Jr QPP ASE (3)

where

Revir is recharge from groundwater-irrigation return

flow [groundwater withdrawal (Q”""")
minus evapotranspiration of water from
groundwater irrigation (E7¢"") minus
groundwater-irrigation water runoff to
streams],

R" s recharge from precipitation (P - Q”°-ET"),

R is recharge from surface-water seepage
(Q;’o + Qibnf_ Q;Zt_ Q:Z/)’

is recharge from surface-water-irrigation
return flow and canal leakage [diverted
surface water minus diverted surface
water that returns to streams minus
evapotranspiration of water from surface-
water irrigation (E7**")], and

is groundwater withdrawal, and other terms
are as defined previously.

Rxw[r

pump
out

The aquifer-specific budget components are linked closely to
the budget components in equation 2, particularly precipitation
and ET. Recharge has been divided into several components to
reflect the different sources of water that can become available
for recharge: precipitation, groundwater-irrigation return flow,
surface-water-irrigation return flow and canal leakage, and
seepage from naturally occurring surface-water features. In
addition to the terms listed in the equation explanation, each of
the recharge components is related to changes in the amount of
water stored in the unsaturated zone. Groundwater withdraw-
als also are related to landscape processes because the amount
of water needed for irrigation is determined by E7 demand of
the crops grown at the land surface. Much of the groundwater
withdrawn for other purposes likely returns to the aquifer or
becomes surface-water runoff. For example, a portion of water
withdrawn for public-water supplies will eventually end up in
sewer systems and discharge to streams (Westerhoff and Crit-
tenden, 2009).

Current and historical data describing the water-budget
components for an aquifer often are not available and need to
be estimated. These estimates are subject to uncertainties and
limitations. Recharge and ET from groundwater can be partic-
ularly difficult to quantify (Healy and others, 2007). Ground-
water withdrawals for irrigation can be measured directly but
only have been measured for limited areas in the High Plains.
Groundwater-flow models are used to help verify estimates
of these budget components by comparing model results with
observable hydrologic conditions such as groundwater levels
and discharge to streams. Hydrologic models that determine
the fate of precipitation and estimate the amount of additional
water needed for irrigation are available to quantify these
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components, as well as other land-surface water-budget com-
ponents, such as the fate of water diverted from streams and
reservoirs for irrigation. Coupling land-surface and subsurface
processes can provide a comprehensive assessment of ground-
water and landscape water-budget components and a tool

for evaluating the effects of changes in various water-budget
components. Even though hydrologically defensible models
are calibrated by adjusting water-budget components and other
model parameters so that model results match hydrologic
measurements (such as groundwater levels and streamflows),
it is still useful to compare modeled water-budget components
with results from independent studies as an evaluation of
model performance.

Sustainability

Groundwater sustainability was defined by Alley and
others (1999) as the “development and use of groundwater in
a manner that can be maintained for an indefinite time without
causing unacceptable environmental, economic, or social
consequences.” Understanding the components of the water
budget is a prerequisite for assessing the sustainability of a
hydrologic system. Under average long-term conditions in an
undeveloped system, the amount of water leaving will be bal-
anced by water entering the system. Climate change, geologic
shifts, or human disturbances such as groundwater pumpage
can cause an imbalance between inputs and outputs. For a
groundwater system to be sustainable, water leaving the aqui-
fer from pumpage must be balanced by increased recharge,
reduced evapotranspiration from groundwater, or reduced dis-
charge to streams. If water leaving the aquifer is not balanced
by other hydrologic components, water stored in the aquifer
will decline, and groundwater mining occurs.

Water budgets help define the balance between water
entering and leaving an aquifer but do not account for other
factors that affect the long-term sustainability of an aquifer.
These additional factors include physical limitations on how
much groundwater can be extracted; deterioration of ground-
water quality; effects of groundwater depletions on streams,
lakes, wetlands, and land subsidence; future climatic condi-
tions; economic costs associated with extracting groundwater;
and public policy goals.

Description of Study Area

The High Plains landscape and aquifer system extent
coincides with the boundary of the underlying High Plains
aquifer that recently was updated to reflect changes in the
understanding of the boundary location in Kansas, Colo-
rado, Oklahoma, Texas, and New Mexico (Qi, 2010). The
High Plains covers parts of eight States—Colorado, Kansas,
Nebraska, New Mexico, Oklahoma, South Dakota, Texas,
and Wyoming (fig. 1, table 1) and was divided into three
geographic regions in previous studies—northern High Plains
(NHP), central High Plains (CHP), and southern High Plains
(SHP) (figs. 3, 4, and 5) (Weeks and others, 1988; McMahon

Table 1. Area of High Plains within each region and State.
Area,
in million acres
Region
Northern 61.7
Central 314
Southern 18.8
State
Colorado 8.5
Kansas 19.7
Nebraska 41.4
New Mexico 6.0
Oklahoma 4.7
South Dakota 3.1
Texas 23.2
Wyoming 5.2

High Plains 111.8

and others, 2007). These regions were defined using natural
aquifer boundaries, air-temperature gradients, and logistical
considerations associated with water-quality sample collec-
tion. The bounds of those regional areas and their naming
convention are used in this report.

Landscape

The High Plains is within the Great Plains physiographic
province, which lies between the Rocky Mountains (not
shown) on the west and the Central Lowlands (not shown) on
the east (Fenneman and Johnson, 1946). Land-surface eleva-
tion is highest in the northwest, trending from about 7,400 feet
(ft) along the northwestern boundary to about 1,000 ft along
the eastern boundary. Most of the High Plains is composed
of flat plains or gently rolling hills. Grasses are the dominant
natural vegetation of the landscape, ranging from short-grass
prairies in the west to tall-grass prairies in the east. Streams
have dissected the plains, producing a drainage network and
escarpments that in many places define the boundary of the
High Plains. Wind-blown sand has formed dunes across parts
of the High Plains. The largest sand dune region, the Nebraska
Sand Hills, in north-central Nebraska (fig. 3), is one of the
largest grass-stabilized dune regions in the world. Its unique
topography consists of dunes as high as 400 ft and as long
as 20 miles (mi) (Bleed and Flowerday, 1989). Numerous
lakes and meadows are located between the dunes, where
groundwater is at or near land surface. In other parts of the
High Plains, ephemeral shallow lakes have formed in shallow
depressions called playas. Most playa lakes are not connected
to the groundwater and contain surface runoff from precipita-
tion events. Playas are most common south of the Arkansas
River (Gutentag and others, 1984).
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Climate

The High Plains has a continental climate with strong
seasonality of temperature extremes. Air temperatures gener-
ally increase from north to south (fig. 6). Average air tempera-
tures for 14 weather stations (fig. 7) across the High Plains
measured during 1905 through 2009 ranged from 47.4 to
76.8 degrees Fahrenheit (°F) (U.S. Historical Climatology
Network, 2010). Average air temperature from 2000 through
2009 (55.6°F) was almost 1 degree warmer than the mean
temperature from 1940 through 1949 (54.7°F). An increase in
mean air temperature has probably affected the water budget
in recent years because potential evapotranspiration (PET)
is affected by temperature. Greater PET rates will increase
the demand for irrigation water if precipitation also does not
increase.

Near-surface air is cooled as liquid water is turned to
vapor by the process of ET. Irrigated fields lose more water
through ET converting water to vapor than do nonirrigated
cropland and rangeland. This process may have at least
partially counteracted temperature trends, and it is possible
that recent temperatures would have been warmer without the
development of irrigation in the High Plains (Kueppers and
others, 2007).

Average annual precipitation rates generally increase
from west to east in the High Plains (Thornton and others,
1997). Average precipitation rates for 14 weather stations
(fig. 7) measured during 1905 through 2009 ranged from 16.3
to 29.6 inches per year (in/yr) (U.S. Historical Climatology
Network, 2010). Average precipitation for 2000 through 2009
(21.1 in/yr) was 1.0 inch less than average precipitation for
1940 through 1949 (22.1 in/yr). Precipitation rates as a com-
ponent of the water budget are discussed in more detail in the
“Precipitation” section of this report.

The frequent winds and high temperatures of the High
Plains cause large evaporation rates (Gutentag and others,
1984). Potential evaporation rates measured from Class A
evaporation pans ranged from 60 in/yr in the north to 105 in/yr
in the south (Gutentag and others, 1984). Throughout the High
Plains, potential evaporation rates are greater than precipita-
tion rates, creating conditions that limit aquifer recharge.

The climatic record from the last century may not be rep-
resentative of future conditions. Climate changes could affect
future recharge rates, frequency and duration of droughts, ET
rates through vegetation shifts, and demands for groundwater
through changes in the availability of surface water for irriga-
tion (Alley and others, 1999).

Surface Water

Perennial streams are more prevalent in the north than
the south. Major streams draining the NHP are the Niobrara,
Platte, Little Blue, Big Blue, Republican, and Solomon Rivers
(fig. 3). The Arkansas and Canadian Rivers drain the CHP
(fig. 4). No perennial streams drain the SHP (Blandford and

others, 2003). Within the High Plains, streamflow in the
Canadian, Kansas, Niobrara, Platte, and Republican River
Basins (basins not shown) is controlled by reservoirs and canal
diversions that provide water to agricultural land (Bureau of
Reclamation, 2011).

The Nebraska Sand Hills (fig. 3) are an important
recharge area for the High Plains. This recharge contributes
to the regional flow system and base flow to several rivers
that are tributaries of the Platte and Niobrara Rivers. Annual
streamflow from the Sand Hills averages approximately
14 percent of annual precipitation (Bentall, 1998). Runoff to
streams over most of the Sand Hills is limited by the dune
landscape and permeable topsoil (Bentall and Shaffer, 1979).
Vegetation is dominated by mixed-prairie grasses, which take
up water during a moderately short growing season. These two
characteristics allow much of the water that infiltrates the soil
profile to become available for groundwater recharge, which
contributes to reliable base flow of streams. As streams
leave the Sand Hills, base flow ranges from about 80 to
95 percent of total streamflow (Stanton and others, 2010). As
these streams cross the dissected and loess-covered plains to
the south and east, however, they receive less base flow, more
surface runoff, and the base-flow fraction of streamflow drops
to between about 60 and 80 percent.

Though naturally occurring lakes are a minor component
of the surface-water system on the High Plains, with most
effects on the groundwater system local in scope, numerous
small lakes and marshes in the Nebraska Sand Hills are closely
connected to groundwater (Bleed and Ginsberg, 1998). Several
large, artificial reservoirs in the NHP cause local groundwater
mounding and increase water storage locally. Because the
source of water in reservoirs is predominantly impoundment
of surface runoff (or snowmelt from outside the High Plains),
the net flux is from reservoirs to the High Plains aquifer.
Although there is no quantitative estimate of water flux from
surface reservoirs to the High Plains, it is considered minor
because of the limited number and relatively small surface
area of reservoirs on the High Plains. Several large storage
reservoirs upstream from the western boundary of the High
Plains are a dominant factor in the surface-water hydrology of
the North and South Platte Rivers.

Agriculture

Most of the High Plains landscape is composed of flat
plains or gently rolling hills, making it well-suited for grow-
ing crops. In 2007, almost one-half of the land area within the
High Plains was used for growing crops (U.S. Department of
Agriculture, variously dated). The principal crops grown in the
High Plains in 2008 were corn, wheat, hay, alfalfa, soybeans,
cotton, and sorghum, with primarily corn grown in the NHP,
wheat in the CHP, and cotton in the SHP (U.S. Department of
Agriculture, 2008). To support crop production, the aquifer has
undergone extensive development for irrigation. The number
of irrigated acres has increased from about 3 million in 1949
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to about 15.4 million in 2007 (U.S. Department of Commerce,
variously dated; U.S. Department of Agriculture, variously
dated) (fig. 84). Before the 1930s, irrigation generally was
limited to areas where surface water could be diverted to crop
fields, but advancements in well drilling and pumping equip-
ment increased development of the aquifer as a source of irri-
gation water for fields in relatively flat areas after the drought
periods of the 1930s and 1950s (Weeks and others, 1988).
Later development of the center-pivot irrigation system in the
1960s further expanded irrigation to areas previously not suit-
able for irrigation because of their rolling topography.

In 2005, water for irrigation accounted for approximately
95 percent of total pumpage from the High Plains aquifer
(Kenny and others, 2009). Groundwater pumpage for irriga-
tion increased from approximately 4 million acre-ft in 1950 to
about 20 million acre-ft in 1975 and was approximately
18 million acre-ft in 2005 (fig. 8B) (U.S. Geological Sur-
vey, variously dated). Several periods of time have had

smaller-than-average precipitation that correlated with
increased irrigated acres in the High Plains (fig. 84). Con-
versely, a reduction in the number of irrigated acres in

the 1980s corresponds to a period of greater-than-average
precipitation.

Agriculture affects the water budget of a water system in
several important ways. Greater recharge rates are associated
more with nonirrigated cropland than with rangeland (Scanlon
and others, 2005b; Sophocleous, 2004). The greater recharge
is caused by changes to soil structure, vegetation coverage,
wilting point, and rooting depth. Irrigation of agricultural
fields further affects the hydrologic budget. Irrigation water
increases ET and deep percolation, or potential recharge. If
surface water is the source for irrigation, water is redistributed
from streams, through canals, and finally to agricultural fields.
Diverted water reduces streamflow and may increase recharge
along the distribution system. If groundwater is the source for
irrigation, groundwater pumpage increases and groundwater in
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(A) Groundwater and surface-water irrigated acres, 1949 through 2007, and average annual precipitation, 1940

through 2009; (B) groundwater pumpage for irrigation in the High Plains, 1950 through 2005 (U.S. Department of Commerce,
variously dated; U.S. Department of Agriculture, variously dated; U.S. Geological Survey, variously dated).

storage can be reduced. Groundwater-level declines have been
observed in parts of the High Plains as a result of groundwater
pumpage for irrigation (McGuire and others, 2003; McGuire,
2007) (fig. 9).

Irrigation methods also can affect the water budget.
Center-pivot systems have improved irrigation efficiency by
reducing deep-percolation rates associated with gravity-flow
irrigation (Musick and others, 1990). The combination of
center-pivot systems with low-energy, precision-application

methods further improves irrigation efficiency by reducing
water losses associated with droplet evaporation and drift
(Howell and others, 1995). Center-pivot systems have been
replacing gravity-flow systems since about the 1950s (Musick
and others, 1990). According to estimates from the USGS
Water-Use Program, most of the irrigated fields in High Plains
States were irrigated primarily with sprinkler systems, such as
center-pivot systems, in 2005 (U.S. Geological Survey, vari-
ously dated) (figs. 104, 10B, and 10C).
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Hydrogeologic Framework

Although the hydrogeologic framework is not the subject
of this report, a discussion of the basic framework is needed
before discussing water budgets. Much of the description of
geologic units is derived from the thorough description pro-
vided in Gutentag and others (1984).

Major Geologic Units

The High Plains aquifer consists of hydraulically con-
nected deposits of late Tertiary and Quaternary age (Gutentag
and others, 1984). Late Tertiary-age deposits, from oldest to
youngest, include the Brule Formation of the White River
Group, Arikaree Group, Ogallala Group, and Broadwater
Formation (not shown) (Gutentag and others, 1984; Diffen-
dal, 1995) (fig. 11). Quaternary-age deposits include alluvial,
valley-fill, eolian sand, and glacial deposits. The Ogallala
Group makes up most of the High Plains aquifer and underlies
about 134,000 square miles (mi?) of the study area (Gutentag
and others, 1984). The paleosurface upon which the High
Plains aquifer material was deposited slopes gently from west
to east at 5 to 7 feet per mile (ft/mi), though local variations
and buried valleys exist throughout the area. Geologic units
underlying the High Plains aquifer are poorly permeable,
middle-Tertiary-age or older deposits (Weeks and Gutentag,
1981). Groundwater flow between the High Plains aquifer and
the underlying units is minimal.

The Brule Formation of the White River Group, together
with the Arikaree Group, constitute the oldest geologic units
of the High Plains aquifer, and both are present along the
northwestern extent of the NHP aquifer. The Brule Formation
is mainly a massive, poorly permeable siltstone, though locally
containing coarser-grained deposits such as sandstone beds
or channel deposits. It is considered part of the High Plains
aquifer only where the permeability of the Brule Forma-
tion has been increased by secondary porosity such as joints,
fractures, and solution openings (Gutentag and others, 1984).
Areas containing coarser deposits, or where the permeability
of the Brule Formation has been increased through secondary
porosity, are difficult to map on a regional scale (Cannia and
others, 2006). Where it was not enhanced through secondary
porosity, the top of the Brule Formation forms the base of the
High Plains aquifer. In the western part of the NHP region, the
Brule Formation is overlain by the younger Arikaree Group
(fig. 11), mainly composed of very fine to fine-grained
sandstone. The Arikaree has a maximum thickness of about
1,000 ft in western Nebraska and eastern Wyoming.

Where both are present, the Arikaree Group is overlain
by the Ogallala Group (Gutentag and others, 1984). The Ogal-
lala Group is a heterogeneous deposit of interlayered stream
sediments, lakebeds, and windblown sand, silt, and clay. The
Ogallala Group varies greatly in sediment size and character
over short distances (Cannia and others, 2006). Though highly
variable, one consistent feature found at the top of the Ogal-
lala Group in most areas of the High Plains is the Ogallala cap
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rock, a caliche deposit, which is also called mortar beds. These
deposits are cemented with calcium carbonate, are resistant

to weathering, and form ledges when in outcrop (Weeks and
Gutentag, 1984). The Ogallala Group is generally coarser

than the underlying Arikaree Group, but less coarse than the
overlying Quaternary alluvial and valley-fill deposits; gravel

is not abundant within the Ogallala Group (Lawton, 1984).
The maximum thickness of the Ogallala Group is about 800 ft
(Swinehart and others, 1988).

The Broadwater Formation, a late-Tertiary alluvial sand
and gravel deposit, overlies the Ogallala Group and underlies
younger Quaternary-age deposits across the north-central part
of the NHP (Swinehart and others, 1985). The Broadwater
Formation has a maximum thickness of 300 ft and contains
more silt eastward, though generally it is only distinguished
from overlying Quaternary-age alluvial deposits because of its
age, whereas the character and physical characteristics of both
units are similar. Though not necessarily called Broadwater
Formation in eastern Nebraska, equivalent late-Tertiary-age
sand and gravel are present there as well.

Unconsolidated Quaternary-age alluvial gravel, sand,
silt, and clay overlie and are in hydrologic connection with
the Ogallala Group in the eastern parts of the CHP and NHP
(fig. 11). Eastward of the margin of where both units are
present, the Ogallala Group is absent, and Quaternary allu-
vial and valley-fill deposits directly overlie poorly permeable
bedrock. The Quaternary-age alluvial deposits generally are
thinner than areas dominated by the Ogallala Group, and
maximum thicknesses are around 300 ft (Gutentag and others,
1984). Quaternary-age valley-fill deposits (fig. 11) are similar
in character and deposition to the Quaternary-age alluvial
deposits, and are distinguished because the valley-fill deposits
are related to erosion and deposition by current-day stream
systems rather than ancient streams. These valley-fill deposits
are as much as 60 ft thick and are present near most major
rivers that cross the High Plains aquifer. Across the SHP and
partly into the CHP, the Ogallala Group is overlain by the
Quaternary-age Blackwater Draw Formation consisting of
sandy to clayey eolian sediments (Holliday, 1989).

Quaternary-age dune sand deposits overlie the Ogal-
lala Group in large parts of the NHP and over some of the
CHP, but only exist in small areas in the SHP (fig. 11). The
largest contiguous area, known as the Nebraska Sand Hills,
covers approximately 20,000 mi® of the NHP (fig. 3) and was
undergoing dune formation and migration as recently as about
700 years ago (Miao and others, 2007). The dune sands range
from very fine to medium sand and, where saturated, are con-
sidered part of the High Plains aquifer (Gutentag and others,
1984). The dune sand deposits are as much as 300 ft thick,
but probably average closer to 100 to 150 ft, and actually are
a relatively thin veneer on top of the underlying deposits of
the Ogallala Group (Lawton, 1984). Ogallala Group depos-
its underlie all dune sands present in the High Plains (Muhs,
2007).

Though not always acknowledged in discussions regard-
ing the High Plains aquifer, glacial deposits overlie the eastern
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end of the NHP (Condra and others, 1950). Whereas glacial
deposits have been removed through erosion in major stream
valleys, glacial till remains in intervalley areas of the NHP
north of the Platte River (Soller, 1998). The glacial deposits
consist of till and outwash overlain with eolian loess, with
possible buried valley-fill deposits of sand and gravel. The
distribution and occurrence of buried-valley deposits within or
underlying the till is not well-known. Though the fine-grained
till is only poorly permeable, groundwater may flow through
local deposits of sand and gravel within the till and through
underlying or intervening glacial valley-fill deposits. Eastern
Nebraska glacial deposits are currently under study (Smith
and others, 2008; Divine and others, 2009), but the interaction
between groundwater within the glacial deposits and other
aquifers is still poorly understood. However, groundwater-
flow modeling studies of a sub-area of the NHP (Peterson

and others, 2008; Stanton and others, 2010) used the western
edge of the glacial till (fig. 11) as a no-flow or fixed-water-
level model boundary. Both models calibrated favorably with
minimal groundwater discharge across these boundaries, from
the Quaternary alluvial deposits into the till deposits (west to
east), supporting the concept that the High Plains aquifer may
not be continuous through the area overlain with till.

Surficial deposits of eolian loess overlie parts of the NHP
and CHP (Muhs and Bettis, 2000). Loess is defined as wind-
blown sediment primarily of silt-size particles (Pye, 1995).
The fine-grained loess deposits can be as thick as 325 ft (Con-
don, 2006; Johnson, 1960; Richmond and others, 1994).

