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FOREWORD

The Regional Aquifer-System Analysis (RASA) Program was started in 1978
after a Congressional mandate to develop quantitative appraisals of the major
ground-water systems of the*United States. The RASA Program represents
a systematic effort to study a number of the Nation’s most important aquifer
systems, which in aggregate underlie much of the country and which represent
an important component of the Nation’s total water supply. In general, the
boundaries of these studies are identified by the hydrologic extent of each
system and accordingly transcend the political subdivisions to which investiga-
tions have often arbitrarily been limited in the past. The broad objective for
each study is to assemble geologic, hydrologic, and geochemical information,
to analyze and develop an understanding of the system, and to develop predic-
tive capabilities that will contribute to the effective management of the system.
The use of computer simulation is an important element of the RASA studies,
both to develop an understanding of the natural, undisturbed, hydrologic sys-
tem, and of any changes brought about by human activities, as well as to
provide a means of predicting the regional effects of future pumping or other
stresses.

The final interpretive results of the RASA Program are presented in a series
of U.S. Geological Survey Professional Papers that describe the geology, hy-
drology, and geochemistry of each regional aquifer system. Each study within
the RASA Program is assigned a single Professional Paper number, and, where
the volume of interpretive material warrants, separate topical chapters that
consider the principal elements of the investigation may be published. The
series of RASA interpretive reports begins with Professional Paper 1400 and,
thereafter, will continue in numerical sequence as the interpretive products
of subsequent studies become available.

Dallas L. Peck
Director






PREFACE

The Regional Aquifer-System Analysis of the High Plains was conducted
by U.S. Geological Survey personnel in each of the eight States in the High
Plains—Colorado, Kansas, Nebraska, New Mexico, Oklahoma, South Dakota,
Texas, and Wyoming. To provide assistance, technical support, and additional
information, contracts were awarded to the Kansas Geological Survey, New
Mexico Natural Resources Department, Oklahoma Water Resources Board,
and Texas Department of Natural Resources. In addition, valuable information
was provided by many other State and local agencies throughout the High
Plains. Their contributions are an integral part of this investigation without
which this report would not have been possible.

The U.S. Geological Survey coordinated its investigation of the High Plains
aquifer with a concurrent study by the Economic Development Administration
of the U.S. Department of Commerce. The Six-State High Plains- Ogallala
Aquifer Area Study by the Ecomomic Development Administration was au-
thorized by Congress in 1976. The study was charged with the responsibility
of examining the feasibility of increasing water supplies to ensure the economic
growth and vitality of the High Plains. Together, these two studies will provide
a comprehensive evaluation of the High Plains aquifer and the potential impacts
of declining ground-water supplies on the region. The Economie Development
Administration study will develop and propose alternative strategies to al-
leviate or mitigate those impacts and the U.S. Geological Survey has provided
hydrologic data and models needed to evaluate the effects of those strategies
on the ground-water resource.



CONVERSION FACTORS

The following report uses inch-pound units as the primary system of measurement. The units
commonly were abbreviated using the notations shown below in parentheses. Inch-pound units
can be converted to metric units by multiplying by the factors given in the following list.

Multiply inch-pound unit By To obtain metric units
inch per year (in./yr) 2.540x 10 millimeter per year
foot (ft) 3.048x107! meter
mile (mi) 1.609 kilometer
square foot (ft%) 9.290x 102 square meter
acre 4.047x107! hectare
square mile (mi?) 2.590 square kilometer
acre-foot (acre-ft) 1.233x10°° cubic hectometer
acre-foot per year (acre-ft/yr) 1.233x1073 cubic hectometer per year
cubic foot per second (ft%/s) 2.832x 1072 cubic meter per second
gallon per minute (gal/min) 6.308x10°2 liter per second
foot per day (ft/d) 3.048x 107! meter per day

National Geodetic Vertical Datum of 1929 (NGVD): A geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada, formerly called
“Mean Sea Level.”
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DIGITAL SIMULATION OF GROUND-WATER FLOW IN THE
HIGH PLAINS AQUIFER IN PARTS OF COLORADO, KANSAS,
NEBRASKA, NEW MEXICO, OKLAHOMA, SOUTH DAKOTA,
TEXAS, AND WYOMING

By RICHARD R. LUCKEY, EDWIN D. GUTENTAG, FREDERICK J. HEIMES, and JOHN B. WEEKS

ABSTRACT

The flow system in the High Plains aquifer was simulated using
a digital, finite-difference technique to solve the ground-water flow
equation. The High Plains was divided into three parts—the southern
High Plains, central High Plains, and northern High Plains—with
each part simulated separately. A regular network of nodes spaced
10 miles apart in both the north-south and east-west directions was
used. Predevelopment and development periods were simulated for
each area of the High Plains. In the predevelopment simulations,
hydraulic conductivity and recharge from precipitation were adjusted
to best fit the simulated water levels with the observed water levels.
In the development-period calibrations, which were from 20 to 40
years, return flow from pumpage and additional stresses caused by
human activities were varied to obtain the best correspondence be-
tween observed and simulated water levels or water-level changes.