Saturated and Unsaturated Zones

The proximity of saturated subsurface deposits to the land
surface can affect the water budget. When saturated deposits
are close to the land surface (thin unsaturated zone), shallow
groundwater is available for plant transpiration; discharge
to lakes where it can eventually evaporate; or discharge to
streams where it can later evaporate, recharge groundwater
downstream, or flow out of the system. In some cases, water
that would otherwise become recharge will instead become
surface runoff because sediments are already saturated and
potential recharge rates exceed the rate of infiltration to the
subsurface. In these areas, the recharge rate will decrease as
the depth to saturated sediment decreases, and groundwa-
ter flow will be predominately horizontal instead of vertical
(Sophocleous, 2004). In areas where saturated sediments are
deeper, typically in arid or semiarid settings, they are less
well-connected hydrologically with surface-water features,
and recharge is more likely to occur where surface runoff
collects in topographic depressions, such as playas or dry
streambeds. Water moving downward through thick unsatu-
rated zones can take decades or millennia to reach the aquifer
(McMabhon and others, 2006).

The boundary between the saturated and unsaturated
zones is the water table. Water-table elevations for 2000
(fig. 124) (McMahon and others, 2007; V.L. McGuire, U.S.
Geological Survey, written commun., 2002) were used to
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calculate the thickness of saturated and unsaturated zones in
the High Plains (figs. 128 and 12C). The saturated thickness
was calculated as the difference between the water-table and
the base-of-aquifer elevations (McGuire and others, 2003).
The saturated thickness of the High Plains aquifer ranges from
less than 50 ft in much of the SHP and near the edges of the
aquifer to about 1,200 ft in the NHP. Flow of water through
the saturated zone from recharge to discharge areas is con-
trolled by the hydraulic conductivity of the aquifer material
and the hydraulic gradient between the recharge and discharge
areas. In the High Plains, sediments in the Broadwater Forma-
tion and Quaternary deposits generally are coarser and have
greater hydraulic conductivity values than older deposits. As

a result, water flows more freely through the younger depos-
its. Hydraulic gradients indicate that regional groundwater
movement is generally from west to east with localized flow
towards streams (fig. 124).

The unsaturated zone thickness was calculated as the dif-
ference between the land-surface and water-table elevations.
The thickness of the unsaturated zone ranges from 0 to greater
than 300 ft (fig. 12C). The composition of the unsaturated
zone can affect the movement of water through the system.
Composition of the unsaturated zone in the High Plains is vari-
able, consisting of unconsolidated clay, silt, sand, and gravel
with localized zones of cemented calcium carbonate and silica
(Gurdak and others, 2007). The fine-grained loess deposits
present in parts of the NHP and CHP can restrict water flow;
however, where fractures are present, downward flow could
be substantial (Flury and others, 1994; McMahon and others,
2006). Conversely, flow downward through dune sand depos-
its is uniformly rapid.

Soil represents the shallowest part of the unsaturated
zone. Most soils in the High Plains developed from loess or
dune-sand deposits (Gutentag and others, 1984). Soil perme-
ability ranges from less than 1 to greater than 9 inches per
hour (in/hr) (Schwarz and Alexander, 1995) (fig. 13). Average
permeability is 5.41 in/hr in the NHP, 2.73 in/hr in the CHP,
and 1.87 in/hr in the SHP. Soil permeability can affect surface
runoff, recharge, and irrigation components of the water
budget. Soils that are more permeable will result in reduced
surface runoff, increased recharge, and increased amounts of
irrigation water needed to maintain adequate soil moisture for
crop growth.

Soil-Water-Balance Models

Soil-water-balance models assist estimation of sev-
eral components of the High Plains aquifer water budget by
simulating processes in the soil profile, thus linking landscape
conditions such as precipitation and ET to aquifer budget
components such as recharge and irrigation pumpage. In the
following sections, methods used to calculate water-budget
component values by the SOil-WATer-Balance (SOWAT)
and Soil-Water-Balance (SWB) models for this study are

described. Although both the SOWAT and SWB models use a
soil-water-budget equation to estimate unknown components
of the soil-water budget, the models are formulated differently
with respect to model inputs such as time-step length, ET,
runoff, soil-moisture dynamics, and precipitation.

SOil-WATer-Balance (SOWAT) Model

The SOil-WATer-Balance (SOWAT) model, developed
by the Columbia Plateau Water-Availability Study (Kahle and
others, 2011), uses information about precipitation, £7, soil
properties, land cover, and irrigation practices to compute two
unknown quantities: groundwater withdrawals for irrigation
and potential recharge. Estimates of the unknown quantities of
groundwater withdrawals for irrigation and potential recharge
were made on a monthly time scale at 449,504 cells across the
High Plains for the period of 2000 through 2009. Model cells
were 0.62 mi by 0.62 mi in extent. The soil profile water-
budget equation solved by the SOWAT model for each model
cell is:

AS‘W[[:PBﬂ‘-’_IR_ET_R (4)
where

A S soil
P

is the change in soil-water storage, in inches,
is precipitation plus snowmelt minus surface
runoff, in inches,
IR is irrigation application, in inches,
ET  is evapotranspiration, in inches, and
R is potential recharge, or deep percolation, in
inches.

Precipitation and Evapotranspiration

The SOWAT model was designed to accept precipitation
data and a single pre-determined direct-runoff factor defined
as a percentage of precipitation (Kahle and others, 2011). The
model does not account for snowmelt directly in the soil-mois-
ture calculations. Because the High Plains is such a large area
with substantial climatic gradients and variations in soil tex-
ture, a single runoff factor is not adequate to describe condi-
tions in the model area. Moreover, moisture input from snow-
melt must be a consideration for much of the High Plains area.
To accommodate these realities in view of model limitations,

a combination parameter was calculated called “effective
precipitation.” Effective precipitation represents the amount of
natural (not irrigation) water available for infiltration into the
soil and was calculated using precipitation (National Weather
Service, written commun., 2010), snowmelt (Anderson, 2006),
and surface-runoff (National Weather Service, written com-
mun., 2010) data generated from a National Weather Service
(NWS) hydrologic model called the Sacramento-Soil Moisture
Accounting (SAC-SMA) model (described in the “Precipi-
tation” section of this report). Effective precipitation was
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Figure 12. (A) Water table, (B) saturated thickness, and (C) unsaturated thickness in the High Plains, 2000.
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calculated for each model cell as the sum of precipitation and
snowmelt minus surface runoff.

The Simplified-Surface-Energy-Balance (SSEB) model
estimates actual evapotranspiration (AET) from remotely
sensed land-surface-temperature data. Specific details about
the SSEB model are described in the “Evapotranspiration”
section of this report.

Soil Properties, Land Cover, and Irrigation
Practices

In the SOWAT model, simulated soil moisture is com-
pared with the estimated soil moisture required to support
crops (Kahle and others, 2011). If simulated soil moisture in a
model cell is less than the soil moisture required, then irriga-
tion is supplied until the soil moisture in that model cell fills
to the water-storage capacity of the soil. The amount of water
the soil is able to store also is known as the available-water
capacity (AWC) of the soil. The AWC of the upper 59 in. of
soils in the High Plains was derived from the General Soil
Map (STATSGO) (Miller and White, 1998) (fig. 14). For this
study, the minimum soil-moisture requirement was set in the
model to 50 percent of the AWC of the soil. This percentage
was based on water requirements for crops common to the
High Plains (corn, wheat, sorghum, and cotton) (Kirkpatrick
and others, 2006; McMahon and others, 2007). The initial
moisture content of the soil for the month before the start of
the simulation (February 2000) was estimated by running the
model from March 2000 to December 2009 using an estimated
initial condition and computing the average February soil
moisture for 2001 through 2009.

Three land-cover classes were used as input for the
SOWAT model: (1) irrigated agriculture, (2) nonirrigated agri-
culture and native vegetation, and (3) built-up land and water
bodies. Because the National Land Cover Database (NLCD)
for 2001 (Multi-Resolution Land Characteristics Consor-
tium, 2001) only identified agricultural land and not irrigated
fields, the irrigated cells were identified using the NLCD
and delineated irrigated land for 2002 from remotely sensed
satellite imagery (Brown and others, 2008). Thus, the NLCD
and irrigated-land data sets were combined in this study. If
a model cell identified as agricultural land from the NLCD
also was identified as irrigated, then the cell was classified as
irrigated agriculture in the SOWAT model (fig. 15). The irri-
gated agricultural cells in the land-cover grid identify where
SOWAT allowed irrigation when a soil-moisture deficit existed
for that cell during a simulation. Land identified in the NLCD
as either built-up area or open water was reclassified as urban
land/water bodies, and all other NLCD land-use classes were
lumped into the native/nonirrigated-land class in the SOWAT
model input.

The SOWAT model requires values for irrigation efficien-
cies (for groundwater and surface-water irrigation), the length
of the irrigation season, and the fraction of groundwater and
surface-water irrigation within a cell (Kahle and others, 2011).
Irrigating with surface water is considered less efficient than
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with groundwater for this model because gravity-flow systems
typically are used for irrigating with surface water, and sprin-
klers are more often used for irrigating with groundwater. Less
irrigation efficiency means more water needs to be delivered
to supply the crop-water requirements. Gravity-flow irrigation
efficiencies can range from 35 to 90 percent (with tailwater
reuse), and sprinkler irrigation efficiencies range from

55 percent to 95 percent (U.S. Department of Agriculture,
1997; Melvin and Yonts, 2009). Conservative estimates for
mean irrigation efficiencies of 75 percent for groundwater and
65 percent for surface-water delivery were used in the High
Plains SOWAT model.

Because there are substantial climate gradients across the
High Plains, the length of the irrigation season can differ from
the NHP to the SHP. Irrigation season lengths were estimated
from an analysis of the monthly AET data (2000 through
2009). The beginning of the irrigation season was selected to
be the month when mean monthly AET begins to rise rapidly
in the spring; the end of the irrigation season was selected
to be the month when AET decreases rapidly in the fall. The
irrigation season estimated for the NHP and CHP regions was
May through September. For the SHP, it was estimated as
April through September. The same irrigation season was used
for all years of the simulation.

Finally, the model requires an estimate of the fraction of
irrigated acres in each model cell receiving irrigation water
that is supplied by groundwater. This value is used to deter-
mine how much of the crop-water demand will be supplied
by surface-water and groundwater sources. The values for
each cell may range from 0.0 (100 percent supplied by surface
water) to 1.0 (100 percent supplied by groundwater). For the
High Plains, substantial surface-water irrigation occurs only
in the NHP (Buchanan and others, 2009; Colaizzi and oth-
ers, 2008). The fraction of groundwater irrigation in each cell
for the NHP was determined using the location of surface-
water irrigated fields within Nebraska, northwestern Kansas
(Amanda Saunders, U.S. Geological Survey, written commun.,
2010), and Wyoming (Matt Hoobler, Wyoming State Engi-
neer’s Office, written commun., 2010).

Model Calculations

The amounts of water needed for irrigation or potentially
available for recharge are determined in the SOWAT model
by comparing the simulated soil moisture with the AWC and
applying an adjustment for irrigation efficiency. Simulated soil
moisture (SM), in inches, is calculated by SOWAT (Kahle and
others, 2011) as:

SM = SM' + P - AET ®)
where
SM'  is soil moisture from the previous month, in
inches,
P is effective precipitation, in inches, and
AET  is actual evapotranspiration, in inches.
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Figure 14. Available-water capacity of upper 59 in. of soils in the High Plains.
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Effective precipitation in the SOWAT model is added
to the previous month’s soil moisture, and AET is subtracted
to determine the current month’s soil moisture (Kahle and
others, 2011). For irrigated cells during the irrigation season,
the irrigation demand or amount of water potentially available
for recharge is calculated from the soil moisture, AWC, and
irrigation efficiencies. If soil moisture is greater than the AWC,
excess moisture becomes available for potential recharge. If
soil moisture is equal to or greater than the minimum soil-
moisture requirement but less than the AWC, then no irrigation
is applied for the current month. If soil moisture is less than
the minimum soil-moisture requirement, irrigation water is
added to the cell so that the soil moisture is equal to the AWC.
The amount of irrigation water supplied to a model cell (Q™),
in inches, is calculated as,

0" = (AWC - SM) / IE (©)

where
AWC is the available-water content of the soil, in
inches,
SM  is simulated soil moisture, in inches, and

IE s irrigation efficiency, expressed as a fraction.

Supplied irrigation water is apportioned among ground-
water and surface-water sources using a user-supplied frac-
tion of irrigated acres in each model cell that is supplied
by groundwater. If less than 100 percent of a model cell is
groundwater irrigated, the remainder of the irrigation demand
is supplied by surface water.

For nonirrigated model cells or non-irrigation-season
months in the SOWAT simulation, irrigation water is not sup-
plied to satisfy the ET demands of crops or native vegetation
when soil moisture is less than the soil-moisture target. This
can result in negative potential-recharge values. A possible
interpretation of negative values is that water is supplied by
other sources (deeper unsaturated zones, shallow groundwater,
or surface water) to meet AET. If the simulated soil moisture is
greater than the AWC, excess moisture becomes available for
potential recharge.

Sensitivity Analysis

A sensitivity analysis determines the effect of changing
model input values on model output values. Because model
values (parameters) input into the soil-water-balance models
can be uncertain, a range of values were tested in the model
to determine how simulated recharge and irrigation pumpage
might be affected by that uncertainty. To test sensitivity of
recharge and irrigation pumpage to changes in SOWAT model
inputs, groundwater and surface-water irrigation efficiencies,
initial soil moisture, minimum soil-moisture requirement as
a percentage of the AWC, effective precipitation, and AET
were systematically and individually increased and decreased
by 10 and 20 percent of the original parameter values for the
duration of the 2000 through 2009 simulation period. The

sensitivity of each parameter was tested separately for each
region by varying each parameter individually while keeping
all other parameters the same as the original simulation for
that region.

Simulated recharge and irrigation pumpage were most
sensitive to changes in effective precipitation and AET
(fig. 16). Average annual simulated recharge was most sensi-
tive to changes within the CHP, where a 20-percent decrease
in effective precipitation caused a 214-percent decrease in
recharge, and a 20-percent increase in AET caused a 192-per-
cent decrease in simulated recharge. Decreases in recharge
greater than 100 percent indicate that the AET demand
would be satisfied by shallow groundwater or moisture in
the unsaturated zone deeper than 59 in. below land surface
if those sources of water were available. Average annual
simulated irrigation pumpage changed the most in the NHP,
where simulated irrigation pumpage increased by 46 percent
in response to a 20-percent decrease to effective precipita-
tion, and increased 72 percent in response to a 20-percent
increase in AET. These sensitivity results highlight the need
for reliable estimates of effective precipitation and AET when
using water-balance models, because small errors in effective
precipitation or in the model can cause large errors in simu-
lated results. Simulated recharge and pumpage were much
less sensitive to changes in irrigation efficiencies, initial soil
moisture, and minimum soil-moisture requirement. The largest
change to simulated recharge from a change to one of those
three parameters was a 14-percent increase in response to a
20-percent decrease in irrigation efficiencies in the CHP. The
largest change to simulated irrigation pumpage from a change
to one of those three parameters was a 25-percent increase in
response to a 20-percent decrease in irrigation efficiencies.

Soil-Water-Balance (SWB) Model

The Soil-Water-Balance (SWB) model (Dripps and
Bradbury, 2007; Westenbroek and others, 2010) uses spatially
distributed soil and landscape properties with daily weather
data to calculate spatial and temporal variations in potential
recharge and the estimated amount of irrigation water needed
to sustain crops (appendix 1).

The SWB model layout (Westenbroek and others, 2010)
consists of a grid, with soil properties and daily climate data
attributed to each model cell. SWB calculates the fractions of
precipitation and snowmelt that become surface runoff, AET,
and recharge using a modified Thornthwaite-Mather soil-water
accounting method to track the soil water in each cell through
time (Thornthwaite and Mather, 1957; Westenbroek and oth-
ers, 2010). Potential recharge, represented in SWB by deep
percolation, is surplus water in the soil column between the
land surface and the bottom of the root zone. Surplus water is
calculated by subtracting the sum of the outputs (AET, surface
runoff, plant interception) from the inputs (precipitation,
snowmelt, surface runoff from adjacent cells).

Physical factors that control flow and loss of water on
the ground surface and within the soil include the soil AWC,
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hydrologic soil group, land use, and direction of surface-
water flow, which is used for routing runoff. Soil properties
were derived from the General Soil Map (STATSGO2) (U.S.
Department of Agriculture, 2006). Land-use classes used

to assign each cell included agricultural, urban, forest, and
grassland (Multi-Resolution Land Characteristics Consortium,
2001). Characteristics assigned according to land use, such as
the Natural Resources Conservation Service (NRCS) runoff-
curve number for estimating the potential for surface runoff,
plant interception values, and root-zone depth, were obtained
from the USDA National Engineering Handbook (U.S. Dept.
of Agriculture, 2004), Cronshey and others (1986), and Thorn-
thwaite and Mather (1957).

To represent climatic conditions, the SWB code requires,
at minimum, precipitation and temperature for each day. These
data can either be from a single weather station and applied
uniformly to the model grid, or from daily grids of weather
data, interpolated from multiple stations located throughout
and just outside the study area. For the geographically exten-
sive High Plains, daily precipitation values were interpolated
using inverse-distance weighting of weather-station data
(National Climatic Data Center, 2010) for 1940 through 1949
and 2000 through 2009 (see the “Precipitation Methods” sec-
tion of this report for more information). Daily air-temperature
values were interpolated using a kriging method with weather-
station data (National Climatic Data Center, 2010) for 1940
through 1949 and 2000 through 2009.

The model grid consisted of 452,979 grid cells across a
rectangular area that extended beyond the boundaries of the
High Plains. Grid cells were 5,000 ft by 5,000 ft in size. The
SWB code processes the soils grids and daily weather grids
to calculate the daily soil-water content from precipitation,
potential ET (PET) and AET, surface runoff into and from
adjacent cells, snowmelt, and potential recharge that passes
below the root zone, on a cell-by-cell basis.

Initial soil-moisture values for the model were estimated
by running the model for the year previous to each period of
interest. Simulated soil-moisture values for the end of 1939
were used as initial conditions for 1940 through 1949, and
simulated soil-moisture values for the end of 1999 were used
as initial conditions for 2000 through 2009.

The only water source used as input to the soil profile in
the published SWB code (Westenbroek and others, 2010) is
precipitation. For this High Plains study, irrigation water was
a substantial source for many areas from the 1950s to present
(2011). To include irrigation water in the analysis, the model
code was modified to allow irrigation to maintain soil
moisture in irrigated agricultural areas (Brown and others,
2008; Multi-Resolution Land Characteristics Consortium,
2001) above a minimum level during the growing season
(appendix 1). The volume of water necessary to maintain that
level of soil moisture was assumed to be the volume of water
entering the soil profile from irrigation, and was calculated
as equal to the part of crop demand beyond that available
from infiltrated precipitation plus stored soil water above the
specified minimum level. Some parts of the High Plains were

irrigated in the 1940s, but those areas composed a small per-
centage of the High Plains area (McGuire and others, 2003);
therefore, irrigation water was not applied to the simulation
during the 1940s.

Surface runoff is calculated using the NRCS curve-num-
ber method (Cronshey and others, 1986) and is affected by soil
properties, moisture content, and air temperature. If surface
runoff water is routed to a closed surface depression, available
water can exceed AET and soil-moisture demands. In these
cases, unrealistic recharge values can occur. To limit excessive
recharge, a maximum recharge rate was set to 2, 0.6, 0.24, and
0.12 in/day for hydrologic soil group A, B, C, and D, respec-
tively. The extra water that was not allowed to infiltrate was
not carried into the following day. Precipitation that falls as
snow is accounted by SWB as being stored on the surface until
daily air temperature indicates it would melt (Westenbroek
and others, 2010). The rate of snowmelt is determined from a
temperature-index method where 0.059 in. of snow melts per
day per average degree Celsius that the daily maximum tem-
perature is above the freezing point. Infiltration and surface
runoff also are affected by frozen ground, which is tracked
continuously using a frozen-ground index (Molnau and Bis-
sell, 1983). Runoff that is transferred between cells is tracked
as inflow and outflow.

There are several methods available in the SWB code to
estimate PET, but for this study the Hargreaves and Samani
(1985) method was used, which uses the daily high and low
temperatures to calculate PET. The SWB model then calcu-
lates AET from PET and the available soil moisture in storage
as determined from a series of nonlinear relations (for com-
binations of soil type and vegetation categories) between soil
moisture and the accumulated potential water loss (Thornth-
waite and Mather, 1957). If precipitation exceeds PET, AET
is equal to PET; if PET exceeds precipitation, AET is equal to
precipitation plus the amount of water that can be extracted
from the soil (up to but not exceeding the PET). Updates to the
SWB code for this study include effects of crop-water use on
AET and the availability of irrigation water to satisfy crop-
water use requirements in irrigated areas (appendix 1).

Root-zone depths are an important parameter in the SWB
model. Values are assigned based on hydrologic soil group and
land-cover classification because the same vegetation type will
send roots to different depths for different soil types. Digital
elevation models were processed to determine the surface-
water-flow direction for each grid cell, as described in West-
enbroek and others (2010). Irrigation efficiency, the source of
irrigation water, and the availability of shallow groundwater
to satisfy crop-water demands are not defined in the model
formulation.

Model Calculations

Potential recharge is equivalent to the surplus water in
the soil profile and is calculated as the difference between the
change in soil moisture and water inputs and outputs. Sources
include precipitation, snowmelt, and inflow from adjacent



cells. Outputs include interception by plants, outflow to
adjacent cells, and AET. In equation form, the daily soil-water
budget is expressed as:

recharge = (precipitation + snowmelt + inflow) — (interception
+ outflow + AET) — change in soil moisture 7

Estimation of the amount of irrigation required to sustain crop
growth was calculated using the methods discussed in appen-
dix 1.

Sensitivity Analysis

To test sensitivity of simulated recharge, crop-irrigation
demand, and AET to changes in SWB model inputs, root-
zone depth, runoff-curve number values, and precipitation,
were systematically and individually increased and decreased
over the entire High Plains by 10 and 20 percent for the
2000-through-2009 time period (fig. 17). The sensitivity of
each parameter also was tested separately by varying each
parameter individually while keeping all other parameters the
same as the original model parameters.

Simulated results from the SWB model were less sensi-
tive to changes in model inputs than were results from the
SOWAT model. Changes to the runoff-curve number value
by as much as 20 percent had the least effect on the simula-
tion results, causing at most a 7-percent reduction in average
annual simulated AET in the SHP (fig. 17B). A 20-percent
change in root-zone depth caused average annual simulated
recharge to change by as much as 15 percent in the NHP, 20
percent in the CHP, and 17 percent in the SHP (fig. 174).
Changes to root-zone depth had a smaller effect on simu-
lated crop-irrigation demand and AET, causing as much as a
3.3-percent change in simulated crop-irrigation demand (NHP)
and as much as a 2.3-percent change in simulated AET (SHP).
Changes to precipitation had the largest effect on simulated
results (fig. 17C). A 20-percent change to precipitation caused
simulated recharge to change by as much as 42 percent in the
NHP, 47 percent in the CHP, and 39 percent in the SHP.
Simulated crop-irrigation demand changed by as much as
12 percent (NHP) and simulated AET changed by as much
as 14 percent (CHP) in response to a 20-percent change in
precipitation values.

As with the SOWAT model sensitivity results, the SWB
model sensitivity results highlight the need for reliable pre-
cipitation values when using water-balance models, because
small errors in precipitation inputs to the model can cause
large errors in simulated results. If weather-station data or
the method for estimating precipitation at locations between
weather stations does not accurately represent precipitation
occurring in the environment, then simulated recharge results
will be less reliable. Though the SWB model is sensitive to
changing root-zone depth, the most common land-use types
were grassland and agriculture, which have well-constrained
root-zone depths.

Soil-Water-Balance Models 29

Limitations of SOWAT and SWB Models

Hydrologic models are necessarily a simplification of the
hydrologic system and inherently have limitations. In addi-
tion, each type of model will have specific limitations depend-
ing upon the types of simplifications that are used. Many of
the same limitations are applicable to the SOWAT and SWB
models. These include:

1. The models do not simulate subsurface flows or physi-
cal properties below the root zone. The models provide
estimates of water potentially available for groundwater
recharge, but the path to the water table is not known and
further analysis of the unsaturated zone is required to
determine the fate of deep percolation.

2. The models are not calibrated to hydrologic measure-
ments, such as groundwater levels and streamflows, to
verify that they produce recharge and pumpage values that
are consistent with observable hydrologic conditions.

3. As with other water-balance models, it was demonstrated
in the sensitivity analysis results that the accuracy of
the model outputs depends on the accuracy of the model
inputs, particularly when the magnitude of the model
output is much smaller than the magnitude of the model
inputs. Precipitation and ET are much greater than
recharge and pumpage and also have substantial uncer-
tainties associated, particularly with their estimation
at locations distant from measurement stations. These
uncertainties could cause substantial errors in simulated
recharge and groundwater withdrawals for irrigation.

4. When aggregating land-cover information, each model
cell is assigned a land-cover class that represents the
dominant cover type within that model cell, but subdomi-
nant cover types are a source of uncertainty. For example,
a cell may encompass rangeland and agricultural land; if
the agricultural land covers at least 50 percent of the cell,
then the entire cell is assigned this class, and information
about the rangeland is ignored. The same occurs for the
determination of irrigated-agriculture cells. If the amount
of irrigated land within a model cell is 50 percent or
greater, then the entire cell is classified as irrigated. These
situations could potentially overestimate or underestimate
not only the amount of irrigated agriculture within the
modeled area, but the water-budget components affected
by land-cover and irrigation status.

5. The models are only applicable where the soil-root zone
is above the water table and deep percolation can exit the
soil profile.

SOWAT Model

The SOWAT model is a simplified soil-water-balance
model specifically designed to determine monthly irrigation
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amounts based on soil and climate information. The model is
fairly easy to use as a result of the necessary simplifications
employed for model construction; however, this means that
there are inherent limitations. Some specific limitations of the
model include:

1. The monthly time steps used in this study may not cap-
ture the effects of short-term events. For example, most
recharge processes are not linear with respect to time,
and recharge results become less accurate as time steps
increase in length (Sophocleous, 2004). The likely result
is that the SOWAT model may underestimate recharge.

2. Although SOWAT allows the user to designate different
irrigation-efficiency factors for groundwater and surface
water, irrigation efficiency can vary for groundwater-irri-

gated fields depending on the irrigation method employed.

For example, center-pivot sprinkler systems typically
cause less deep percolation than gravity-flow systems
(Musick and others, 1990). For the SOWAT model, the
distribution of sprinkler and gravity-flow systems across
the High Plains was unknown, and an estimated average-
efficiency factor was chosen to reflect the estimated
average efficiencies of both system types. If irrigation
efficiency is underestimated in the SOWAT model, pump-
age and recharge will be overestimated.

3. The irrigation-efficiency routine, as formulated in
SOWAT, allows all extra water pumped because of inef-
ficiencies to be available as extra soil moisture or deep
percolation. However, for most irrigation systems, some
water also is lost to droplet or interception evaporation
before it reaches the soil. Thus, the SOWAT model likely
underestimates evaporation and overestimates deep per-
colation.

4. Recharge simulated by SOWAT was somewhat sensitive
to initial soil-moisture values (fig. 16B). If the initial soil-
moisture value used as input to the SOWAT model is
10 percent different than actual soil-moisture conditions,
the error in simulated recharge values would be about 2 to
5 percent.

SWB Model

Although the SWB model provides a general accounting
of the water that infiltrates below the root zone as a function
of spatial variation in soil properties, land use, and climate,
model simplifications cause limitations. These limitations
include:

1. SWRB is not formulated to account for the source of irriga-
tion water. Users must estimate the portion of irrigation
water that is from groundwater if surface water also is
used for irrigation.

2. Daily precipitation and temperature data are distributed
between weather stations using a simple interpolation

method. Although more robust methods are available for
distributing precipitation (see the “Precipitation” section
of this report), results from those methods were not avail-
able for 1940 through 1949.

3. Processing daily precipitation and temperature data for
multiple years for a large area is labor intensive. There-
fore, a small number of weather stations were used to
define precipitation and temperature (see the “Precipita-
tion” section of this report). Increasing the number of
weather stations could decrease the uncertainty associated
with interpolating climate values between stations that
have large distances between them.

4. The NRCS curve-number method was designed to evalu-
ate flood events and may not accurately estimate runoff
for average rainfall events (Garen and Moore, 2005).

5. No water losses associated with irrigation inefficiencies
are included when calculating irrigation water require-
ments; the estimated irrigation-water withdrawal amounts
are likely biased low as a result.

6. SWRB tracks the mean depletion of soil moisture for each
combination of land-use and soil type. If the mean deple-
tion percentage of soil moisture for all cells of a land-use/
soil-type category is greater than the maximum allowable
depletion defined by the modeler, a uniform amount of
water is added to all grid cells sharing that same land-use-
soil type combination. Some cells will thus receive water
in excess of field capacity, whereas others do not receive
enough water to completely erase the soil-moisture defi-
cit. This simple approach to estimating irrigation-water
requirements represents a compromise between ease of
calculation, accuracy, and available data.

7. All irrigated crops were assigned the same growing-
season profile of crop water-use coefficients, regardless
of crop type or location. The model could better represent
irrigation requirements if irrigated crops were assigned
crop-coefficient values specific to crop type and location.

Selected Approaches to Estimate
Water-Budget Components

Water-budget components estimated as part of this study
were precipitation, ET, recharge, surface runoff, groundwa-
ter discharge to streams, groundwater discharge to springs,
groundwater fluxes to and from adjacent geologic units,
irrigation-water applications, and groundwater in storage.

The average annual amounts of water associated with
individual components of the water budget of the High Plains
landscape and aquifer system were estimated for 1940 through
1949 (representing conditions prior to groundwater develop-
ment), and 2000 through 2009 (representing recent conditions
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of groundwater development). Magnitudes of water-budget
components were obtained from the following sources
(fig. 18):

* Precipitation was derived from three sources: the
Parameter-Elevation Regressions on Independent
Slopes Model (PRISM) (Daly and others, 1994), data
developed by the Office of Hydrologic Development
at the National Weather Service (NWS) using Next
Generation Weather Radar (NEXRAD) data and mea-
sured precipitation from weather stations as part of the
Sacramento-Soil Moisture Accounting (SAC-SMA)
model (Burnash, 1995), and precipitation data from
weather stations that were spatially interpolated using
an inverse-distance-weighted (IDW) method.

» Evapotranspiration was obtained from three sources:
the NWS SAC-SMA model, the SSEB model (Senay
and others, 2007; Senay and others, 2011) using
remotely sensed data from the Moderate Resolution
Imaging Spectroradiometer (MODIS), and the Soil-
Water-Balance (SWB) model (Westenbroek and others,
2010).

» Recharge was estimated using the SOil-WATer-Balance
(SOWAT) (Kahle and others, 2011) and SWB models
as well as 43 studies previously published for various
locations across the High Plains aquifer (citations in
appendix 2).

* Surface runoff and groundwater discharge to streams
were determined using discharge records from stream-
flow-gaging stations near the edges of the High Plains
and the Base-Flow-Index (BFI) program (Wahl and
Wahl, 2007).

* Groundwater discharge to springs was obtained from
previously published information (Blandford and
others, 2003; Brune, 1975; Dutton and others, 2001;
McKusick, 2003).

» Groundwater flow to and from adjacent geologic units
was obtained from previously published information
(Blandford and others, 2008; McMahon, 2001; McMa-
hon and others, 2004).

* Irrigation applications were estimated using the SWB
and SOWAT models, or obtained from the USGS
Water-Use Program (U.S. Geological Survey, variously
dated).

* Groundwater in storage was obtained from the USGS
High Plains Water-Level Monitoring Study (McGuire
and others, 2003; McGuire, 2009).

The following sections present methods and results for
these estimated components for 1940 through 1949 and 2000
through 2009.

Precipitation

Precipitation is defined as water that falls from the
atmosphere in the form of rain, snow, sleet, or hail. It is the
primary natural source of water to the landscape and the most
important natural source of recharge to the High Plains aquifer
(Alley and others, 1999; Blandford and others, 2003; Sophoc-
leous, 2004).

Precipitation Methods

Spatially distributed precipitation models have been
developed to interpolate measured precipitation data between
weather stations. In this section of the report, results obtained
using three sources of precipitation information are presented:
(1) the Parameter-Elevation Regressions on Independent
Slopes Model (PRISM) data developed by the PRISM Climate
group at Oregon State University, (2) data developed by
the National Weather Service (NWS) Office of Hydrologic
Development for the Sacramento-Soil Moisture Accounting
(SAC-SMA) model (Burnash, 1995) using Next Generation
Weather Radar (NEXRAD) data and measured precipitation
from weather stations, and (3) precipitation data from weather
stations that were spatially interpolated using an inverse-dis-
tance-weighted (IDW) method.

The PRISM model uses point measurements of monthly
and annual precipitation and develops statistical relations with
land-surface elevation to estimate precipitation across regional
scales (Daly and others, 1994). The method yielded a grid of
28,057 precipitation values across the study area at a 2.49-mi
(4-kilometer (km)) horizontal resolution.

Precipitation data were provided by the NWS from the
SAC-SMA model (Burnash, 1995). The NWS precipitation
data were developed as model-input data using NEXRAD data
and measured precipitation from weather stations (National
Weather Service Office of Hydrologic Development, oral com-
mun., 2010). Total precipitation then was separated into liquid
and solid components (rain and snow) in the model using
temperature and elevation (National Weather Service Office of
Hydrologic Development, oral commun., 2010). The available
model inputs did not include data for the 1940-through-1949
period.

An IDW interpolation method was used to spatially
distribute daily precipitation amounts from as many as
82 weather stations across and near the High Plains for
1940 through 1949 and 2000 through 2009 (table 2, fig. 19)
(National Climatic Data Center, 2010). Data were interpolated
between the weather stations for each day during those time
periods. This yielded daily grids of 196,901 precipitation esti-
mates spaced 5,000 ft apart across the High Plains for every
day of the simulation period. The interpolated daily precipita-
tion data were then summed through each year to yield annual
totals of precipitation. This method is less sophisticated than
methods used in the PRISM or NWS models, but provided
an effective means to obtain daily precipitation information
across the High Plains for the SWB model.
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Precipitation volumes for the High Plains and for each
region and State within the High Plains were calculated by
multiplying the average precipitation rate specific to those
zones with the total area of those zones. As a result, regions
and States with larger areas typically will have greater
volumes.

Precipitation Results

Precipitation patterns from the three methods indicate
that precipitation increases from west to east (fig. 20 A-FE)
and that average precipitation rates for the High Plains were
greater for 1940 through 1949 than for 2000 through 2009
(table 3).

Average annual total precipitation from the PRISM model
for 1940 through 1949 ranged from 13 to 35 in. (fig. 204),
with the average for the High Plains equal to 20.6 in.

(table 3). The average annual volume of precipitation for the
1940s was 192 million acre-ft for the High Plains (table 3).
For 2000 through 2009, average annual precipitation ranged
from 12 to 35 in. (fig. 20B). The average for the High Plains
was 19.9 in. (table 3), yielding an average annual total volume
of 185 million acre-ft. Precipitation was more than one-half
inch less for 2000 through 2009 than for 1940 through 1949.
Differences in average annual precipitation between the two
time periods were only 0.2 to 0.3 in. for the NHP and SHP, but
the CHP had a 2 in. smaller (10 percent less) average annual
precipitation in the 2000s. Nebraska and South Dakota were
the only states with greater precipitation in the 2000s com-
pared with the 1940s.

Precipitation values from the National Weather Service
data were available for 2000 through 2009 but not for 1940
through 1949. Average annual precipitation for the 2000s
ranged from 12 to 37 in. (fig. 20C). Averaged for the High
Plains, precipitation was 21.3 in., yielding an annual volume
of 199 million acre-ft (table 3).

The average annual precipitation for the High Plains from
the interpolated weather-station data for 1940 through 1949
ranged from 17 to 33 in. (fig. 20D), with the average precipita-
tion equal to 21.2 in., or 199 million acre-ft (table 3). Average
annual precipitation for 2000 through 2009 ranged from 15 to
29 in. (fig. 20F). Annual precipitation averaged for the High
Plains was 20.3 in. and the volume was 190 million acre-ft
(table 3). Similar to the PRISM model, the largest difference
between the two time periods was in the CHP, where precipita-
tion was almost 3 in. (12 percent) larger for the 1940s than for
the 2000s.

Average 2000 through 2009 total precipitation values
from the three methods were compared to determine variabil-
ity. Precipitation for the High Plains from PRISM was smaller
than the other two methods by as much as 7 percent. However,
average precipitation calculated for each State differed by as
much as 11 percent between PRISM and IDW-interpolated
data and as much as 12 percent between PRISM and NWS
data. The difference between precipitation from NWS and
IDW-interpolated data for the High Plains was almost 5

percent. However, differences were greater for specific areas.
Differences were greatest for Kansas (12 percent) and South
Dakota (8 percent).

Although the three methods commonly are used and
generally accepted as appropriate methods for estimating
precipitation, there are inherent limitations associated with all
methods. Variability can be introduced when estimating values
for locations between measurement points, and for this study
each of the compared methods used a unique approach to
interpolation. As discussed in the “Soil-Water-Balance Mod-
els” section of this report, these differences have implications
for hydrologic models and water-balance calculations that are
sensitive to changes in precipitation.

Evapotranspiration

Evapotranspiration (ET) is the combined process of
evaporation and transpiration by plants. Estimates of ET are
critical for understanding the water budget of the High Plains
aquifer because ET affects the amount of water from precipi-
tation that can infiltrate below the root zone, potentially to
become recharge. In semi-arid areas like the western part of
the High Plains, the actual ET is limited by the availability
of water, such that the actual ET (AET) rate is less than the
potential ET (PET) rate (the evaporative demand of the atmo-
spheric conditions). The amount of ET that occurs is a func-
tion of crop characteristics, management, soil characteristics,
environmental conditions that affect crop development, and
weather conditions including radiation, temperature, humidity,
and wind speed (Allen and others, 1998).

The three primary sources of water that supply ET in
the High Plains are precipitation, irrigation water, and shal-
low groundwater. In areas without irrigation or shallow
groundwater, AET is limited to water derived from precipita-
tion that is not lost to surface runoff. In areas with irrigation
or shallow groundwater, additional water can be evaporated
or transpired by plants, but limited to the PET demand. The
estimated amount of water applied to meet the ET demand of
crops in irrigated areas is discussed in the “Irrigation” sec-
tion of this report. AET can be estimated using direct and
indirect methods. Direct methods for estimating ET include
using measurements of precipitation and soil-moisture storage.
Direct estimation of ET is costly, time consuming, and only
provides measurements of ET on a small, local scale (Payero
and Irmak, 2008).

Indirect methods for estimating ET include water
budgets, hydrometeorological equations (such as Penman-
Monteith (Allen and others, 1998), Blaney-Criddle (Blaney
and Criddle, 1966), and Hargreaves equations (Hargreaves
and Samani, 1985)), and calculating the energy budget at
land surface. Estimates of ET as a residual term from a water
budget can be calculated on various scales, but are dependent
on the accuracy of measurements of the various water-budget
components such as precipitation, runoff, deep infiltration,
and groundwater outflow. Hydrometeorological equations
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precipitation across the High Plains, 1940 through 1949 and 2000 through 2009.

From National Climatic Data Center, 2010
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Table 2. Weather-station data used by the inverse-distance-weighted (IDW) interpolation method to estimate daily precipitation in
the High Plains, 1940 through 1949 and 2000 through 2009.

[Stations with short periods of record had no effect on inverse-distance-weighted (IDW) interpolation for days with no data]

Percentage of decade

Ma Cooperative . N
idf:-nti?ier _ st[:]ti_o_n Natl?ll\II?:ID(i:l;r:?attli(:) :?l:“mc:"te’ Years used for this study with precipitation data
(fig. 19) identifier 1940-49 2000-09
1 051564 CHEYENNE WELLS 194049, 2000-09 95 99
2 052446 EADS 2S 194049, 2000-09 100 100
3 053005 FORT COLLINS 194049, 2000-01 100 20
4 053038 FORT MORGAN 28 1948-49, 2000-01 14 20
5 054076 HOLLY 194045, 1948-49, 2000-09 70 92
6 054770 LAMAR 1940-49, 2000-01 100 20
7 059243 WRAY 194049, 2000-01 96 20
8 140264 ANTHONY 1940-49, 2000-01 100 20
9 140365 ASHLAND 1940-49, 200001 100 20
10 141704 COLDWATER 194049, 2000-09 93 100
11 142401 EL DORADO 194049, 2000-01 100 20
12 143527 HAYS 1S 194049, 2000-09 100 99
13 144464 LAKIN 1940-49, 2000-09 100 100
14 144530 LARNED 194049, 2000-08 100 82
15 144695 LIBERAL 194049, 2000-01 99 20
16 145152 MCPHERSON 1940-49, 200001 100 20
17 145173 MEDICINE LODGE 1940-49 100 0
18 145856 NORTON 9SSE 194049, 2000-01 100 20
19 145906 OBERLIN 1E 1940-49, 2000-01 95 20
20 146374 PHILLIPSBURG 1SSE 1940-49 99 0
21 147093 SAINT FRANCIS 194049, 2000-09 100 100
22 147271 SCOTT CITY 194049, 2000-09 99 100
23 148495 WAKEENEY 194849, 2000-09 14 99
24 250050 AINSWORTH 1948-49, 200009 13 97
25 250070 ALBION 194049, 2000-01 100 20
26 250130 ALLIANCE 194049, 2000-09 100 91
27 250375 ASHLAND 2 1948-49, 2000-09 16 99
28 250420 ATKINSON 1940-49, 2000-09 86 86
29 250640 BEAVER CITY 194849, 2000-01 16 20
30 251145 BRIDGEPORT 194049, 2000-09 100 93
31 251200 BROKEN BOW 194049, 2000-07 100 70
32 252020 CRETE 1948-49, 2000-01 16 18
33 252205 DAVID CITY 194049, 2000—09 97 99
34 252645 ELLSWORTH 194349, 2000-09 62 98
35 252820 FAIRBURY 194049, 200001 100 20
36 252840 FAIRMONT 194849, 2000-01 16 20
37 253035 FRANKLIN 194049 100 0
38 253185 GENOA 1948-49, 2000-01 16 20
39 253365 GOTHENBURG 194049, 2000-01 100 20
40 253540 HALSEY 194049 99 0
41 253615 HARRISON 194049, 2000-09 100 99
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Table 2. Weather-station data used by the inverse-distance-weighted (IDW) interpolation method to estimate daily precipitation in

the High Plains, 1940 through 1949 and 2000 through 2009.—Continued

[Stations with short periods of record had no effect on inverse-distance-weighted (IDW) interpolation for days with no data]
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Percentage of decade

Ma Cooperative . N
idf:-nti?ier _ st[:]ti_o_n Natl?ll\II?:ID(i:l;r:?attli(:) :?l:“mc:"te’ Years used for this study with precipitation data
(fig. 19) identifier 1940-49 2000-09
42 253630 HARTINGTON 194049, 2000-01 100 20
43 253660 HASTINGS 1940-49, 2000-09 99 100
44 253735 HEBRON 194849, 2000-01 16 20
45 253910 HOLDREGE 1948-49, 2000-01 16 20
46 254110 IMPERIAL 1940-49, 2000-03, 200609 95 72
47 254900 LODGEPOLE 1940-49, 2000-09 95 91
48 254985 LOUP CITY 1948-49, 2000-09 16 95
49 255080 MADISON 194049, 2000-09 100 87
50 255310 MCCOOK 194049, 2000-09 96 95
51 255470 MERRIMAN 194049, 2000-06, 2008-09 88 70
52 255565 MINDEN 194049, 2000-09 97 100
53 256040 NORTH LOUP 1940-49, 2000-09 95 96
54 256970 PURDUM 1940-49, 2000-09 98 91
55 257070 RED CLOUD 194049, 2000-09 97 100
56 257665 SCOTTSBLUFF HEILIG AP 194049, 2000-09 98 100
57 257715 SEWARD 1948-49, 200001 16 20
58 258480 TEKAMAH 1948-49, 2000-01 16 19
59 258915 WAKEFIELD 1948-49, 2000-01 14 20
60 259090 WEEPING WATER 1948-49, 200001 16 20
61 259510 YORK 1948-49, 2000-08 16 85
62 291469 CARLSBAD 194049, 2000-09 94 96
63 291887 CLAYTON WSO AP 194049, 2000-09 98 100
64 298107 SANTA ROSA 194049, 2000-09 83 88
65 340593 BEAVER 1945-49, 2000-09 45 97
66 340908 BOISE CITY 2E 194049, 2000-09 94 96
67 343628 GOODWELL RESEARCH STATION 194049, 2000-09 89 97
68 344298 HOOKER 1940-49, 2000—-09 95 89
69 346139 MUTUAL 1940-49, 2000-09 96 100
70 390043 ACADEMY 2NE 2000-09 0 97
71 412121 CROSBYTON 194049, 2000-09 95 100
72 415707 MCCAMEY 194049, 2000-09 100 75
73 415875 MIAMI 194049, 2000-06 99 61
74 416135 MULESHOE 1 194049, 2000-09 100 87
75 417079 PLAINVIEW 194049, 2000-09 100 100
76 418201 SEMINOLE 1940-49, 2000-09 79 98
77 418433 SNYDER 194049, 2000-09 97 94
78 418692 STRATFORD 1940-49, 2000-09 90 97
79 481730 CHUGWATER 1940-49, 2000—-09 100 97
80 485830 LUSK 2SW 194049, 2000-07 100 66
81 488995 TORRINGTON EXP FARM 1940-49, 2000-01 100 20
82 489615 WHEATLAND 4N 1940-49, 2000-09 100 97
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use various climatological properties measured on the earth’s
surface to calculate the PET. Hydrometeorological equations
have varying levels of complexity and accuracy and gener-
ally require climatological inputs such as temperature, wind
speed, relative humidity, and solar radiation to calculate PET.
The AET for an area is then determined by applying a crop-
coefficient factor to the calculated PET. Estimates of ET from
energy budgets are calculated from incoming and outgoing
radiation, changes in heat storage, and sensible heat flux to
estimate the latent heat flux. AET is calculated from the latent
heat flux using the latent heat of vaporization and the density
of water.