For the southern High Plains, the estimated predevelopment re-
charge ranged from 0.086 to 1.03 inches per year. The mean differ-
ence between the observed and simulated water levels was +0.22
foot with a standard deviation of 41.6 feet. The estimated predevelop-
ment recharge in the central High Plains ranged from 0.056 to 0.84
inch per year. The mean difference between observed and simulated
water levels was —0.28 foot. with a standard deviation of 38.5 feet.
The estimated predevelopment recharge in the northern High Plains
ranged from 0.075 to 1.52 inches per year. The mean difference be-
tween the observed and simulated water levels was +0.30 foot with
a standard deviation of 55.2 feet.

Two development periods, 194060 and 1960-80, were used for cali-
bration of the southern High Plains model. For each period the best
correspondence between observed and simulated water levels was
achieved when return flow was adjusted such that net withdrawal
(total pumpage minus return flow) equaled 90 percent of the esti-
mated irrigation requirement. During the 1960-80 period, an addi-
tional 2 inches of recharge were simulated on all irrigated land. The
mean difference between observed and simulated water levels for
the first simulation period (1940-60) was —0.22 foot. and the mean
difference for the second simulation period (1960-80) was +0.28 foot.
The simulated change in storage for the period 1940-60 was 19 per-
cent less than the observed change in storage for the same period,
whereas the simulated change in storage for the period 1960-80 was
2 percent more than the observed change in storage. The simulated
change in storage for the entire development period (1940-80) was
7 percent less than the observed change in storage. The historical
change in storage was estimated on the basis of water-level change
in the area times the estimated specific yield of the aquifer.

Only one development period, 1950-80, was simulated for the cen-
tral High Plains. The model was calibrated using water-level change
instead of water level because the water level had not changed as
much as it had in the southern High Plains. The best correspondence
between observed and simulated water-level change was obtained
when irrigation return flow was adjusted such that net withdrawal
equaled 100 percent of the estimated irrigation requirement. On a
volumetric basis, the simulated change was 9 percent less than the
observed change; on an areal basis, the simulated change was 6 per-
cent more than the observed change. The simulated change in storage
of 54.9 million acre-feet compared favorably to the observed change
in storage of 50.3 million acre-feet.

One development period, 1960-80, was simulated for the northern
High Plains. The best correspondence between observed and simu-
lated water-level change was achieved when net withdrawal equaled
100 percent of the estimated irrigation requirement. For the northern
High Plains, other significant stresses occurred because of human
activities. These additional stresses contributed 47.0 million acre-feet
of water to the aquifer during the development period. This, coupled
with ground-water irrigation return flow of 37.5 million acre-feet,
in large part counterbalanced the 105.0 million acre-feet of water
pumped between 1960 and 1980 in the northern High Plains. The
simulated net decrease in storage was 15 million acre-feet and the
observed decrease in storage was 6 million acre-feet. The 9 million
acre-feet difference between observed and simulated decrease in stor-
age was less than 9 percent of the volume pumped.

INTRODUCTION

The U.S. Geological Survey began a study of the
High Plains regional aquifer in 1978 (Weeks, 1978) as
part of the Survey’s program of Regional Aquifer-
System Analysis (RASA) (Bennett, 1979). Major objec-
tives of the High Plains study were to: (1) Provide
hydrologic information needed to evaluate the effects
of continued ground-water development; (2) design and
develop computer models to simulate the aquifer sys-
tem; and (3) predict aquifer response to changes in
ground-water deveolopment.
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The High Plains aquifer underlies about 174,000 mi®
of the central United States east of the Rocky Moun-
tains in the southern part of the Great Plains. Parts
of Colorado, Kansas, Nebraska, New Mexico, Ok-
lahoma, South Dakota, Texas, and Wyoming are under-
lain by the High Plains aquifer (fig. 1). The High Plains
aquifer is the shallowest and most abundant source of
ground water in the region and the irrigated agricul-
tural economy of the High Plains has depended on the
aquifer for its growth and prosperity.