Evapotranspiration from groundwater can occur when the
water table is near land surface, allowing water to evaporate
or plant roots to access groundwater for transpiration. The
limited published data quantifying ET demand satisfied by
shallow groundwater indicate that rates ranged from 30 to 50
percent of PET, and model calibrations resulted in groundwa-
ter-supplied ET rates of 2 to 96 percent of total groundwater
discharge (Scanlon and others, 2005a).

Evapotranspiration Methods

This study estimated ET from all water sources using four
indirect methods. PET and AET were compiled from the NWS
SAC-SMA model (Burnash, 1995), AET was compiled from
the Simplified-Surface-Energy-Balance (SSEB) model using
remotely sensed data (Senay and others, 2007; Senay and
others, 2011), and AET was computed from the Soil-Water-
Balance (SWB) model as part of the water budget (Westen-
broek and others, 2010). Estimates of ET calculated with the
energy-balance method were available for two riparian study
sites (Landon and others, 2009). As with precipitation, the
average annual volumes of PET and AET were calculated as a
product of the ET rate and summarized area.

PET and AET were estimated as part of simulations using
the NWS SAC-SMA model (Burnash, 1995). PET, an input to
the SAC-SMA model, was a climatological estimate of free-
water surface evaporation with a monthly adjustment factor to
account for the effects of vegetation (Zhang and others, 2004;
Michael Smith, National Weather Service, written commun.,
2010). The PET rate was assumed to be a conservative vari-
able and did not vary interannually. This assumption is con-
sistent with studies by Calder and others (1983) and Fowler
(2002). The AET rate was calculated as a component of the
water budget in the SAC-SMA model as a function of evapo-
rative demand (PET) and the fraction of that demand that is
available from simulated soil layers (Burnash, 1995). Irriga-
tion water was not included as a potential source of moisture
in the soil layers. The SAC-SMA simulation period did not
include 1940 through 1949; therefore, PET and AET estimates
were only available for 2000 through 2009.

The SOWAT model was designed to use AET estimates
based on the Simplified-Surface-Energy-Balance (SSEB)
model (Senay and others, 2007; Senay and others, 2011). The
SSEB model uses remotely sensed land-surface temperature

data acquired at a 0.62-mi (1-km) resolution by the Moderate
Resolution Spectroradiometer (MODIS) satellite-borne sensor
(U.S. Geological Survey, 2008) and reference ET derived from
local weather data. Reference ET is a measure of the amount
of water a hypothetical reference crop (usually grass or alfalfa)
will transpire if soil water is not limiting. The SSEB model
identifies “cold pixels” in intensively irrigated areas (where
AET is presumed equal to reference ET) and “hot pixels”

in fallow or barren-soil areas (where AET is near zero). For
each pixel, AET is calculated as a fraction of reference ET
using the ratio of the difference between the temperature of
the measured pixel and the hot pixels to the total temperature
range between the hot and cold pixels. Calculated AET values
also are corrected for land-surface elevation and vegetation
status from the Normalized Difference Vegetation Index ratio.
The SSEB model was used to produce monthly estimates of
AET from satellite images acquired every 8 days from March
2000 (when data acquisition by the MODIS sensor began) to
December 2009 for each grid cell in the SOWAT model.

The SWB model calculates AET as the amount of pre-
cipitation and soil moisture that are available to meet the PET
demand. The SWB model estimated the PET demand using
the Hargreaves-Samani method (Hargreaves and Samani,
1985), using daily maximum and minimum air temperature,
which produces a spatially variable PET (Westenbroek and
others, 2010). If the daily precipitation value exceeds the
PET demand, then AET is defined as equal to PET. In most
cases, the daily AET is limited by soil-moisture availability as
calculated by means of the Thornthwaite-Mather soil-moisture
retention tables (Thornthwaite and Mather, 1957). The tables
use a nonlinear relation of AET to soil-moisture in recognition
that soil moisture is more tightly held (soil-water tension or
suction) as the soil-moisture deficit increases. Specific details
about the SWB model are described in the “Soil-Water-Bal-
ance Models” section of this report.

The estimated average annual AET rate for two riparian
sites (near Odessa and Gothenburg, Nebraska; fig. 3) located
along the Platte River in Nebraska was compiled from Landon
and others (2009). Objectives of the study were to under-
stand ET rates, the factors affecting them, and to estimate the
amount of shallow groundwater needed to satisfy ET demand
by riparian vegetation. At each of the study sites, daily AET
was computed from measured meteorological data using eddy-
covariance (Businger and others, 1967) and energy-balance
methods. AET from shallow groundwater was estimated using
a water-balance approach. Riparian vegetation was primarily
composed of cottonwood forest and deciduous shrubs at the
Odessa site; whereas, cottonwood forest and eastern redcedars
dominated the Gothenburg site.

Evapotranspiration from Shallow Groundwater

To estimate the amount of groundwater that potentially
could be lost to ET for this study, AET values from the NWS
approach and from the SSEB and SWB models (table 4) were
selected for areas where the water table was within 5 ft of
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land surface in 2000 (McMahon and others, 2007; water-table
elevation from Virginia McGuire, USGS, written commun.,
2006). AET volumes were calculated by multiplying the aver-
age AET rate within areas with shallow groundwater by the
total area with shallow groundwater. Although some plants can
access water at greater depths (Scanlon and others, 2005a),
most ET typically occurs within several feet of land surface.
Therefore, 5 ft was considered reasonable as the maximum
depth for ET from groundwater to occur. If depths to ground-
water for 2000 do not represent conditions for other years of
the study (1940 through 1949 and 2001 through 2009), the
resulting estimates of AET will be biased too high or too low.
However, with all things being equal, depth to groundwater

is generally more stable in groundwater discharge areas near
surface-water bodies where groundwater is shallow, compared
to upland areas, and annual changes to water-table elevations
should be minimal (Freeze and Cherry, 1979).

Evapotranspiration Results

Rates of ET in the High Plains generally correspond
to temperature and precipitation gradients. Mean annual air
temperatures are greatest in the south and east and decrease
northward and westward (fig. 6). Annual precipitation rates are
greatest in the east and decrease westward (figs. 204—F). Simi-
larly, the AET rates in the High Plains are greater in the east
and decrease westward. Larger AET rates also were observed
in areas of irrigated agriculture in models that included irriga-
tion water as a source of additional soil moisture.

The NWS PET generally increased from west to east and
north to south with the highest PET rates in the eastern parts
of the CHP and SHP and the lowest PET rates in western NHP
(fig. 214). The average annual rate of PET for 2000 through
2009 in the High Plains was 32.5 in. (table 4). The NWS rate
of AET compared to the rate of PET is an indication of the
deficit of water available to meet the PET demand. Distribu-
tion of AET rates in the High Plains are shown on figure 215.
Average AET for the High Plains was 20.7 in/yr, about
36 percent less than PET. As would be expected from tempera-
ture and precipitation gradients, AET rates were closer to PET
rates in the NHP than in the CHP or SHP. The average volume
of AET for the 2000s in the High Plains was 193 million
acre-ft/yr.

Because SSEB data were not available for the entire
year of 2000, annual AET (fig. 21C) was averaged from 2001
through 2009. AET generally increased from west to east
and the highest AET rates occurred in eastern Nebraska and
eastern Kansas, in areas with irrigated agriculture, and along
riparian corridors. Average annual AET rates for that time
period ranged from less than 12 in/yr to greater than 40 in/yr,
with an average of 18.6 in/yr for the High Plains (table 4). As
a volume, the average annual AET for the High Plains was
173 million acre-ft.

Annual AET (fig. 21D) averaged from 1940 through 1949
from the SWB model for the High Plains was 15.8 in/yr, or
148 million acre-ft (table 4). For 2000 through 2009, average

annual AET (fig. 21E) compared to 1940 through 1949
increased in the NHP by 1.3 in. to 16.5 in., decreased in the
CHP by 0.6 in. to 16.6 in., and increased in the SHP by 1.0 in.
to 16.1 in. (table 4). Overall, average annual AET for the
High Plains was 3.8 percent greater for 2000 through 2009
(16.4 in/yr) than for 1940 through 1949 (15.8 in/yr), as calcu-
lated with the SWB model. Differences in average AET rates
from the SWB model between the 1940s and 2000s in each
region reflect the combined effects of less precipitation

(table 3) and warmer air temperatures during the 2000s and
development of irrigated agriculture.

The average annual AET rate for the riparian study site
near Odessa, Nebraska (fig. 3), was 21.7 in/yr and for the site
near Gothenburg, Nebraska (fig. 3), was 22.6 in/yr, though
these estimated rates likely represent minimum AET values
(Landon and others, 2009). Landon and others (2009) also
concluded that ET demand from riparian vegetation along a
section of the Platte River measured from 2002 through 2005
was satisfied by available precipitation except in 2002 (the dri-
est study year), and in most years (2003 to 2005), the part of
ET demand satisfied by groundwater is balanced by recharge
of excess precipitation.

The difference in AET results between the various meth-
ods used for the 2000s was greater than the temporal differ-
ence between the two periods simulated by the SWB model
method, highlighting the potential uncertainty associated with
estimating AET across large regions. These method-based
differences are important because, as demonstrated in
figures 16 and 17, small changes in the estimated ET rates
used as input to hydrologic models can cause substantial
changes in simulated recharge and irrigation pumpage. Aver-
age AET from the NWS method was about 10 percent greater
than SSEB-modeled AET and about 20 percent greater than
SWB-modeled AET. Differences were greatest between the
NWS and SSEB results for New Mexico and Wyoming.
Comparing the NWS and SWB AET results, the greatest dif-
ferences were in Kansas, Nebraska, and South Dakota. AET
results from SSEB were about 11 percent greater than SWB-
modeled AET, where the greatest differences were in Wyo-
ming. In Wyoming, the average SSEB-modeled AET rate was
42 percent less than the NWS model and 45 percent less than
the SWB model, indicating that the SSEB results may be less
reliable in that area.

The AET rates measured at the Platte River riparian study
sites were compared with average annual AET rates from
SSEB model cells coinciding with the riparian study sites dur-
ing the years of the riparian study (2002 through 2005). The
average AET rate from the SSEB model at the Odessa riparian
study site was approximately 29.0 in/yr and was 30.1 in/yr at
the Gothenburg site. Though the estimated rates of AET from
Landon and others’ sites (2009) are less than the minimum
AET from the SSEB model, the authors note that the tower
AET rates represent a minimum AET rate (Landon and others,
2009). In addition, the SSEB model is better-suited to estimate
AET rates for basin-scale water-budget analysis, where highly
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accurate AET estimates are not required (Senay and others,
2011).

Evapotranspiration from Shallow Groundwater

The estimated average annual maximum volume of
groundwater lost to ET for the High Plains, based on SWB-
model results, was 9.0 million acre-ft for 1940 through 1949
but increased about 6 percent to 9.6 million acre-feet for
2000-09 (table 5). These estimates are considered maximums
because the methods assume that all of the ET demand is
satisfied by groundwater; however, ET demand also will be
satisfied by precipitation, particularly in more humid areas.
Minimum values of groundwater lost to ET may be close to
zero, according to conclusions of Landon and others (2009).
Areas with shallow groundwater were more prevalent in the
NHP (4.2 million acres), where ET is less and precipitation is
greater, than in the CHP (2.1 million acres) or SHP (0.5 mil-
lion acres) (table 5).

Recharge

Groundwater recharge can be defined as water that enters
the saturated zone. Although information about recharge
is critical for understanding long-term sustainability of an
aquifer, local-scale methods provide information for a point
location that is difficult to apply at regional scales. Estimat-
ing recharge for large areas also is challenging because of the
many uncertainties associated with generalizing the factors
that affect it over regional scales. These factors include cli-
mate, soil and subsurface-sediment characteristics, vegetation,
land use, terrain slope, and depth to water table (Sophocleous,
2004).

The sources of water available for recharge in natural
and undeveloped systems are precipitation and leakage from
streams, playas, or other surface-water bodies. Playas are
ephemeral, closed-basin wetlands that may serve as important
sources of focused recharge, particularly in the SHP (Gurdak
and Roe, 2009).

In areas developed for agriculture, recharge also can
increase because of enhanced infiltration of precipitation,
irrigation water applied in excess of crop-water requirements,
or from irrigation canal leakage. Scanlon and others (2005b)
and Sophocleous (2004) reported that recharge rates are lowest
in natural rangeland areas, moderate in nonirrigated cropland
areas, and moderate-to-high in irrigated agricultural areas.
Tilled land allows precipitation to infiltrate more easily than
areas that remain rangeland. Similarly, the practice of irriga-
tion increases soil moisture and enhances recharge (McMahon
and others, 2006). Excess irrigation water returning to the
aquifer as recharge (irrigation return flow) can greatly enhance
recharge in irrigated areas, but it is difficult to differenti-
ate between natural recharge from precipitation, increased
recharge resulting from tillage, and irrigation return water.
The magnitude of irrigation return flow is not well-known,
and estimates as a percentage of total irrigation pumpage vary

widely, ranging from between 0 to 10 percent in recent years
to as much as 55 percent in the 1940s through 1960s (Luckey
and others, 1986; Myers and others, 1996; Luckey and Becker,
1999; Blandford and others, 2003). Irrigation return flow has
probably decreased with time because of conversion from
gravity-flow systems to sprinklers and adoption of even
higher-efficiency system improvements in recent years. Return
flow is dependent upon the same physical factors, such as soils
and topography, that affect recharge. In addition, the length

of time for return flow to reach the aquifer creates complica-
tions for recharge estimation, because it may take many years
for deep percolation to reach the aquifer (Scanlon and others,
2010). Other minor sources of recharge to the High Plains
aquifer include septic tanks, leaking underground water and
sewage pipes, and excess irrigation in urban areas.

Water available for recharge will percolate downward
to the saturated zone if the subsurface is not already satu-
rated, as in groundwater-discharge or water-logged areas. In
these cases, water available for recharge can instead become
overland runoff or be subject to evapotranspiration. The time it
takes for water to percolate through the unsaturated zone to the
water table may take days or decades, depending on the depth
of the water table and the porosity of the unsaturated zone.
This time delay can add to the difficulty of estimating recharge
rates for short time periods, particularly in arid regions where
the water table can be hundreds of feet below land surface.

A variety of methods are available for estimating
recharge. The methods can be categorized as water-budget,
groundwater, streamflow, unsaturated-zone, or tracer methods
(U.S. Geological Survey, 2009; Healy, 2010). Water-budget
methods do not directly estimate recharge using independent
hydrologic measurements, such as groundwater levels or
streamflow measurements. Soil-water-balance models fall into
the water-budget-method category and are used to estimate
recharge as the residual term in the water-budget equation,
where all other terms have been measured or estimated.
Groundwater methods include groundwater-flow models and
water-table-fluctuation methods. Unsaturated-zone methods,
such as lysimeter and Darcian-flux measurements, rely on
physical properties of the unsaturated zone to derive estimates
of recharge. Streamflow methods such as watershed-rainfall/
runoff models and recession-curve displacement estimate
recharge using surface-water data. Streamflow methods are
only valid where groundwater is in hydraulic connection with
the stream. Tracer methods use chemical concentrations or
temperature to infer the rate of infiltration or movement of
recharge water in the unsaturated or saturated zones. Tracer
methods used within the unsaturated zone are better suited for
arid regions where the unsaturated zone is thick and discon-
nected from surface-water bodies.

Spatial scales of interest are important when making
recharge estimates. Methods that measure physical properties
or tracers in the unsaturated zone provide local-scale or point
estimates of recharge, whereas watershed models yield esti-
mates representative of larger areas. Each method is subject to
uncertainties and limitations; however, more reliable recharge
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estimates can be obtained if multiple methods are used (Scan-
lon and others, 2002).

Recharge estimation methods report recharge as actual
recharge, potential recharge, or net recharge (Scanlon and
others, 2002). Actual recharge is a measure of the amount of
water that reaches the water table, and its determination is the
product of groundwater methods. Unsaturated-zone, water-
budget, and some streamflow methods produce estimates of
potential recharge, a measure of the amount of water that has
infiltrated into the subsurface but may not reach the water
table. Net recharge is a measure of the amount of recharged
groundwater that eventually discharges to streams (actual
recharge minus discharge to other sources such as well pump-
age or evapotranspiration from the water table) and is the
product of some types of streamflow methods.

Recharge Methods

Every method for estimating recharge has inherent uncer-
tainties and limitations; therefore, using recharge estimates
from a variety of methods can provide more reliable recharge
estimates (Scanlon and others, 2002). For this study, recharge
was estimated from the SWB model, the SOWAT model, and
previously published studies (appendix 2). SWB and SOWAT
models (described in the “Soil-Water-Balance Models” section
of this report) provide potential-recharge estimates for the
High Plains aquifer from two variations of the water-budget
method, and the previously published studies provide actual-
and potential-recharge estimates from a wide range of meth-
ods, spatial scales, and temporal scales.

Estimates from 43 previously published studies
(appendix 2) were assembled to derive a composited-average
recharge estimate across the High Plains aquifer, for the
three subregions of the High Plains aquifer, and for several
land-cover categories. Many of these recharge studies were
compiled previously by Sophocleous (2004) and Gurdak and
Roe (2009). However, recharge results reported herein do not
include all available studies; a bias towards regional-scale
studies was employed during the selection process. In some
cases, an average recharge rate for a study was not available,
so an average was calculated as the average of the minimum
and maximum reported values. The composited-average
recharge estimates from these previous studies should be used
with caution because a field-scale study in a playa setting will
have the same influence on the composited-average recharge
rate as a regional-scale study covering primarily rangeland.

Recharge Results

Potential recharge was estimated from the SOWAT
model across the High Plains aquifer for 2000 through 2009
(fig. 224). The 1940 through 1949 time period was not
assessed because AET data derived from satellite imagery
were not available for those years. Estimated average annual
potential recharge from precipitation and excess irrigation

water was 3.8 in., for a total volume of 35.0 million acre-ft
(table 6). As a percentage of precipitation, SOWAT-simulated
recharge was 18 percent of precipitation from the NWS.

Average annual potential recharge during 1940 through
1949 for the High Plains aquifer, estimated using the SWB
model, was 1.4 in., or 13.2 million acre-ft (table 6, fig. 22B).
For 2000 through 2009, the estimated average annual recharge
for the High Plains aquifer was 1.7 in., or 15.9 million acre-ft
(fig. 22C). For the SWB model, average annual potential
recharge rates from 2000 through 2009 were greater than
from 1940 through 1949 (table 6) despite smaller precipitation
(table 3) and greater AET rates (table 4) estimated by the SWB
model. This result agrees with previous studies that indicate
recharge rates increase after rangeland is converted to nonirri-
gated and irrigated cropland [for example, Scanlon and others
(2005b) and Sophocleous (2004)]. Most increases in potential
recharge were within Nebraska and Texas, the two States with
the largest number of irrigated acres. SWB-simulated recharge
was about 7 percent of precipitation (from IDW interpolation)
in the 1940s and about 8 percent of precipitation in the 2000s.

The composited-average annual recharge rate from the
previously published studies in the High Plains was 1.9 in.
(table 6), yielding a volume of 17.7 million acre-ft of recharge.
Average recharge was smallest in the SHP (1.1 in/yr) and
largest in NHP (2.9 in/yr), corresponding to greater precipita-
tion in the northeast and decreasing PET from south to north.
Recharge rates differed between land uses. Rangeland and
undeveloped land (considered to represent 1940 through 1949
conditions) had the smallest average recharge rate (0.9 in/yr),
irrigated cropland had an average recharge rate of 3.1 in/yr,
and nonirrigated cropland had an average recharge rate of
1.5 in/yr (table 7). This land-use-related recharge pattern
agrees with an assessment of recharge reported by Scanlon
and others (2005b). In the SHP, playas had a greater average
recharge rate (3.6 in/yr) than other settings (0.1 to 1.4 in/yr).
Sand-dune settings had the largest average recharge rate
(4.2 in/yr) in the High Plains.

The various estimation methods yielded different
recharge rates for the same area, reflecting uncertainties
related to estimating recharge and underscoring the value of
using multiple methods. Average potential recharge in the
NHP during 1940 through 1949 (1.4 in/yr) from the SWB
model was similar to composite-averaged recharge for unde-
veloped or rangeland areas (representing 1940 through 1949
conditions) reported by previous studies (1.6 in/yr) (table 6);
however, 1940-49 SWB-estimated recharge rates for the CHP
and SHP were much greater than those from previously pub-
lished studies for undeveloped/rangeland areas (table 7).

For 2000 through 2009, average potential recharge based
on the SOWAT model (3.8 in/yr) was more than twice as much
as that based on the SWB model (1.7 in/yr) and was twice as
large as the composite average of values reported by previous
studies (1.9 in/yr) (table 6). Differences between the SWB
and SOWAT models were evident where the SOWAT model
simulated negative recharge values (representing areas where
AET is greater than the available water from precipitation,
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S0il-WATer-Balance (SOWAT)
model, 2000-09

Soil-Water-Balance (SWB)
model, 1940-49
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Figure 22. Distribution of estimated average annual potential recharge from (A) the SQil-WATer-Balance
(SOWAT) model, 2000 through 2009, (B) the Soil-Water-Balance (SWB) model, 1940 through 1949, and (C) the
SWB model, 2000 through 2009.
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Table 7. Composited-average annual recharge determined by previously published studies in the High Plains.

[Values are in inches per year. NHP, northern High Plains; NA, not available; CHP, central High Plains; SHP, southern High Plains]

Region All Undeveloped1 Irrigated Nonirrigated Nonirrigated Nonspecific Playas Sand dune
or rangeland cropland cropland land

NHP 2.9 1.6 4.8 2.2 2.6 2.5 NA 6.5

CHP 1.3 .6 1.8 NA 1.0 1.1 NA 4.8

SHP 1.1 1 1.4 5 4 9 3.6 .8

High Plains 1.9 0.9 3.1 1.5 0.95 1.5 3.6 4.2

'Represents pregroundwater-development conditions.

irrigation, or moisture in the upper 59 in. of the soil profile)
and in the western part of the study area where SOWAT simu-
lated greater recharge values than the SWB model.

Differences in methodology, combined with sensitivity
of the SWB and SOWAT models to changes in model input
parameters, can help explain differing potential-recharge rates.
For example, a 10-percent increase in effective precipitation in
the SOWAT model increased simulated recharge by as much
as 105.8 percent (fig. 16), whereas a 10-percent increase in
total precipitation in the SWB model increased recharge by as
much as 47 percent (fig. 17). Precipitation could vary by more
than 10 percent when different precipitation-estimation meth-
ods are used (table 3). Additionally, recharge also changed by
as much as 94.7 percent when ET was changed by 10 percent
in the SOWAT model.

Although SWB and SOWAT are both soil-water-balance
models, the methods differ in several ways. Differences are
associated with time-step, AET, surface-runoff, soil-moisture
calculations, and precipitation inputs:

1. SWB uses daily time steps and SOWAT uses monthly
time steps. Because most recharge processes are not linear
with respect to time, these disparate time-step lengths can
affect recharge results (Healy, 2010; Sophocleous, 2004).

SOWAT accounts for irrigation-system inefficiencies,
whereas SWB assumes that irrigation systems are 100
percent efficient and there is no surplus irrigation water
for recharge. Irrigation efficiency, as formulated in
SOWAT, assumes that extra water pumped because of
inefficient systems is available as extra soil moisture or
deep percolation, rather than accounting for substantial
losses of the extra pumpage to droplet and crop canopy
evaporation. The inclusion of irrigation efficiency in
SOWAT tends to explain, at least partially, the general
positive bias in recharge estimation as compared with
SWB.

SWB calculates AET internally based on an empirical
equation that calculates PET and soil moisture; as soil
moisture decreases, AET also decreases. SOWAT uses
AET derived from the SSEB model. As a result, if pre-
cipitation and soil moisture are not adequate to meet AET
in the SOWAT model, additional water is obtained from

below the soil profile. In addition, estimated AET from
the SSEB model was less than AET from other methods
in the western part of the study area (fig. 21), and could
explain the relatively larger recharge values from the
SOWAT model in that part.

Soil-moisture depletion was computed from the Thorn-
thwaite-Mather soil-water-retention tables (Thornthwaite
and Mather, 1957) for SWB and is calculated in SOWAT
as the balance of water remaining after accounting for soil
moisture from the previous month and the current month’s
infiltration and AET. The simplified calculation of soil-
moisture depletion in the SOWAT model could cause
differences in estimated recharge.

Precipitation for SWB was from interpolated daily
precipitation measured at weather stations. SOWAT used
the NWS-estimated precipitation, which uses NEXRAD
data and measured precipitation from weather stations as
model input data. Both models are sensitive to changes in
precipitation, and differences in precipitation at the local
scale could cause large differences in potential recharge
rates.

Surface runoff is calculated as part of the SWB model
from the NRCS curve number (Cronshey and others,
1986), whereas SOWAT used runoff data calculated
externally by the NWS SAC-SMA model. The SAC-
SMA model yielded surface-runoff values that were much
smaller than those estimated by the Base-Flow-Index
(BFI) method (see next section). If surface-runoff values
used by the SOWAT model were too small, recharge rates
could be too large, and this difference also explains, at
least partially, the general positive bias in recharge esti-
mates from SOWAT as compared with SWB.

Surface Runoff and Groundwater Discharge to
Streams

Major sources of streamflow are surface runoff and
groundwater discharge (base flow). The amount of water
entering and leaving the High Plains from surface run-
off and as base flow was determined using data from
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streamflow-gaging stations and the BFI program. Streamflow
data were downloaded from the National Water Information
System (NWIS) (U.S. Geological Survey, 2010a) and pro-
cessed using the BFI program, version 4.15 (Wahl and Wahl,
2007), to separate streamflow originating from groundwater
discharge to streams (base flow) from streamflow originat-

ing from surface runoff. The BFI method combines a local
minimums approach with a recession slope test. The minimum
daily streamflow is first identified for each 5-day period in the
water year. These minimums are then compared with adjacent
minimums to identify base-flow hydrograph turning points.

A minimum is identified as a turning point if both the adja-
cent minimums are greater than the value of that minimum
multiplied by 0.9. These turning points represent the base-flow
hydrograph, from which base-flow volume is calculated. The
program uses a linear base-flow recession if a base-flow turn-
ing point corresponds to zero streamflow.

The time period () used for identifying streamflow
minimums can be manipulated by the user to account for char-
acteristics of a particular stream. To adjust NV for a streamflow-
gaging station, a range of N-values is used in successive runs,
and BFI is plotted for varying N as described in Wahl and
Wahl (1995). As N is increased, the amount of flow separated
into surface runoff increases, and the BFI decreases. The
appropriate N-value is selected as the smaller value at which
the relation of N to BFI becomes nearly linear.

Mean daily base-flow and surface-runoff components of
each streamflow record were calculated by applying the BFI
program for the months of April and October throughout the
period of record. These two generally off-peak flow months
were chosen because many of the streams that cross the High
Plains have numerous flow-control structures such as diver-
sions and dams that regulate streamflow, particularly during
times of peak runoff. It also was assumed that the base flow
during April and October is representative of the entire year
at each site because diversions for irrigation generally are
inactive during those months. The mean daily base flow for
the months of April and October were then multiplied by the
number of days in the calendar year to determine the average
annual base flow and surface runoff.

Total streamflow, surface runoff, and base flow entering
and leaving the High Plains were estimated for the Niobrara,
Platte, Little Blue, Big Blue, Republican, Solomon, Arkansas,
and Canadian Rivers (figs. 3-5, table 8). However, stream-
flow-gaging stations were not always located at the boundary
of the High Plains or at smaller streams; therefore, it was not
possible to precisely determine the amount of streamflow
entering and leaving the High Plains. The amount of water
leaving the High Plains in the major streams was greater than
the amount entering during both study periods (table 8). The
net amount of streamflow leaving the High Plains was about
4.9 million acre-ft/yr in the 1940s and about 5.3 million acre-
ft/yr in the 2000s, which paralleled the results for the base-
flow component of streamflow. Base flow also composed the
majority of streamflow leaving the High Plains in both study
periods, but the surface-runoff fraction of streamflow was

substantially smaller for the 2000s (28 percent) than for the
1940s (42 percent). The net volume of base flow leaving the
High Plains was greater in the 2000s (3.9 million acre-ft/yr)
than in the 1940s (3.1 million acre-ft/yr). Most of the increases
to base flow were from streams within the Platte River Basin.
This study did not account for diverted flows or evaporative
losses in storage facilities, but the BFI analysis yielded base-
flow-index values similar to those calculated by Bentall and
Shaffer (1979).

Streamflow records were available for several smaller
streams that carry water outside the High Plains, but records
were only collected during one of the study periods. Those
results were not included in the comparisons above but have
been included in table 8 for reference. These streams include
the Cimarron River, Beaver River, Wolf Creek, and Sweetwa-
ter Creek (fig. 4). Flows from those sites were a small fraction
of the total streamflow.

Groundwater Discharge to Springs

Along parts of the High Plains boundary, water leaves the
aquifer through springs and seeps. In many areas, spring flow
is not gaged and no study has estimated the total discharge.
Brune (1975) reported that springs and seeps in the SHP were
flowing at rates of 1 to 2 cubic feet per second (ft*/s) each.
However, falling groundwater levels have caused most spring
flows to decrease, and they are now a negligible component
of the water budget (Dutton and others, 2001). A regional
groundwater flow model for the SHP estimated that springs
and seeps discharged about 58,000 acre-ft/yr before 1940 and
about 42,000 acre-ft in 2000 to salt lake basins and along the
eastern escarpment (Blandford and others, 2003). Another
regional groundwater-flow model for the Republican River
Basin within the NHP estimated average outflows to springs
of about 65,000 acre-ft/yr in the 1920s and 88,000 acre-ft/yr in
the 1990s (McKusick, 2003).

Groundwater Flow to and from Adjacent
Geologic Units

Geologic units that compose the High Plains aquifer
are the youngest saturated deposits within the High Plains
(Gutentag and others, 1984). Older deposits generally are
much less permeable, and little water exchange is expected
between them and the aquifer. However, some upward or
downward flux is possible. Measurements of hydraulic head
in nested wells indicated that vertical gradients in some
areas cause upward movement of water from older deposits
beneath the High Plains aquifer in the CHP (McMahon, 2001).
Conversely, vertical gradients at some locations in the SHP
indicated that water movement was downward from the High
Plains aquifer into older, underlying deposits (McMahon and
others, 2004). In addition, a groundwater-flow model con-
structed for the SHP simulated groundwater fluxes between
the High Plains aquifer and the underlying Cretaceous-age
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deposits (Blandford and others, 2008). Groundwater move-
ment primarily was downward from the High Plains aquifer
to the underlying deposits but localized upward flows also
occurred. The net volume of water lost from the High Plains
aquifer to the underlying deposits was simulated to be less
than 1 percent of the volume of recharge entering the High
Plains aquifer in the modeled area.

Irrigation

The dominant use of groundwater in the High Plains
is for irrigating crops. In 2005, approximately 95 percent of
groundwater pumpage in the High Plains was for irrigation;
withdrawals for public supply and industrial uses were
2 percent and 3 percent, respectively (Kenny and others,
2009). The process of irrigation includes the withdrawal of
water from surface-water bodies or groundwater, followed
by either its loss during conveyance, return to the atmo-
sphere through evapotranspiration by plants, surface runoff to
streams, or infiltration through the unsaturated zone (irrigation
return flow) to become recharge.

Irrigation Methods

Although detailed water-use information is available
from surface-water irrigation districts, groundwater pump-
age for irrigation is measured in few parts of the High Plains.
Therefore, the amount of water withdrawn is usually estimated
using information about the number of acres irrigated with
groundwater, the amount of water that was expected to be
used by the crops grown on those acres, and the amount of the
crop-water demand that was satisfied by precipitation (Kenny,
2004).

The estimated number of irrigated acres in the High
Plains in 2002 ranged from 14.2 to 14.9 million acres (Brown
and others, 2008; U.S. Department of Agriculture, variously
dated) (table 9). Most fields are irrigated using groundwater;
however, about 1 million acres are irrigated from surface-
water sources. Surface-water-irrigated acres occur primarily
within the NHP region in Kansas, Nebraska, and Wyoming
(fig. 23) (Buchanan and others, 2009; Colaizzi and others,
2008; Colorado Department of Natural Resources, 2010).
Readily available information on the location of surface-water
irrigated fields were compiled using GIS data for Nebraska
and Wyoming (Amanda Flynn, USGS, written commun.,
2010; Matt Hoobler, Wyoming State Engineer’s Office, writ-
ten commun., 2010), but GIS for surface-water-irrigated acres
in Kansas were not available. The surface-water-irrigation dis-
tricts lie mainly along the North Platte River in Wyoming and
Nebraska, and along the Platte, Republican, and Loup Rivers
in Nebraska (fig. 23).

Estimates of the amount of water used for irrigation came
from four main sources: the SOWAT model, the SWB model,
the USGS National Water-Use Program (compiled at 5-year
intervals from 1950 to 2005), and limited information from

metered irrigation wells (Kenneth Kopp, Kansas Department
of Agriculture, oral commun., 2010). All estimates reported
herein are for 2000 through 2009. The SOWAT and SWB
models constructed for this study are described fully in the
“Soil-Water-Balance Models” section of this report.

Water-use estimates for the Nation from the USGS Water-
Use Program have been published every 5 years beginning in
1950; hence, this source provides no estimates for the 1940s
study period. Information on water use is compiled for all pur-
poses (private, public, commercial, industrial, and agricultural)
at the county, State, and Federal level every 5 years. Data from
the Water-Use Program for 2000 and 2005 were used for this
report (Hutson, 2007; Kenny, 2004).

Under the USGS Water-Use Program each state is
responsible for the data compilation using methods specific to
each State. Thus, the methods used for compiling estimates of
groundwater pumpage for irrigation vary by State. Four of the
eight States (Colorado, Nebraska, Texas, Wyoming) generally
use crop acreages, estimated crop-water demand, irrigation
system efficiency, and climate information to determine con-
sumptive use and pumpage (Dana Barbie, USGS, written com-
mun., 2009; Greg Boughton, USGS, written commun., 2009;
Russ Dash, USGS, written commun., 2009; Natalie Houston,
USGS, written commun., 2009; Jill Frankforter, USGS, writ-
ten commun., 2009). The other States use a combination of
direct measurement (meters attached to the irrigation systems),

Table 9. Irrigated acres in the High Plains, selected
estimates, 2002.

[Units are million acres. NHP, northern High Plains; CHP, central High
Plains; SHP, southern High Plains]

Remotely sensed

data from satellite Census of

Agriculture report?

imagery'

NHP 8.6 8.2
CHP 33 32
SHP 2.9 2.8
Colorado 0.7 0.7
Kansas 2.4 2.2
Nebraska 7.4 7.0
New Mexico 3 3
Oklahoma 3 3
South Dakota 0 0

Texas 3.6 3.5
Wyoming 3 3
High Plains? 14.9 14.2

"From Brown and others (2008).

2From U.S. Department of Agriculture (variously dated). Values are
considered rough estimates because original data are reported at the
county level and the exact number of irrigated acres within the High
Plains were not available for counties along the edge of the High Plains.

Area calculated for the High Plains does not always equal the sum of
region or State areas because of rounding.
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Figure 23. Surface-water irrigated land in the northern High Plains region, 2000 through 2009.

questionnaires to land owners, and water-rights databases

to compute irrigation pumpage (Robert Gold, USGS, writ-
ten commun., 2009; Joan Kenny, USGS, written commun.,
2009; Kathy Neitzert, USGS, written commun., 2009; Robert
Tortorelli, USGS, written commun., 2009). Groundwater
pumpage for irrigation was compiled for the counties that are
completely within or touch the boundary of the High Plains.
Because the data are by county and many counties are only
partly within the High Plains, the county values were adjusted
by the ratio of the amount of irrigated land in a county that fell
within the aquifer. County pumpage values were then com-
piled for each State and region for 2000 and 2005.

There are few data available for the 2000-through-2009
period from direct measurements of groundwater pumpage for
irrigation (metered irrigation wells) in the High Plains, and no
data available for the 1940s. However, the State of Kansas has
been progressively metering irrigation wells since 1987 and

has had metering requirements in place for wells in northwest-
ern and southwestern Kansas for the past 5 to 20 years. More
recently, irrigation wells have begun to be metered in other
areas of the High Plains, such as the Republican River Basin
in the NHP (see, for example, Colorado Department of Natural
Resources, 2009) and selected groundwater conservation
districts in Texas (see, for example, North Plains Groundwater
Conservation District, 2011), but those data were not used for
this report.

Irrigation Results

The average annual total volume of water applied on
cropland for irrigation (surface-water and groundwater
sources) for 2000 through 2009 from the SOWAT model was
9.3 million acre-ft for the High Plains, yielding an average
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annual irrigation application rate of 8.4 in. on irrigated lands
(fig. 244). Total irrigation from groundwater sources only
(pumpage) during 2000 through 2009 was approximately

8.7 million acre-ft/yr for the High Plains, for an average appli-
cation rate of 8.4 in/yr (table 10). The average annual irriga-
tion application rates for groundwater-irrigated acres were
7.8, 10.6, and 7.7 in. for the NHP, CHP, and SHP, respectively.
The SOWAT estimated volume of surface water applied to
fields in the NHP for 2000 through 2009 was approximately
650,000 acre-ft. Surface water was used to irrigate crops

in some parts of the High Plains before 1950, but too little
information was available to allow estimation of the amount of
water used during the 1940s.

The average annual total volume of water used for irriga-
tion (surface-water and groundwater sources), based on the
SWB model results, was 17.6 million acre-ft for the High
Plains, and the average annual irrigation application rate was
15.8 in. on irrigated lands (fig. 24B). For areas where surface-
water irrigation occurred, the amount of groundwater pumped
for irrigation was approximated by multiplying the total
irrigated acres by the ratio of groundwater-irrigated acres to
the total irrigated acres. Thus, average annual irrigation from
groundwater for the High Plains was estimated as 16.2 million
acre-ft, or 15.8 in. (table 10). Regional average groundwater-
irrigation application rates generally were similar across the
High Plains: 15.3 in/yr in the NHP, 17.0 in/yr in the CHP, and
16.1 in/yr in the SHP.

Average adjusted irrigation application volume estimated
from the National water-use data for the year 2000 was
19.6 million acre-ft, for an average application rate of 17.8 in.
(table 10). In 2005, the volume was 18.4 million acre-ft, for an
average application rate of 16.7 in. Surface water used for irri-
gation in the NHP was estimated as 2.4 million acre-ft in 2000
and 2.0 million acre-ft in 2005, yielding average application
rates of about 28 inches and 23 inches, respectively.

From metered irrigation wells in 2000, groundwater
pumpage for irrigation was reported as 3.14 million acre-feet,
for an average applied depth of 16.9 inches within the ground-
water-irrigated High Plains part of Kansas (Kenneth Kopp,
Kansas Department of Agriculture, oral commun., 2010).
Metered pumpage values represent a total amount of water
applied and include losses to system inefficiency.

Temperature, precipitation, and PET gradients in the High
Plains indicate that greater amounts of water likely are needed
to be applied to irrigated fields in the SHP than in the NHP
(fig. 6, tables 4 and 5). However, AET rates estimated from the
SSEB and NWS SAC-SMA models indicate that there is more
water uptake to the atmosphere in the CHP through ET than in
the other regions (fig. 21C, table 4). In addition to temperature,
precipitation, and PET, irrigation applications also depend on
the crop type, soil characteristics, system efficiency, commod-
ity prices, subsidies, and energy costs (Colaizzi and others,
2008), factors that would be included in the estimated AET
rates that are derived from satellite imagery (SSEB model).

In addition, the SHP has experienced substantial water-level
declines since pregroundwater development (approximately

50 percent or more of the saturated thickness has been lost
since pregroundwater development) (McGuire, 2009). This
decline may have reduced the amount of groundwater that is
available for irrigation and prompted the accelerated conver-
sion to high-efficiency irrigation systems, thus reducing the
amount of pumpage that otherwise would have been required
for irrigation (Colaizzi and others, 2008). Estimated ground-
water irrigation application rates from the SOWAT model and
the USGS Water-Use Program were greatest in the CHP and
about the same for the SHP and NHP (table 10). For the SWB
model, groundwater irrigation application rates were greatest
in the CHP, but differences between the three subregions were
less substantial than for the SOWAT model and USGS Water-
Use Program.

Apart from the excellent agreement between the esti-
mated irrigation application rate from the SWB model and the
metered irrigation-well data in Kansas, the estimation methods
yielded different groundwater irrigation application rates for
the same area, reflecting uncertainties related to estimating
groundwater irrigation applications and underscoring the
value of using multiple methods. Estimated pumpage for the
High Plains from the SOWAT model was about 50 percent
of that estimated for 2005 by the USGS Water-Use Program
and the SWB model for 2000 through 2009 (table 10). Annual
pumpage volumes from the Water-Use Program generally
were larger than the volumes of irrigation applied that were
estimated from the two soil-water-balance models. Differences
between the methods cannot be summarized easily for the
High Plains because the methods used for the Water-Use Pro-
gram vary widely among the States. However, some possible
explanations for the disparate results include:

1. Monthly time steps used by the SOWAT model may be
too long for representing soil-moisture dynamics.

2. Different methods were used to estimate AET. The
SOWAT model derives crop-water requirements from
AET estimated from satellite data, whereas the SWB
model uses daily temperature, soil-water holding capac-
ity, and vegetation root depths to estimate AET, and the
Water-Use Program used other methods including a calcu-
lated crop-water requirement, water rights information, or
direct measurements (meters).

3. Results are sensitive to changes in AET and effective
precipitation. It was demonstrated in the “Precipitation”
section of this report that different sources of precipitation
can vary by more than 10 percent for some areas (table
3), potentially causing a 20-percent change in SOWAT-
simulated pumpage (fig. 16). AET values are also uncer-
tain, and a 10-percent change in AET can cause pumpage
simulated by SOWAT to change by more than 30 percent.
Although a sensitivity analysis was not conducted as part
of the USGS Water-Use Program, it is likely that those
results also are sensitive to somewhat uncertain AET and
effective precipitation estimates.
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4. Trrigation-application values from the SOWAT model and
the USGS Water-Use Program include additional with-
drawals to account for irrigation system inefficiencies,
whereas the SWB model does not. Thus, the SWB model
may underestimate the total amount of water pumped
from the High Plains aquifer.