‘More than 20 percent of the irrigated land in the
United States overlies the High Plains aquifer from
which about 30 percent of the ground water used in
the United States during 1980 was pumped. Through-
out most of the High Plains, the rate of ground-water
withdrawal greatly exceeds the rate of natural re-
plenishment resulting in water-level declines in places.
Consequently, many irrigators have experienced in-
creased pumping costs and decreased well yields and
are concerned about the future of irrigated farming on
the High Plains.

PURPOSE AND SCOPE

The general purpose of the High Plains RASA was
to provide the hydrologic information and analytical
capability needed for effective management of the
ground-water resource of the High Plains. This report
describes the design and calibration of digital models
of the High Plains aquifer. The models were con-
structed on the bases of the geologic and hydrologic
conditions described by Gutentag and others (1984).
Historical data on irrigation demand (Heimes and
Luckey, 1982), water levels, and water-level changes
(Luckey and others, 1981) were used to test or cali-
brate the models. The models provide water managers
with a tool for evaluation of water-management alterna-
tives.

HIGH PLAINS AQUIFER

The High Plains aquifer consists mainly of hydrau-
lically connected geologic units of late Tertiary and
Quaternary age. Late Tertiary units include part of the
Brule Formation, the Arikaree Group (or Formation),
and the Ogallala Formation. Quaternary deposits in-
cluded in the aquifer consist of alluvial, dune-sand, and
valley-fill deposits.

The Ogallala Formation, which underlies 134,000 mi?,
is the principal geologic unit in the High Plains aquifer.
The Ogallala Formation consists of a heterogeneous se-
quence of clay, silt, sand, and gravel deposited by
streams that flowed eastward from the ancestral Rocky
Mountains. Within the Ogallala, zones cemented with

calcium carbonate are resistant to weathering and form
escarpments that typically mark the boundary of the
High Plains.

The formations comprising the High Plains aquifer
were deposited on an erosional surface that ranges in
age from Permian to Tertiary. Faulting and salt dissol-
ution also have affected the underlying surface that
controls the thickness of the High Plains aquifer. In
Wyoming, faults have displaced the underlying surface
vertically as much as 1,000 ft, and, in South Dakota,
a fault has caused about 500 ft of vertical displacement.
Additional faulting and collapse are associated with salt
dissolution. Permian salt deposits being dissolved by
circulating ground water mainly occur south of the Ar-
kansas River. Water from the units underlying the
High Plains aquifer affects the quality of water in the
aquifer and streams draining the High Plains in Kan-
sas, Oklahoma, and Texas.

Water levels in the High Plains aquifer range from
just below land surface to nearly 400 ft below land sur-
face. The saturated thickness ranges from nearly zero
to about 1,000 ft. Hydraulic conductivity (a measure
of the aquifer’s ability to transmit water) and specific
yield (a measure of the aquifer’s ability to store water)
(Lohman, 1972, p. 6) of the aquifer depend on sedi-
ments that vary widely both areally and vertically. Hy-
draulic conductivity ranges from about 25 to 300 ft/d
and averages 60 ft/d. Specific yield ranges from about
10 to 30 percent and averages 15 percent.

Ground water in the High Plains aquifer generally
flows from west to east, at an average rate of about
1 ft/d. At this rate, a particle of water would take at
least several thousand years to move from the western
edge of the aquifer to the eastern edge of the aquifer.
The ground water discharges naturally to streams and
springs, and directly to the atmosphere by evapotrans-
piration where the water table is near land surface.
Precipitation is the principal source of recharge to the
High Plains aquifer. Estimated recharge rates range
from 0.024 in./yr in part of Texas to 6 in./yr in part
of Kansas (Gutentag and others, 1984, table 7). Typi-
cally, recharge estimates are greatest for areas with
sandy soils. Refinement of these recharge estimates is
one of the results of the model simulations.

During 1980, the High Plains aquifer contained about
3.25 billion acre-ft of drainable water. This is equivalent
to about 80 percent of the volume of water contained
in Lake Michigan. About 66 percent of the water in
storage is in Nebraska, about 12 percent is in Texas,
and about 10 percent is in Kansas. Colorado, Oklahoma,
South Dakota, and Wyoming each have less than 4 per-
cent of the water in storage. New Mexico, with about
1.5 percent, has the least volume of water in storage
in the High Plains aquifer.
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aquifer. Before irrigation development, the aquifer was
in a state of equilibrium with no significant change in
storage taking place. Therefore, the parameter specific
yield was not needed for the predevelopment-period
model. However, both parameters were needed for the
development-period model.