5. The USGS Water-Use Program estimated irrigation appli-
cations for only two years (2000 and 2005) of the 10-year
period. If climate conditions for 2000 and 2005 were not
representative of average conditions for 2000 through
20009, results from the USGS Water-Use Program will be
biased.

The volume of surface water used to irrigate crops, as
estimated from the SOWAT model, is substantially less than
the amount reported by the Water-Use Program. Similar to
the groundwater pumpage estimates, SOWAT uses stored soil
water and effective precipitation to satisfy crop-water require-
ments, whereas the Water-Use Program used either effective
precipitation or total precipitation as the only source of water.
In addition, fewer surface-water irrigated acres were identified
for SOWAT. Surface-water irrigated land for SOWAT repre-
sented acres within irrigation districts only (total of about
1 million acres). However, surface-water irrigated acres in
areas outside of the irrigation districts also were included in
the acreage tabulations for the USGS Water-Use Program
(total of almost 2.5 million acres in 2005) (Jill Frankforter,
USGS, written commun., 2008; Matt Hoobler, Wyoming State
Engineer’s Office, written commun., 2010).

Groundwater in Storage

The available groundwater in storage is the amount of
water that can be extracted physically from the aquifer for
use. The amount of water that can be removed from an aquifer
varies by location and is dependent upon the well construc-
tion, saturated thickness, and aquifer properties such as the
composition of the aquifer sediments, the amount of voids
(space between the sediments), and the degree to which the
voids are connected in the aquifer. Groundwater storage and
water-table elevations will change as a response to changes
in inputs to (such as recharge from precipitation and seepage
from streams) and outputs from (such as pumpage, discharge
to streams, or ET) the aquifer.

For water-resources-management purposes, the amount
of groundwater in storage in the High Plains aquifer is an
important component of the water budget. In many parts of
the High Plains, crop yields are dependent upon supplemental
irrigation from groundwater. Groundwater also is the primary
source of drinking water (Dennehy, 2000). Understanding the
status of groundwater storage can help guide decision mak-
ers about future use of the resource. However, the volume of
groundwater in storage does not solely define the availability
of water or the sustainability of the resource. Water availabil-
ity and sustainability also are related to the cost of extracting
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groundwater, the quality of groundwater, the effects of
groundwater withdrawals on surface water, and the definition
of groundwater availability by policymakers. For example,
policymakers can decide that only a fraction of the groundwa-
ter in storage should be extracted.

Groundwater in Storage Methods

The USGS High Plains Water-Level Monitoring Study
(U.S. Geological Survey, 2010b) has analyzed historical
groundwater levels and estimated changes to groundwater
storage. Results from that study indicate that groundwater
levels have been declining throughout the past 50 years as
a response to groundwater withdrawals (table 11). When
compared as State-level averages, the largest groundwater-
level declines during the period of groundwater development
through 2007 occurred in Texas (37 ft) and Kansas (23 ft).
Almost no groundwater-level change occurred in Nebraska,
South Dakota, and Wyoming (table 11).

The volume of groundwater in storage was estimated
for 2000 by McGuire and others (2003) by multiplying the
volume of saturated material by the area-weighted average
specific yield of the aquifer. The change in storage for pre-
groundwater development and 2007 was calculated by multi-
plying the change in the volume of saturated material between
2000 and 2007 by the average specific yield (McGuire, 2009).
Storage volumes for pregroundwater development and 2007
then were determined by subtracting or adding, as appropriate,
the change in storage as compared to 2000 with the volume of
groundwater in storage for 2000.

Groundwater in Storage Results

Total groundwater in storage in the High Plains aquifer
was estimated as 3,173 million acre-ft prior to groundwater
development and 2,907 million acre-ft in 2007. The largest
State-total decreases in groundwater storage were in Texas and
Kansas (table 11). Groundwater in storage has declined since
prior to groundwater development (before about 1950) by as
little as 1 percent in Nebraska and South Dakota to as much
as 29 percent in Texas. Reductions to groundwater in storage
were greater in the CHP (117 million acre-ft) and SHP (100
million acre-ft) than in the NHP (50 million acre-ft), which
means that the net groundwater discharge (outputs minus
inputs) was greater in the CHP and SHP than in the NHP. The
average annual decrease of groundwater storage between 2000
and 2007 in the High Plains aquifer was 10 million acre-ft/yr.

Uncertainty and Limitations

A water budget can be a useful management tool if water-
budget components are accurately quantified and the balance
between water inputs and water outputs can be determined
without bias. In previous sections of the report, multiple
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Table 11.
1950) and 2007 (McGuire and others, 2003; McGuire, 2009).

Estimated volume of groundwater in storage in the High Plains aquifer, prior to groundwater development (before about

[NHP, northern High Plains; CHP, central High Plains; SHP, southern High Plains]

Change in storage,

Change in storage,

Average water-level

Predevelopment 2007 volume
volume of storage, predevelopment predevelopment  change, predevelopment of storage,
million acre-feet Fhrough 2007, through 2007, through 2007, million acre-feet
million acre-feet percent feet'
NHP 2,337 -50 2.1 2.9 2,287
CHP 596 -117 -20 -26 479
SHP 240 -100 -42 -35 140
Colorado 95 -17 -18 -13 78
Kansas 321 -63 -20 -23 258
Nebraska 1,998 221 -1.1 -1.0 1,977
New Mexico 46 -10 -22 -16 36
Oklahoma 117 -12 -10 -12 105
South Dakota 59 -0.60 -1.0 0 58
Texas 476 -140 -29 -37 336
Wyoming 61 -2.3 -3.8 -0.4 59
High Plains 3,173 -267 -8.4 -14 2,907

"Negative change of water level indicates a decreasing water-table altitude.

sources of information were compiled to estimate the aver-
age annual volumes of water associated with selected water-
budget components of the High Plains landscape and aquifer
system for 1940 through 1949 (representing conditions prior
to groundwater development) and 2000 through 2009 time
periods. The primary budget components of the aquifer for the
1940 through 1949 were recharge from precipitation, AET
from shallow groundwater, and net discharge to streams
(fig. 254). For 2000 through 2009, primary budget compo-
nents are expanded (fig. 258) to include groundwater pump-
age for irrigation and recharge associated with agricultural
practices. Other components of the budget such as exchange of
water with underlying geologic units, discharge to springs, and
groundwater pumpage for other purposes (such as for public
water supply) are small compared to the primary components.
As demonstrated in figure 25, water-budget-component
values for the High Plains aquifer obtained from multiple
methods as part of this study differed substantially, indicating
uncertainty in the results. Even precipitation, a component that
typically is considered to be well-known at weather stations,
varied among the different methods by more than 10 percent
in parts of the High Plains when values were interpolated
between weather stations (table 3). These differences are
important because relatively small changes in values used as
input to hydrologic models can cause substantial changes to

simulated amounts of recharge and irrigation pumpage
(figs. 16 and 17), and present challenges for balancing water-
budget inflows and outflows.

In addition to the limitations associated with the soil-
water-balance models (see the “Soil-Water-Balance Models”
section of this report), none of the methods used to estimate
water-budget components for this study were designed to
produce an integrated water budget for the landscape and
subsurface. The methods also did not include calibration to
independent hydrologic measurements, such as groundwater
levels and streamflow, to verify that the water-budget values
would reproduce hydrologic conditions. Without additional
refinement of water-budget component estimates through an
integrated hydrologic model calibrated to independent hydro-
logic measurements, these results cannot be used to define the
sustainability of the High Plains aquifer. Results are intended
to provide a comparison of water-budget component-estima-
tion methods and an assessment of the range of values for the
components that could be obtained from different methods.
This information can be used to guide the selection and evalu-
ation of model inputs or both for regional hydrologic models
of the High Plains landscape and subsurface. Results can also
help evaluate input values of previous models and why their
results may differ from other models.
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Figure 25. Ranges for selected water-budget components in the High Plains, (A) 1940
through 1949 and (B) 2000 through 2009. (Values enclosed by parentheses are given in
million acre-feet per year.)
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Summary

The High Plains aquifer, underlying almost 112 million
acres in the central United States, is one of the largest aqui-
fers in the Nation. It is the primary water supply for drinking

water, irrigation, animal production, and industry in the region.

Expansion of irrigated agriculture throughout the past 60 years
has helped make the High Plains one of the most productive
agricultural regions in the Nation. Extensive withdrawals of
groundwater for irrigation have caused water-level declines

in many parts of the aquifer and increased concerns about the
long-term sustainability of the aquifer.

A water budget is an accounting of hydrologic compo-
nents of the water cycle, transfers between the components,
and their relative contributions within a water system. Water
budgets help define how much water is available, how much
water is used, where the water comes from, and at what rate
water is replenished. In its simplest form, a water budget
defines the amount of water entering and leaving a water
system. Quantification of water-budget components is essen-
tial for effective water-resource management. Water-budget
components analyzed as part of this study were precipitation,
evapotranspiration (ET), recharge, surface runoff, groundwa-
ter discharge to streams, groundwater discharge to springs,
groundwater fluxes to and from adjacent units, irrigation, and
groundwater in storage. These components were described for
1940 through 1949 (representing conditions prior to ground-
water-development) and 2000 through 2009.

Because no single method can perfectly quantify the
magnitude of any part of a water budget at a regional scale,
results from several methods and previously published work
were compiled and compared for this study when feasible.
Two spatially distributed soil-water-balance models were
developed: the SOil-WATer-Balance (SOWAT) and Soil-
Water-Balance (SWB) models. Although both models use a
water-budget equation to estimate unknown components of
the water budget, the models are formulated differently with
respect to model inputs such as time-step length, ET, runoff,
soil-moisture dynamics, and precipitation.

Precipitation was derived from three sources: the Param-
eter-Elevation Regressions on Independent Slopes Model
(PRISM); data developed by the National Weather Service
Office of Hydrologic Development (for the Sacramento-Soil
Moisture Accounting model) using Next Generation Weather
Radar data and measured precipitation from weather stations;
and precipitation data from weather stations that were spa-
tially interpolated using an inverse-distance-weighted (IDW)
method. For 1940 through 1949, the 10-year average annual
precipitation from the two estimation methods with data for
that time period (PRISM and IDW interpolation) ranged from
20.6 to 21.0 in. for the northern High Plains (NHP), 22.2 to
22.7 in. for the central High Plains (CHP), and 17.9 to 19.6 in.
for the southern High Plains (SHP). Average annual precipita-
tion for the High Plains during the 1940s ranged from 20.6 to
21.2 in., and total precipitation as an average annual volume
for the High Plains ranged from 192 to 199 million acre-ft.

For 2000 through 2009, average annual precipitation from the
three estimation methods ranged from 19.9 to 21.3 in. for the
High Plains; 20.3 to 21.7 in. for the NHP, 19.9 to 22.0 in. for
the CHP, and 17.7 to 19.1 in. for the SHP. The average annual
volume of precipitation for the High Plains during the 2000s
ranged from 185 to 199 million acre-ft. Average precipitation
calculated for each State differed by as much as 12 percent.
Although the three methods commonly are used and generally
accepted as appropriate methods for estimating precipitation,
there are inherent limitations associated with all models. The
differences between methods have implications for hydrologic
models, such as SOWAT and SWB, which are sensitive to
changes in precipitation.

Evapotranspiration estimates were obtained from four
methods: the National Weather Service Sacramento-Soil
Moisture Accounting model, the Simplified-Surface-Energy-
Balance model using remotely sensed data, the SWB model,
and an energy-balance method applied to two riparian study
sites. For 1940 through 1949, average annual actual ET (AET)
estimated from the SWB model was 15.8 in. for the High
Plains and 15.2, 17.2, and 15.1 in. for the NHP, CHP, and SHP,
respectively. AET as an average annual volume was 148 mil-
lion acre-ft for the High Plains. For 2000 through 2009, aver-
age annual AET estimated from all three estimation methods
ranged from 16.4 to 20.7 in. for the High Plains (16.5 to
20.9 in. for the NHP, 16.6 to 21.4 in. for the CHP, and 16.1
to 18.7 in. for the SHP). The average annual volume of AET
during the 2000s ranged from 154 to 193 million acre-ft for
the High Plains. Differences between the estimation methods
were substantial and were greater than the temporal differ-
ence between the two study periods, highlighting the poten-
tial uncertainty associated with estimating AET across large
regions. As with precipitation estimates, this uncertainty can
affect the outcome of hydrologic models that use ET as an
input.

The amount of shallow groundwater lost to ET was
estimated using AET rates from the NWS, SOWAT, and SWB
models for areas where the water table was within 5 ft of land
surface. The estimated average annual maximum volume of
ET from shallow groundwater was 9.0 million acre-ft for 1940
through 1949 and ranged from 9.6 to 12.6 million acre-ft for
2000 through 2009. These estimates are considered maximum
possible values because the calculated results rely on the
assumption that all of the ET demand is satisfied by ground-
water; however, ET demand also will be satisfied by precipita-
tion, particularly in more humid areas.

Potential recharge was estimated using the SOWAT and
SWB models as well as previously published studies of vari-
ous locations across the High Plains. For 1940 through 1949,
average annual recharge estimated from SWB and previously
published studies ranged from 0.9 to 1.4 in. for the High Plains
(1.4 to 1.6 in. for the NHP, 0.6 to 1.6 in. for the CHP, and 0.1
to 1.1 in. for the SHP). Recharge volume ranged from 8.3 to
13.2 million acre-ft/yr for the High Plains. For 2000 through
2009, average annual recharge estimated from the three meth-
ods ranged from 1.7 to 3.8 in. for the High Plains (1.9 to



5.1 in. for the NHP, 1.3 to 1.7 in. for the CHP, and 1.1 to

2.8 in. for the SHP). Average annual recharge volume during
the 2000s ranged from 15.9 to 35.0 million acre-ft for the High
Plains. The average potential recharge rates estimated for 2000
through 2009 were greater than for 1940 through 1949 despite
smaller precipitation and greater AET rates across the High
Plains. This result agrees with previous studies that indicate
recharge rates increase after rangeland is converted to nonir-
rigated and irrigated cropland. Most increases in potential
recharge were within Nebraska and Texas, the two States with
the largest number of irrigated acres. Recharge results from
the SOWAT model were much greater than those from either
the SWB model or results averaged from previously published
studies.

Surface runoff and aquifer discharge to streams were
determined using discharge records from streamflow-gaging
stations near the edges of the High Plains, together with the
Base-Flow-Index program. For 1940 through 1949, net base
flow leaving the High Plains was 3.1 million acre-ft/yr, and
the net surface runoff leaving the High Plains was 1.9 million
acre-ft/yr. For 2000 through 2009, net base flow leaving the
High Plains was 3.9 million acre-ft/yr, and the net runoff leav-
ing the High Plains was 1.3 million acre-ft/yr. Most stream-
flow leaving the High Plains was from the NHP. The amount
leaving from springs along the eastern edge of the High Plains
was small compared to other water-budget components.

Though little water exchange is expected to occur
between the aquifer and older deposits, some upward or
downward flux has been observed by previous studies. The
net volume of water lost from the SHP aquifer to the underly-
ing deposits was simulated by a groundwater-flow model to
be less than 1 percent of the volume of recharge entering the
High Plains aquifer in the modeled area.

Most groundwater withdrawn from the High Plains aqui-
fer is used for irrigating crops. For 2000 through 2009,
the average annual volume of applied irrigation estimated
using the two soil-water-balance models ranged from 8.7 to
16.2 million acre-ft for the High Plains. Average annual irriga-
tion application rates for the High Plains estimated by these
two models for the 2000s ranged from 8.4 to 15.8 in. The U.S.
Geological Survey Water-Use Program published estimated
annual pumpage for 2000 and 2005. Annual pumpage volumes
from the Water-Use Program generally were larger than the
volumes of irrigation applied that were estimated from the two
soil-water-balance models.

Estimated total groundwater storage in the High Plains
aquifer as determined by the USGS High Plains Water-Level
Monitoring Study was 3,173 million acre-ft before 1950 and
2,907 million acre-ft in 2007. The average annual reduction of
groundwater storage between 2000 and 2007 was 10 million
acre-ft/yr.

As demonstrated by these results, the estimates of indi-
vidual water-budget components obtained from multiple meth-
ods can differ substantially. The methods, as applied herein,
did not include calibration to independent hydrologic measure-
ments, such as groundwater levels and streamflow records, to
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verify that the water-budget estimates would reproduce hydro-
logic conditions. The results have allowed a comparison of
water-budget component estimation methods, and of the range
of values that could be obtained by applying these different
methods. This information can be used to guide the selection
and evaluation of inputs for regional hydrologic models of the
High Plains landscape and aquifer system.
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Enhancements to the SWB Model —A
Modified Thornthwaite-Mather Soil-
Water-Balance Code for Estimating
Groundwater Recharge

The Soil-Water-Balance (SWB) model was developed to
calculate spatial and temporal variations in potential ground-
water recharge (Westenbroek and others, 2010). The SWB
model estimates potential recharge on the basis of a modi-
fied Thornthwaite-Mather (Thornthwaite and Mather, 1957)
soil-water balance calculated for each grid cell in the model
domain. Although the SWB model was designed to apply to a
wide range of geographic and climatic conditions, it was not
designed to calculate effects of crop-water use on evapotrans-
piration (E£7) or estimate potential recharge in areas where
irrigation is a substantial component of the water budget.

Adapting the SWB model to the needs of the High Plains
study involved adding a simple algorithm to estimate amounts
of crop-water demand and irrigation required to sustain crop
growth. The new module performs two primary tasks. First,
the new module increases or reduces the potential E7 value
calculated for each cell through application of a crop coef-
ficient; the original version of SWB calculates potential ET
as a function of latitude and air temperature. Through the use
of crop coefficients, the potential £7 is reduced during early
stages of plant growth, and increased during peak growth
stages. This modification to SWB provides a more accurate
estimate of crop water needs throughout the growing season.
Second, the new module adds water to irrigated areas when-
ever the soil-moisture deficit exceeds a maximum user-defin-
able amount, where deficit thresholds are specified for unique
combinations of land use and soil type.

The use of a crop coefficient is widely used to estimate
crop-water requirements and is described in detail by Allen
and others (1998). In that approach, crop ET is calculated by
multiplying reference-crop ET by a crop coefficient:

ET =K xET, (A.1)
where
ET, is the crop ET (in/day),
K, is the crop coefficient (dimensionless), and
ET, is the reference crop E7 (in/day).

Reference crop ET was calculated by means of the
method developed by Hargreaves and Samani (1985); the
reference crop in this method is tall fescue grass (Schedonorus
phoenix (Scop.) Holub).

For the present study, the methodology of Ojeda-Busta-
mante and others (2004) was used to simplify the specification
of crop coefficients; rather than supplying data pairs (crop
coefficient, growth stage) for initial, developmental, middle,
and late growth periods, the user supplies an initial crop

coefficient, a maximum crop coefficient, and the numbers of

growing degree-days (GDD) associated with the maximum

crop coefficient and the end of crop growth. The crop coeffi-

cient is calculated as:

X- meax
a]

KC = Kmaxerfc

2' (A.2)

K is the calculated crop coefficient
(dimensionless) for a specific number of
GDD,
K is the maximum value attained by K during
the growing season,
is the complementary error function, derived
by integrating a normalized Gaussian
distribution function,
is a unitless ratio quantifying the progression
0 through the growing season (where GDD
is the current point in the growing season,
given in growing degree-days, and a,, is the
number of GDD at crop maturity),
X e is the value of x as defined above that
corresponds to the point in the growing
season when the crop coefficient is at a
maximum, and a, is a unitless parameter
controlling the shape of the K curve
relative to the growing degree-day of the
simulation. The initial crop coefficient
value is substituted when the calculated K|
is less than the initial K.

Figure A1 illustrates how the value of the shape param-
eter (a,) affects the resulting K -GDD curve. Larger o, values
increase the crop coefficient, apart from K, and produce
a longer growing season, resulting in greater crop-water

use. The parameter o, may take on values in the range 0 < a,
< 1; values closer to 1 result in a K -GDD curve with greater

1.2

c

EXPLANATION

Crop coefficient, K
o
[=2]
T

I
S
T

K, (o,=0.4) .
K, (o, = 0.65)

K_ (o, =0.8)

02f -

0 1 1 1 1 1 1 1
0 500 1,000 1,500 2,000 2,500 3,000 3,500

Growing season progress, in growing degree-days

4,000

Figure A1. Example of mean crop coefficient generated for
irrigated crops with three values of the crop coefficient shape
parameter (a,).



spread relative to a curve produced with o, closer to 0. The
crop coefficients applied in simulations are shown in table A1.
The coefficients for irrigated crops (land-use code 125) were
adapted from those developed for the High Plains by Stegman
(1988). All irrigated crops were assigned the same crop coef-
ficients to simplify calculations and because many irrigated
crops in the High Plains have similar crop-coefficient patterns
(Allen and others, 1998).

In addition to the model parameters described above,
a maximum allowable soil-moisture depletion is specified
for each land-use code. SWB tracks the mean percent soil-
moisture depletion, averaged over the model domain, for each
unique combination of land use and soil type. If the mean
soil-moisture depletion for a combination is greater than the
maximum allowable depletion, water is added to all grid cells
with that land-use-soil-type combination. The amount of water
added is assumed to be equal to the mean soil-moisture deficit;
however, the distribution of soil-moisture conditions about the
mean condition inevitably means that some cells will receive
water in excess of field capacity, whereas others do not receive
enough water to completely erase the soil-moisture deficit.
Note that specifying a maximum allowable depletion of
100 percent effectively prevents any irrigation water from
being applied to the given land use. In addition, it was
assumed that irrigation would take place (if needed) between

Appendix 1 n

May 15 and August 24 on the irrigated cells. Actual dates or
irrigation in the field depend on a variety of factors, including
the irrigation strategy selected by an individual farmer, water-
holding capacity of the soil, maturity group of the crop, and
climate history.

No water transmission losses are included by SWB
when calculating irrigation-water requirements; the estimated
irrigation amounts likely are biased low as a result. Also,
water-balance calculations within the modified SWB model
treat applied irrigation water as though it was pumped from
somewhere outside the model domain; and the model code
currently does not track whether this applied irrigation water
originates as surface water or as groundwater. This simple
approach to estimating irrigation-water requirements repre-
sents a compromise between ease of calculation, accuracy, and
available data.

The SWB model could calculate more accurately the
effects of irrigation on potential recharge if complete field-
by-field daily irrigation records existed, but at a much higher
computational cost because it would require tracking applica-
tions at the field resolution. For the purposes of this study, the
modifications as described here allowed potential recharge
calculations to be kept relatively simple while recognizing and
including the contributions of irrigation in the water budget.



Selected Approaches to Estimate Water-Budget Components of the High Plains, 1940 through 1949 and 2000 through 2009

72

"GZ1 9sn puey ST UoNeSLLI 9AII0] 0} POMO[[E SN PuB| A[UO oY

(8661) SIOYIO PUB US[[Y UO PISBQ SIUSIOYJI09 IAYJ0 I0J 92IN0S ATRWLL],

*(8861) uew3a)g woyy paydepe siojouwrered uio)),

“($007) S10YI0 pue durwESng-epal() Ul PIIUIWNOOP POYIOW UOHBWINSI 3] UOHOUNY JOLIF,

(yyead pasunouoid s1ow=Id[[ews ‘peaids 17ea18=10y31y) ‘qD USAIS © 10J "3 YY) BWNSS 0) PISh UOHOUNJ JOLIS Ay Jo peaxds 1o adeys ayy sjonuod :'n,

pue[qnIyS VN VN 001 ovl1 0S 000°€ 008°T sy T I 0S¢
uatieq VN VN 001 4! 0S 000°¢ 008°1 sy 4 I ove
uoI1je}ogoA
snoaoeqIoy onenbe Suneol VN VN 001 ovl1 0S 000°€ 008°1 sy ¢ zl Al
MOPESW JOM/JUSTIW VN VN 001 ol 0S 000°€ 008‘T g9 1 l 11e
1rem uadQ VN VN 001 ovl1 0S 000°€ 008°T sy I I 00¢
15910] SNONPIOAP paALd[-peoly VN VN 001 ovl 0S 00S°€ 001°C I sL I SL1
1S9I0F SNOIFIUOD IIY}O/PAXIIA VN VN 00T ovl1 0S 00S°€ 001°C I SL I €LT
15010} SNOIRJIUOT) VN VN 001 ovl1 0S 00S°€ 001°C I SL I 191
(uonipuod
poog ‘armsed swnsse) pue[ssein VN VN 001 ovl1 0S 00S°€ 001°C sy 6 S6° 0ST
cve SdOXO oS [IY  Sny-pT  ARIN-G] ov o1 0S €6T°C 8'SLET $9° € Tl STl
(uonIpuod Poo3 ‘paInojuod ‘ureId
ws) sdo1d MOI I9Y}0 PAJESLLIUON VN VN 001 ol 0S 000°€ 008°T 9 £ ' 811
(uonIpuod
POOS ‘paInoju0d) UI0d PajeSLUIuON VN VN 001 ovl1 0S €67°C 8°CLE'] sy ¢ I'l €11
(uonIpuod poos ‘moIx
ySrens) sdoro mor pajeSLuuoN VN VN 001 ovl1 0S 008°C 089°1 sy I I'1 (48!
(uonipuod
PO03 “paInoIu0od ‘popass-asod)
sdo1o pjay/snosseqioy pajesLIIuoN VN VN 001 ov1 0S 008°C 089°1 sy 4 I'1 111
(Jenuopisar a1oe §/1) Aysuaul MO YN VN 001 or1 0S 000°¢ 008 $9°0 $0 SLO Y01
(aasad)
uonefiyl  uonebiuu uonadap aimesadwa) aimesadway  Ayunjew Y JU3I21JJ309  JUIIIIY309
uonduasap asnpueq )se| 11y aimjsiow-|iI0s  wnwixew aseq je wnwixew ' doia doto om”_.u_“,“m._
jo ajeq jo ajeq a|qemojje aa aa aa aa abejs-isiy  wnwixep
juawabeuepy

[o1qeordde jou “yN 91equaiye, s22139p ur sarnjerdduwd) (Aep-22139p Suimoisd ‘q@on]

‘|apow gANS 104 Pasn 8|qe1 1ualdNa0d doig

AAILL



Appendix 2




Selected Approaches to Estimate Water-Budget Components of the High Plains, 1940 through 1949 and 2000 through 2009

14

oFreyoar
0561-21d oFeroae snjd

puedoo pajeSLuIuOU UO [opowr
931eyoar reyuawarddns a8e1oAy 860561 9L°1 d puejdo1d pjeSLLIuON BYSBIQAN] [BIUD-INOS dHN [euoI3ay (L007) U0SINRd  MOJJ-IJEMPUNOID) 19)eMPUNOID)
(98 0=ueow) [opowt
- 0S61-21d 0S°2-0€°0 d padojoaspun BYSBIQON [BNUD-YIN0S JHN [euorSoy (L007) UOSINRJ  MOP-IJeMPUnoOIn) 10)eMPUNOID)
a3reyoar )g6[-o1d oSerone
snyd puejdoro peje3iur uo [opowr
o81eyoal [eyuowolddns oSeioay 86—0S61 79 d puejdoro payeSLuy BYSBIGON UIDISIMIINOS dHN [euo13oy (8007) Aoure)  MO[J-I9jeMPUNOID) I91eMPUNOID)
a31eyoar
0S61-01d oSe1oae snid
puejdoio pajediuruou uo 1opowr
oFreyoar reyuoworddns oSe1oAy 86—0S61 91 d puerdod pojeSLLIuoN BYSLIQON] UI)SOMIINOS JdHN [euo13oy (8007) Aoure)  MOp-19)eMPUNOID) 19)EMPUNOID)
(7 1=ueaur) Jopouwr
- 0S61-21d ST-S1°0 d padojosspun BYSBIGON] UIDISIMIINOS dHN [euo1Soy (8007) Aoure)  MO-I9jeMPUNOID) 101eMPUNOID)
a31eyda1 ()G [-21d oFeIoAe
snd puejdoo payesSiun uo (9002) [opow
a8reyoal [eyuswalddns oFeroay 86-0S61 Sy d puerdoid pajediuy BYSBIQON UIOISOA dHN [euo13oy BIUUR)) PUB AXONT  MOJ-I9JEMPUNOID) 19)EMPUNOID)
oSreyoar
0S61-21d a3e1oAe snid
puedoo pajeSiuIuou uo (9002) [opour
o8reyoai [eyuswalddns oFeroay 86-0S61 LET d pue[do1d pojeSLLIuON BYSBIQON] UIISOA dHN [euo13oy BIUURD) PUB A9YONT  MOJ-I9)BMPUNOID) 19)EMPUNOID)
(SL 0=ueour) (9002) [epow
- 0S61-21d €T-S1°0 d padofoaapun BYSLIQON] UIISOA dHN [euo13oy 'IUUR) puB A9YONT  MOJ-I9)BMPUNOID) 19)EMPUNOID)
SIOLISIP UONESLLI 97
WoLj MOJJ UINJSI UONeSLLIL (61 g=ueour) (9002) [opowt
101eM-008JINS OSRIOAR ST UBDJA 86—0061 60°L-89°0 I puerdo1d poyeSiuy BYSBIQON] UIQISOM JHN [euor3oy BIUURD) PUB AOYON]  MOJ-IJeMPunoIn) 10)eMPUNOID)
SIOLUSIP UONEBSLLI 9T WOl (17 L=ueowr) (9002) [opout
o8edaos [eueo oFeroAr ST UBDA 86—0061 €6'17-6€1 o) puerdord poyeSiuy BYSBIQON] UIOISOM JHN [euorSoy BIUURD) PUB AOYONT  MOJ-IJeMPunoIn) 10)eMPUNOID)
(s861)
(z 0=ueaur) SISO puR UM Jopowt
- 0S61-21d 6L°0-00°0 n payroadsun Sesuey| WIDISIMULION dHN [euo13oy {(#007) snosfooydog  MO[-Io1RMPUNOID) I91eMPUNOID)
oFedwind [e10) puerdod pajeSit (9861)
Jojud01ad 94 01 (¢ woly -1uou ‘puejdord S19Uj0 pue AaxonT [opowt
pasSuel MO} UINJI UONRTLLI] 08—0961 (z=pm1) 0’400 OTd pajedLu ‘puefasuey sure]d ySiH dHN [euo13oy {($007) snospoydoS  MOp-19JeMPUNOID) 19)eMPUNOID)
(9861)
SIOYI0 pue AyyonT [opowr
- 0961-21d 9L0°0 d padojoaspun sure[d ySiH dHN [euo13oy {($007) snosfooydog  MO[-Io1RMPUNOID) 101eMPUNOID)
BYSBIQAN UIDISIMIINOS
‘Sesuey| UIISIMILION (2007) uopue| [opowt
- 00021761 18'T O'STd asodwo) OpeIO[0)) UINSLIYLION JHN [euo13oy S(€007) JOISNIOIN  MOP-IdIEMPUNOID) I0)eMPUNOID)
BYSBIGON UIAISIMUINOS
‘SESUBY] UINSIMIIION (Z007) uopue [opowt
- 1€61-21d €0'1 d padojosspun 0peI0[0)) UINSLIYLION dHN [euo1Soy {(€007) JOISNSON  MO[J-IdJeMPUNoIn) 10)eMPUNOID)
$3)o —_c_._@n teak sad syl $931nos 13A0D pue uonedo uoiba ajed (s)aouaiajd oy}a adAy poyya
N owny  ‘oyesfieyosy  Jarep pueq neao] ibay  ajeag Joy poyay poyla\

[surerq y3ry uoyInos Jy§ ‘sure[d YSIH [enued ‘qJHD ‘payroadsun ‘N oFedoss 110410591 pue [eued ) 93edods mogweans ‘S {MOfJ UINjal uoneSLul ] (sojou ou ‘-- cuoneydioard ¢ sure[d ySry uioypIou ‘qHN]

'salpn1s paysiignd Ajsnoinaid wody pajidwod suie|d Yybiy ay3 ul selel abieyosasy gy a|qeL



15

Appendix 2

(9002) (ouoz pojer
-- 20-0002 [1%% I'd pue] pojeSiLu] BYSLIQON] UI)SOMUINOS JHN [e00] SIOYIO PUB UOYRIADIA wnnLy, -njesun) 1ooel],
(9002) (ouoz pojer
-- 70-0002 8T d pueoSuey BYSLIQON] UI9)SOMUINOS JHN [e00] SIOYIO PUB UOYRIADIA wnniy, -njesun) 10oeI],
SuIseq (6002)
-qns S[[IH pues ¢ Jo UedA  S00Z-0¥61 Y9 d aunp pues BYSLIGON] [E1JU0O-ULION JHN [euorSoy pIeur] pue yonensg  [Opow POySIeA\ 10)eM 00BJING
puerdoid pajedur
('L =ueowr) -1t ‘pajesLLIuou (6002)
SuIseqqns 9 Jo uBdN  SO0Z-0¥61 6T71-S'1 n ‘puejoSuel ‘S[[Iy pues BYSLIQON] [e1JU0D-LION JHN Jeuo13oy PIeul] pue yonens  [pOul PySIaNeA\ I9)eM 90BJING
uononpoid Aey pue
pueoSuer Apysowr (0102) [opowr
- 8007-6L61 Stl d ‘10Jibe dareyLIy BJONR(] INOS JHN [euo13oy weung pue U0 T  MOJ-IJEMPUNOID) 19)eMPUNOIN)
uononpoid Aey pue
pueja3uer Appsowr 0102) 1epouwr
-- 8007—6L61 16C d ‘ryinbe epe[esQ ©JOYE( INOS JHN Jeuo1Soy wewng pue SU0T  MO[J-I9JEMPUNOID) I9)EMPUNOID)
puerdoo
paresLu ‘pojesit S[[IH pues Sutpnfout (0100) [opowt
- S00Z-0v61 1€ Od -1uou ‘pueaduey ‘BYSBIQAN [BNUID-YLION JHN [euoIday SIOUJO PUB UOJUR]S  MO[-IdJeMPUNOIL) 191EMPUNOIN)
a3reyoal Oy -o1d
a3e1aae snid puejdord pored S[[TH pues Surpnjour 0102) 1epouwr
-1 uo oreyoar [ppuowdrddng  00Z-0¥61 6'€ d puejdoro pajeSiuy ‘B[SLIGON] [EJU0O-LION JHN Jeuo1Soy SIOUIO PUE UOJUB)S  MO[J-IOJEMPUNOID) I10)EMPUNOID)
a31eyd21 (6 [-21d oFeIoAe
snjd puejdoo pojeSLuruou S[[IH pues Suipnjour 0102) [opowt
uo ofreyoar [epuawdrddng  00Z-0¥61 $'€ d puejdord pajeSLITuoN BYSBIQON] [BIUO-TIION JHN Jeuo1Soy SIOUIO PUE UOJUL)S  MO[J-IdJEMPUNOID) I0)eMPUNOID)
S[[IH pues Sutpnfour (0102) [opow
- S00Z-0v61  (6'7=uedw) 40’1 d pueaguey @YSLIGON] [BUSD-LION JHN [euo13oy SIOUIO PUB UOJUL)S  MO[J-IOJeMPUNOID) I9)eMPUNOID)
S[[1H pues Sutpnpour (0102) [opowt
-- 0v61-91d (g g=ueaw) 0's—5°0 d padojaaapun BYSLIGON] [BIUSO-LION JHN [euo13oy SIOUIO PUB UOJUL)S  MO[J-IOJEMPUNOID) I9)EMPUNOID)
puedoio
pajesLu pue pojesi S[[IH pues Sutpnpout (8002) [opouwt
-- S00Z-0¥61 LT O'd -Iuou ‘puejosuey] ‘BSLIGON] [E1JUSD-ULION JHN [euorSoy SIOUJO PUB UOSINRJ  MO[-IOJEMPUNOID) I10)EMPUNOID)
d3reyodal Oy -o1d
o3eroae snid puejdoo pores S[[TH pues Surpnjour (8002) [opout
-1111 uo oreyoar [ppuowarddng  00Z-0¥61 LS d puejdord pajediuy @YSLIQON] [BIUSO-LION JHN Jeuo13oy SIOYIO PUB UOSINPJ  MO[-IdJeMPUNOIn) I19)EMPUNOID)
agreyoar (e -o1d aSeroae
snjd puejdoo pejesLuIuou S[[TH pues Surpnjour (8002) [opowr
uo ofreyoar feyuswolddng  §00Z-0¥61 LT d puedoo pojeSLuIuoN ‘BYSLIQON] [ENUAD-YLION JHN [euorSoy SIOUIO PUB UOSIARJ  MO-ISJeMPunoin) 19)EMPUNOID)
S[[IH pueg Surpnjour (8002) [opout
- 0v61-21d (7 z=ueaw) 1°¢—0 d padojeaapun “BYSBIQAN [BNUID-YLION JHN [euoIday SIOUIO PUB UOSIARJ  MO[-I)BMPUNOID) 19]eMPUNOIN)
a3reyoar 0g6[-o1d oSeIone
snyd puejdoro pejediur uo 1epouwr
oSreyoar eyusworddns oferoay 860561 909 d puejdoro pajeSiuy BSLIGON] [eU0D-IN0S JHN Jeuo1Soy (L00T) UOSINR  MO[-IOJEMPUNOID) I10)EMPUNOID)
$3)0 _5_._2_ seak sad Soyaul - $82Inos 131009 pue uoneoo uoifia ajed (s)aouaiajd oyja adAy poya
N owny  ‘oeisfieyosy  Jarem pueq neoo] 1oy ,ajeas Joy pPoyaN pPoyay

[sureld ySi1y wioyinos qHS ‘sureld YSiy [enuad JHD ‘payroadsun ‘N 0Fedoos 110AI10sa1 pue [eued ) ‘a8edoos mopguweans ‘g (MO urnjor uonesLul ° ‘sajou ou ¢

‘uoneydroard | ‘sureld ySiy uroynou ‘gHN]

panunuog—saipnis paysijgnd Ajsnoiaaid wouiy pajidwod suie|d ybiy ayy ur salel abieyoay gy ajqelr



Selected Approaches to Estimate Water-Budget Components of the High Plains, 1940 through 1949 and 2000 through 2009

16

(s861) s1
-jo pue ejozeurdg

[opoux

- 0761-21d L1 n payroadsun spag snnbg dHD  QyerpauLiu] {(+007) snogooydog  MO[J-12)eMPUNOID) 19)eMPUNOID)
(z861) s1oyio
pue snoaooydog [opowt
- payroadsun Tl d qunp pues-uoN spag snnbg dHD  deIpawdu] {(#007) snosfooydog  MO[-Io1RMPUNOID) 191eMPUNOIL)
(z861) s1omo
pue snoad[ooydos [opowt
- payroadsun) S'9 d saunp pueg spag snnbg dHD  deIpawdu] {(#007) snos[ooydog  MOp-Ia1BMPUNOID) 191eMPUNOIn)
(€861)
SI9Y10 pue qqo) [opowt
- payroadsun SLO d payroadsun sesuey| [BN)UID-YINOG dHD [euo1Soy {($007) snosfooydog  MO[-Id1RMPUNOID) 101eMPUNOID)
sesuey| ($861) uosua)
08-0t61 (yg o=ueour) UI0)SOMYINOS PUE BUWIOY -SLIYD pue SUSARH [opow
- ‘0r61-21d SH'0-€T°0 d payroadsun -BP[O WIISIMYLION dHD [euoI3oy {(#007) snosfooydog  MOp-Ia1RMPUNOID) 191eMPUNOID)
(6861) snem [opout
- 7861 850 n payroadsun Sesuey| WIDISIMYINOS dHD [euo13oy {(#007) snosfooydog  MO[-Id1BMPUNOID) 191eMPUNOID)
(s861)
(070" 0=pru) SI9YI0 pue usd[ms (SRl
- 0S61-21d SH0°0-9€0°0 S padojoaspun sesuey| WIAISIMIINOS dHD [euo1Soy {($007) snoofooydog  MOp-Io}EMPUNOID) 10)eMPUNOID)
(s861)
(y7 0=ueow) SIOUJO pue ud[MS [opowt
- 0S61-21d 0700 d padojaaspun Sesuey| WIDISIMYINOS dHD [euo13oy {(#007) snosfooydog  MOp-Io1RMPUNOID) 191eMPUNOID)
puejdoio pojesiu (6661)
‘puerdoro pareSi SIOATY UeIpRUR)) 19309¢ pue Aaon [opowt
- L6-9%61 %0 I'd -Iuou ‘pueaduey puE SESUBNTY U0M)og dHD [euorSoy {(007) snoorooydog  MOp-IojEMPUNOID) 10)eMPUNOID)
(6661)
(g1 0=treour) SIOATY UeIpEUR) 10399¢ pue Koyon| [opowt
- 9r61-21d 69°0-890°0 d padojoaspupn PUE SESUBNTY U99MIdg dHD [euo13oy {(#007) snosfooydog  MO[-Io1RMPUNOID) 191eMPUNOIL)
(9861)
p1°-0=ueour) SI19Uj0 pue AaxonT [opowt
- 0S61-21d +#8°0-950°0 Sd padofaaspun sure]d ySiH dHD [euo13oy {(#007) snospoydo§  MOp-19JEMPUNOID) 13]eMPUNOID)
(1661) uosuey
pue ‘preog s90IN0S
-0y 101eA\ SBSUBY]
(g 0=urow) ‘suna[ing SO
- payroadsun 88°0—60°0 n payroadsun Ssesuey| WIS dHN  JerpauLup {(00¢) snosfooydog payroadsun payroadsun
[opowt
- 08-1561 (9°¢=p1w) L—6T°0 d puey pojesLy sure|d 1ea1H dHN [eUOIBay  (000T) }9Z pue ueSn(y  90UEB[EG-I0)eM-[I0S 123pnq 1orep
[opowt
- 08-1561 (9°7=p1w) §=67°0 d pue| pojEsLUILON sure|d 1ea1H dHN [euoIy  (000T) }OZ PuE UBSN(  9dUE[EQ-IOEM-[I0S 123pnq 1orepm
(90027) (suoz payer
- 700002 vy I'd pue| pajesLu] 0peIO[0)) UIAISBOYLION dHN [e00] SIOY)O pue UOYBNIN wnnuy, -njesun) 10Je1],
$3)o —_c_._un teak sad syl $931nos 13A0D pue uonedo uoiba ajed (s)aouaiajd oy}a adAy poyya
N owny  ‘oyesfieyosy  Jarep pueq neao] 1oy ,ajeas Joy POyl poylely

[sured ySiH usoynos ‘qHS

‘sured YSIH [eNUD JHD poyroadsun ‘N 93edods 110AIS0I pue [eued ) oFedoos mopueal)s ‘g (MOp UInax uonesLUI ‘T fsajou ou ‘-- cuonendroard ¢ ‘sureld ySiy woypou ‘JHN]

panunuog—-saipms paysignd Ajsnoiaaid wouy pajidwod suield ybiy ayy ui selel abieyosy gy ajqelL



17

Appendix 2

(1861)
puej pajesu SIOYJ0 pue Sejudinn
- SL6T 90 Sd -ITUOU pue pajesLuy Sesuey| UIOISOMIINOS dJHD JeuorSoy {($007) snosrooydog payroadsun payroadsun)
(1861)
S197)0 pue Sejuoinn
-- SL61 SI°0 Sd pue| pajeSLLIUON SESUBY UI0)SOMINOS dHD [euoISoy {($007) snospooydog paygroadsun payoadsun
(1861)
SIOYJ0 pue Sejusino
- SL6T ST Sd puerdoxd poyeStuy Sesuey| UIOISOMIINOS dJHD [euoISoy {($007) snosrooydos payroadsun payroadsun
uonenjongy
(0002 dqe)-107em
(" [=ueaw) ‘7661) snoajooydos pue [opowr
- 76-5S861 5900 payroadsun  1oJInby oureId pudg JedIn dJHD [ed0T {($007) snosfooydog  ooue[eq-IS)EM-[I0S uonEUIqUIO))
- 6L-8L61 61 d puejdoo payeSLuy SEX9], WIOYLION dHD [e00] (1861) ywary| oueld xnp-o107  oUOZ pIjeINIESUN
puejaduer pue
- 6L-8L61 L1°0 d puerdo1do pojeSLLIuoN SEX9], WIOYLION dHD [e00] (1861) ywary| oueld xnpj-o107  oUOZ pIjeINIESUN
(2007) s1oy10
juaasad zo1 (L00 0=prur) pue snoajdoydog SIOSUQS (ouoz pajer
JSBI[ JB 9q 0} PAJBWINSI JOLIT 08-1561 10°0-+00°0 d pue[sse1s aATeN SesueY| UIOISOMIUION dJHD 820 {($007) snosrooydog uonedissip-jeo| -njesun) JodeI]
(2002) s1eyio
Juadrad zo 1 (L0 0=prur) pue snoadooydos SIOSUDS (euoz payex
JSBO[ J© 9q 0} pAJeWINS? JoLg  payroadsupn 71°0-20°0 I'd puejdoo pajeSiuy SESURY UI0JSOMINOS dHD 800 {($007) snospooydog uonedissip-jeaq -MJesun) 10deI],
($861) Aurod
s1oynby spag snnbyg pue snoajooydog
- £€8-7861 (1°¢=pm) ['9-1°0 d aunp pueg pue duIeIJ pudg JedID) dJHD 820 {($007) snosfooydog uonenbo Aoreq  ouoz pajernjesun)
aunp (8961) 11Md
- 994961 S0 d pues ‘eare pajejagop SBSUBY UI2)SOMINOS dHD [eo0T {($007) snospooydog oueld xnp-o107  oUOZ pIjeINIESUN)
(9002) (ouoz pajer
- 70-0002 (g [=ueow) ['7—G'1 I'd puerdoid pajediuy sesuey| dHD [e00] SIOUIO puB UOYBIADIA wnnup, -Njesun) 1odeI],
(9002) oue[eq (uoz pajer
- 70-000T 70 d pueoSuey sesuey| dHD [e00T SIOUIO puB UOYBIAIA SSew 9pLIo[YD) -njesun) 1odeI],
(8L61) siskjeue
udy[[IS pue 1opeq QAIND UoONEIND
- paygroadsun) 60 d paygroadsun) sesuey [BNUD-YINOS dHD [euo13oy {($007) snoapdoydos -mopuweans 19)eM d0BLING
(9661)
91qI31]3au pard (9¢" 7=prur) pue] pjesu SIOYJO pue SIAIN 1epouwr
-PISUOD MO} UINJOT UOT)ESLLI] 68—+961 6ST-CET 1d -IIUOU pue pajesLL] spag snnbg dHD  9jerpauLduy {($007) snospoydog  MOp-19)EMPUNOID) 19)EMPUNOID)
(9661)
SIOUI0 pue SIAAN [opout
- 0r61-21d 85T d padojoaapun spog snnbg dHD  djerpauu] {($007) snosfooydog  MOp-IojeMpPUNOID) I0)eMPUNOID)
(s861) 1o
(8 1=pru) -0 pue ejozeurdg [opout
- 6L—+961 16'1-69'1 n payroadsupn spag snnbg dHD  9jerpauLduy {($007) snospoydog  MOp-19)EMPUNOID) 19)eMPUNOID)
$3]0 —5_._0-_ teal sad sayoul - saa.nos 13A0J pue uonedo uoifa ajed (s)aouaiajd (V) E:] adAy poyja
N owny  ‘oyeisfieyosy  Jarep pueq neoo] 1oy ,ajeas Joy POyl poylely

[surerq y3ry uoyInos ‘JHS ‘sure[d YSIH [enuad ‘qHD ‘payroadsun ‘) oFedoss 110410591 pue [eued ) 0Fedods mogweans ‘S {MOfJ UINjaI uoneSLUl ] (sojou ou ‘-- cuoneydioard ¢ sure[d ySry uioypIou ‘JHN]

panunuog—saipms paysignd Ajsnoiaaid wouiy pajidwoa suield ybiy ayy ui salel abieyosy gy 3jqeL



a31eyoa1 o3e (L661) (ouoz poyex
-IOA® WLIR)-FUO] SPIAIA poylojy  payroadsupn L't d (ekerd) poyroadsun SeX9], dHS [007]  YIWSP[OD) PUE UO[UBIS wnpuy, -MJesun) 10deI],
93reyoar o3e (L661) doue[eq (ouoz pojer
-IOAE WLIR)-FUO[ SPIAIA poyiojy  pagwadsun  (Ze=piw) 6'¢—+4'C d (eAerd) payroadsun SeXa], dHS [6907  HIWISP[OD) PUE UO[UBOS SSew opLIo[YD) -MJesun) 10deI],
(ouoz pajex
(€002) -mesun pue
- 1007-€S61 (9 1=ueow) 0's—.0 I'd puerdoxo poyeSiuy sexa[ JHS JeuorSoy SI0Y)0 pue Apoay wnpuy  pajeInjes) Joel],
931eyoa1 93e pueja3uel pue (€002) Joue[eq (uoz pajer
-IOA® WLIR)-SUO[ SPIOIA POYIRIA  0007—SS61 1€0 d puejdoro pajeSLuTuoN sexa[ JHs JeuorSoy SIOY)0 pue Apoay SSew 9pLIo[YD) -njesun) JodeI]
(£002) [opow
- 0002 1970 I'd opsoduio) sexa[ JHS JeuoiSoy SIOUJO pUE PIOJPUB[  MO[-IJeMPUNOID) JI0)eMPUNOID)
(€002) [opowr
- or61 $0°0 d padojosapun sexa[ dHS JeuorSoy SIOUJO pUE PIOJPUB[  MOJ-I0JeMPUNOID) J10}eMPUNOID)
(1002) [opow
- 8661 S€0 14 opsodwio) sexa[ dHS [euorSoy SIOUJO puE UOPN(  MO[-ISJEMPUNOID) J10)eMPUNOID)
(1002) [opowr
- 0S61 €0 d padojosspun sexa[ dHS [euorSoy SIOUJO puE UOPN(  MOp-ISJEMPUNOID) J10)eMPUNOID)
(0002) [opowt
- $6-S861 SLT 14 aysodwio) sexa[ dHS [euor3oy SIOYJO PUE [[BAO}S  MO[-IO)EMPUNOID) 10)eMPUNOID)
(9861) [opowt
- 08-0t61 €L0 d ayisoduio) sexa[ dHS [euor3oy SIOYJO PUE ASON'T  MOp-IJeMPUNOID) 10)eMPUNOID)
(9861) [opout
- 08061 €1z d puejdoio pajesiuy SBeXJ], dHS [euordoy SIOUJO pue A)ONT  MOp-IdJeMpunoin) 19]eMPUNOIN)
(9861) [spowt
- 0r61-91d [ K1) d padojaaapun SBexa], dHS [euorSoy SIOUJO pue A)ONT  MOJ-I2JeMpPUNoIn) 13)eMPUNOIN)
(¥861) [opout
- 6L-0961 70 14d ansodwo) SBeXJ], dHS [euorday SIOUIO PUB SI[MOUY  MO[-IQ)BMPUNOID) 19)eMPUNOIN)
(¥861) [opout
- 6L—0961 €8°0 d saunp pueg Sexq], dHS [euo13oy SISUIO PUB SI[MOUY  MO[J-19)BMPUNOID) 13]eMPUNOID)
[opowt
- 08-1561 (9"¢=prw) L=6T°0 d puedod payesruy Sure[q 18210 dHD [eUOISY  (000T) PZ Puk UeSn(  20UB[Eq-1ojeM-[I0S 108pnq 1areM
[opowt
- 081561 (97=pru) 6-67°0 d pue[ PaJESLLITUON sure[d 1ea10) dHD [EUOISaY  (000T) HPZ PUE UBSN(]  dOUE[EQ-Io)EM-[I0S 108pnq Io1eM
(1661) uosuery
pue ‘pIeog s90IN0S
-0y Jojep\ Sesuey]
«(0=urow) ‘sunalIng SOV
sogeroae Ajunoo wol]  payroadsun 66'0-60°0 n payroadsun SESUBY UI0JSOMINOS dHD  9jerpauLdu] {($007) snospooydog payroadsun payoadsun
(8L61)
UoY[[m§ pue 1opeq
- paygroadsun 4 d paygroadsun SBSUERY [BIUI-YIN0S dHD [euor3oy {($007) snospooydog paygroadsun payioadsun
S3JON —uo_._m:_ seak sad seyoul - s8anos 19A09D pue] uoinedon uoibay a|ed (s)aoualajay PoylaNl adhy Poylanl
awij] ‘ajes abueyoay 19)ep ) ) _ S }

Selected Approaches to Estimate Water-Budget Components of the High Plains, 1940 through 1949 and 2000 through 2009

18

[surerd ySiH woyinos qHS ‘surejd YSiy [enuad dHD ‘payroadsun ‘N 9Fedads 110A10sa1 pue [eued ) 23edods mopguweans ‘§ ‘Mop uInjdl uonesLul I sejou ou ‘-- cuoneydioard | ‘surejd ySiy uroynou ‘gHN]

panuniuo)—-saipnis paysignd Ajsnoinaid wody pajidwod suield ybiy ays ul sajed abieyosy  ‘Zy ajqel



1

Appendix 2

‘SIS ()] JO UBOW PajySIom-BAIR SJudsaIdoy],

“eaIR APNIS o) 10A0 9TBIOAR O $IUSAIdAT UBDIA

‘uorgar payroads oy uryim sanjea 251etd21 AJunod Jo aFerdAe spuasaidor uedA,

‘so[tw a1enbs ()] uey) SSI[ SeAIE
10} s31el 931eY021 JUSaIdaI SAIPNYS J[BIS-[BOO0] PuE ‘ST d1enbs JO spaIpuny| 10j sajel 93IeYda1 JusaIdal SAIPNYS A[IS-AJRIPIULIAIUL ‘SA[TW 2Ienbs Jo spuesnoy) 10§ sajel 931eydal juasaidar saeos [euoI3ay,

[opow
- 08-1S61  (8°0=PMn) '1-01°0 d pue| pajesLuy sure|q 12210 dHS [euo1day  (0007) WPZ pue uedng  20u[eq-1}eM-[10S 18pnq 1038
[opow
- 08-1s61 (29 0=pw) [-6T°0 d PUB| PAJESLLIUON surefd yeain dHS [eUOISY  (000T) HPZ Uk UeSn(]  90UB[eq-10jeM-[I0S 108pnq 1arepm
- 6L-8L61 91 d puejdoo pajeSruy sexa[ dHS [e00T (1861) ywory] oued Xnp-0107  OUOZ PIjeINIESUN)
puejaguer pue
- 6L-8L61 81°0 d puejdoro pajeSLLIuoN sexa[ dHS [eo0T (1861) Jwory oued Xnp-0107  OUOZ PIjeINIESUN)
a31eyoa1 o3k ($6"0=uerpaur) (L002) Joue[eq
-IOA® WLIR)-FUO] SPIAIA poylojy  payroadsun 9¢-61°0 d puedoo pojeSLuIuoN SeX9], dHS [e00] SIOU)O puk UOJuBdS SSew 9pLIO[YD) 100R1],
doue[eq
o8reyoor oSe 0102) SSew OpLIO[Yd (ouoz poyer
-IOA® WIR)-SUO[ SPIAIA POYIR]  payroadsun 0 d pueaSuey sexa[ JHS 820 SIOUJO pue Uo[UedS  pue d[yoid 10eI], -njesun) JodeI]
s[10s ureid
9sI80)) ‘08IBYd01 d3RIAR (19°0=uerpow) 0102) doue[eq (ouoz poyex
u10)-3uo] SplaIk poyeN  payroadsun €8°0-6£°0 d puejdoio pajeSiuIuoN SBeXJ], dHS 8207 SIOUIO puR UOJUBIS SSew dpLIO[YD) -njesun) 19081],
s[1os ures doue[eq
aur ‘oSreyoar oferoe 0102) SSew OpLIO[Yd (euoz poyer
u119)-3u0[ SPIAIA poyId]  payroadsun 0 d puejdoro pajeSLuTuoN sexa[ JHS [ed0T SIOUJO pue Uo[uedS  pue d[yoid 100eI], -njesun) JodeI]
s[10s ured doue[eq
9S180)) ‘31RY0I OFRIoAR (6 1=ueIpawr) 0102) SSBW 9PLIO[YO (ouoz pajex
uL10)-3u0] SPIAIA PoyIdjN  payroadsun 8E-1L0 1d puerdod pajeSiiy SBeXJ], dHS 18207 SIOUJO pue uojuedS  pue yoid 120eI1] -njesun) 190e1],
s[10s ureid
Jur, ‘oSreyoa1 oSeIroAe (1" 1=uerpaur) 0102) (uoz pajer
uL10)-3uo[ SPIOIk poyloj  paygroadsun v 1-18°0 1d puerdoio poyeSLuy sexa[ dHS 800 SIOUJO puk UOJUELIS orgoid 1o0e1], -njesun) JodeI]
(96" 0=ueaur) (eAedioyur) (9002) (ouoz pajer
- 20-0002 97 1-L9°0 I'd puerdoio peyeSiuy sexa[ dHS 800 SIOYJO puE UOYBADIN wnuy, -njesun) JodeI]
(9002) Joue[eq (uoz pajex
- 20-0002 800°0 d (eAerdiojur) puepoduey sexa[ dHS 800 SIOYJO puE UOYBADIA SSew 9pLIO[Y) -njesun) JodeI]
(L661) s1oto
pue poop (6002) (ouoz pajer
-- €661-7961 ¢ d (eAed) pagroadsun Sexa, dHS [euord3oy 20y pue yepinn wnyLy, -njesun) 190B1],
o8reyoor oSe (80°0=prur) (L661) Qoue[eq (ouoz poyer
-IOA® WIR)-SUO[ SPIAIA POyIR]N  paygroadsun 91°0—+00°0 d padoroadpun sexa[ JHS [e20T  [IWSP[OD) PUE UOULIS SSew 9pIIo[YD) -njesun) JodeI]
SIJON —._o_._on teak sad seyoul - s8ainos 19A09D pue] uoinedon uoibay a|ed (s)aoualajay PoylaNl adhy Poylanl
awij] ‘ajes abueyoay 19)ep ) ) _ S }

[sureld ySiH woyinos qHS ‘surejd YSiy [enud dHD ‘payroadsun ‘N 9Fedads 110A10sa1 pue [eued ) 25edods mopguweans ‘§ Mop uInjdl uonesLul 1 sejou ou ‘-- cuoneydioard | ‘surejd ySiy udynou ‘gHN]

panunuo)—-saipnis paysignd Ajsnoinaid wody pajidwod suield ybiy ays ul sajed abieyosy  ‘zy ajqel



Publishing support provided by:
Rolla Publishing Service Center

For more information concerning this publication, contact:
Director, USGS Nebraska Water Science Center
5231 South 19 Street
Lincoln, NE 68512
(402) 328-4100

Or visit the Nebraska Water Science Center Web site at:
http://ne.water.usgs.gov



Back cover: illustration showing the United States
and the location of the High Plains aquifer.



@ Printed on recycled paper

ISBN 978-1-4113-3844-9

ISBN 978-1-4113-3844-9

7?8414k 1l33864419

6002 uBino.uyy 000z pue 6161 YBNoIY) Op6L ‘Suleld Y

£815-110Z Moday suonebnsanu| aynusIdg



	Selected Approaches to Estimate Water-budget Components of the High Plains, 1940 through 1949 and 2000 through 2009
	
	Authors

	Selected Approaches to Estimate Water-Budget Components of the High Plains, 1940 through 1949and 2000 through 2009
	Abstract
	Introduction
	Purpose and Scope
	Water Budgets and Sustainability
	Water-Budget Equations
	Sustainability

	Description of Study Area
	Landscape
	Climate
	Surface Water
	Agriculture
	Hydrogeologic Framework
	Major Geologic Units
	Saturated and Unsaturated Zones


	Soil-Water-Balance Models
	SOil-WATer-Balance (SOWAT) Model
	Precipitation and Evapotranspiration
	Soil Properties, Land Cover, and Irrigation Practices
	Model Calculations
	Sensitivity Analysis

	Soil-Water-Balance (SWB) Model
	Model Calculations
	Sensitivity Analysis

	Limitations of SOWAT and SWB Models
	SOWAT Model
	SWB Model


	Selected Approaches to Estimate Water-Budget Components
	Precipitation
	Precipitation Methods
	Precipitation Results

	Evapotranspiration
	Evapotranspiration Methods
	Evapotranspiration from Shallow Groundwater

	Evapotranspiration Results
	Evapotranspiration from Shallow Groundwater


	Recharge
	Recharge Methods
	Recharge Results

	Surface Runoff and Groundwater Discharge to Streams
	Groundwater Discharge to Springs
	Groundwater Flow to and from Adjacent Geologic Units
	Irrigation
	Irrigation Methods
	Irrigation Results

	Groundwater in Storage
	Groundwater in Storage Methods
	Groundwater in Storage Results


	Uncertainty and Limitations
	Summary
	References Cited
	Appendix 1
	Appendix 2
	Figures
	Figure 1. Location of the High Plains aquifer.
	Figure 2. Water-budget components of the High Plains landscape and aquifer system.
	Figure 3. Location of the northern High Plains.
	Figure 4. Location of the central High Plains.
	Figure 5. Location of the southern High Plains.
	Figure 6. Distribution of average air temperature in the High Plains, 1980 through 1997.
	Figure 7. Weather stations used for assessing average annual air temperature and precipitation 1905 through 2009.
	Figure 8. (A) Groundwater and surface-water irrigated acres, 1949 through 2007, and average annual precipitation, 1940 through 2009; (B) groundwater pumpage for irrigation in the High Plains, 1950 through 2005 (U.S. Department of Commerce, variously dated; U.S. Department of Agriculture, variously dated; U.S. Geological Survey, variously dated).
	Figure 9. Groundwater-level changes in the High Plains aquifer, pregroundwater development (about 1950) to 2005.
	Figure 10. Number of acres irrigated by gravity-flow and sprinkler methods in the (A) northern High Plains, (B) central High Plains, and (C) southern High Plains.
	Figure 11. Major geologic units in the High Plains.
	Figure 12. (A) Water table, (B) saturated thickness, and (C) unsaturated thickness in the High Plains, 2000.
	Figure 13. Permeability of soils in the High Plains.
	Figure 14. Available-water capacity of upper 59 in. of soils in the High Plains.
	Figure 15. Land-cover classification in the High Plains.
	Figure 16. Sensitivity of average annual recharge and irrigation pumpage simulated by the SOil-WATer-Balance (SOWAT) model to changes in (A) irrigation efficiencies, (B) initial soil moisture, (C) minimum soil-moisture requirement, (D) effective precipitation, and (E) evapotranspiration.
	Figure 17. Sensitivity of average annual recharge, crop-irrigation demand, and actual evapotranspiration simulated by the Soil-Water-Balance (SWB) model to changes in (A) root-zone depth, (B) runoff-curve number value, and (C) precipitation, 2000 through 2009.
	Figure 18. Water-budget component estimation methods and their relation to the SOil-WATer-Balance (SOWAT) and Soil-Water-Balance (SWB) models.
	Figure 19. Distribution of weather stations used by the inverse-distance-weighted (IDW) interpolation method to estimate precipitation across the High Plains, 1940 through 1949 and 2000 through 2009.
	Figure 20. Distribution of average annual total precipitation in the High Plains from the (A) Parameter-Elevation Regressions on Independent Slopes Model (PRISM) for 1940 through 1949, (B) PRISM for 2000 through 2009, (C) National Weather Service (NWS) for 2000 through 2009, (D) Inverse-Distance-Weighted (IDW) interpolation for 1940 through 1949, and (E) IDW interpolation for 2000 through 2009.
	Figure 21. High Plains distribution of estimated average annual (A) potential evapotranspiration and (B) actual evapotranspiration from the National Weather Service (NWS) for 2000 through 2009, (C) actual evapotranspiration from the Simplified-Surface-Energy-Balance (SSEB) model for 2001 through 2009, (D) actual evapotranspiration from the Soil-Water-Balance (SWB) model for 1940 through 1949, and (E) actual evapotranspiration from the SWB model for 2000 through 2009.
	Figure 23. Surface-water irrigated land in the northern High Plains region, 2000 through 2009.
	Figure 24. Average annual irrigation application rates for (A) groundwater and (B) surface water in the High Plains, 2000 through 2009.
	Figure 25. Ranges for selected water-budget components in the High Plains, (A) 1940 through 1949 and (B) 2000 through 2009. (Values enclosed by parentheses are given in million acre-feet per year.)

	Tables
	Table 1. Area of High Plains within each region and State.
	Table 2. Weather-station data used by the inverse-distance-weighted (IDW) interpolation method to estimate daily precipitation in the High Plains, 1940 through 1949 and 2000 through 2009.
	Table 3. Average annual precipitation in the High Plains, 1940 through 1949 and 2000 through 2009.
	Table 4. Estimated average annual potential and actual evapotranspiration in the High Plains, 1940 through 1949 and 2000 through 2009.
	Table 5. Estimated area and average annual maximum evapotranspiration of shallow groundwater in the High Plains, 1940 through 1949 and 2000 through 2009.
	Table 6. Estimated average annual potential recharge for the High Plains aquifer, 1940 through 1949 and 2000 through 2009.
	Table 7. Composited-average annual recharge determined by previously published studies in the High Plains.
	Table 8. Streamflow entering and leaving the High Plains, 1940 through 1949 and 2000 through 2009.
	Table 9. Irrigated acres in the High Plains, selected estimates, 2002.
	Table 10. Estimated irrigation from groundwater in the High Plains, 2000 through 2009.
	Table 11. Estimated volume of groundwater in storage in the High Plains aquifer, prior to groundwater development (before about 1950) and 2007 (McGuire and others, 2003; McGuire, 2009).