Aquifer stress is defined as any addition or with-
drawal of water from the aquifer that is not accounted
for in the boundary conditions. In the predevelopment
period, the aquifer system was in a state of dynamic
equilibrium with recharge from precipitation equal to
discharge to streams and across the eastern study
boundary. Hence, the predevelopment-period model re-
quires a description of the predevelopment recharge.
However, as the aquifer was being developed, addi-
tional recharge occurred because of irrigation infiltra-
tion and canal and reservoir leakage and the rate of
recharge from precipitation on dryland agriculture
land.

The ground-water flow model calculates water levels,
base flow to rivers, flow across the study boundaries,
and change of water in storage. The simulated results
were compared with historical data. Statisties were
used to analyze the difference between the simulated
and observed water levels and water-level changes.
These statistics include the mean, standard deviation,
and extremes of the water-level differences.

The flow of ground water in a heterogeneous and
anisotropic unconfined aquifer may be expressed by the
following partial differential equation (Trescott, 1975,
p- 3):

-g;(x,,,,b@ﬁi(x b"")+ ﬁ(K,,ba") Sah+bW(x, hat) (

where
x, y, and 2
K:vw’ Kyw and Kzz

are space coordinates,

are hydraulic conductivities in the
x, ¥, and z directions,

is saturated thickness,

is water level,

is specific yield,

is time coordinate, and

is stress (source-sink) term.

g«-mk‘@‘

To solve equation 1, which is a function of aquifer pa-
rameters and stresses, boundary conditions and initial
conditions need to be specified. Boundary conditions in-
clude either the water level or the flow at the bound-
ary. Initial conditions include the water level through-
out the area at the beginning of the simulation period.
Equation 1 describes the flow of ground water in

three dimensions; that is, in both the vertical and hori-
zontal directions. On a local scale, particularly near re-
charge or discharge areas, both horizontal and vertical
components of ground-water flow occur in the High
Plains aquifer. However, on a regional scale, the hori-
zontal-flow components are so much larger than the
vertical-flow components that the vertical-flow compo-
nents may be neglected without inducing significant er-
rors. Hence, the regional flow of ground water in the
High Plains aquifer was modeled as two-dimensional
flow.

Gutentag and Weeks (1981) analyzed several
thousand lithologic logs from wells in the High Plains
aquifer to develop a statistical relationship between
aquifer parameters and saturated thickness. They con-
cluded that no consistent pattern of sediment distribu-
tion occurs on a regional scale (e.g., no regional basal
gravel) and, hence, that vertically averaged aquifer pa-
rameters may be used as a single value representing
the physical property of the aquifer material. Using
vertically averaged parameters and assuming two-di-
mensional ground-water flow, equation 1 can be rewrit-
ten as:

g—x(Kubg—Z%i(K,,,bah) s +bW(x, 4,2 1) @

Two basic techiques—finite-element and finite-differ-
ence—usually are used to approximate equation 2. In
this study the finite-difference technique was used. To
approximate the flow equation by the finite-difference
technique, the derivatives in equation 2 are replaced
with finite-difference approximations (Trescott and
others, 1976, p. 2) as shown below.

Aij {[ bi,ijx(i,j+1lz)M_J_k) ]

x]+ll2

[bi,jKu(i.j-m) Al ]}

Ax;_yp

1 (Rivy, j, ihi 5, 1)
bi, i Kyyiiv1re, j)_H’_L’_
Ay {[ Ayjrie ]

e g hi )
[bz,ijz(z—lIZ.])m— ]}

where

Az, Ay, and At represent the grid spacing in the
space and time coordinates,
represent the i*" row, j** column, and
k™ time, and other symbols are the
same as for equation 1.

i, j, and k
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Equation 3 is written for each node in the discretized
network and all of the finite-difference equations are
solved simultaneously by computer using either a
strongly implicit or a direct solution numerical tech-
nique. The numerical technique is used to solve equa-
tion 3 for water levels at each node through an iterative
process which compares water levels simulated at the
present iteration with those simulated at the previous
iteration. If the absolute water-level differences be-
tween the two adjacent iterations reaches a value less
than the predescribed value (the closure error), then
the iteration process stops and a solution of equation
3 is obtained. The computer program used was virtually
the one described by Trescott and others (1976) and
modified by Larson (1978). A few minor modifications
were made.

One modification allows more control over the itera-
tion parameters which are used to accelerate the solu-
tion technique. This control was necessary for the High
Plains models because of the coarse grid and the rapid
change in aquifer parameters and thickness between
the adjacent nodes. The additional control over the iter-
ation parameters sometimes allowed the High Plains
simulation program to reach a solution when the origi-
nal Trescott and Larson simulation program would fail
to reach a solution. The range that transmissivity (the
product of hydraulic conductivity and saturated thick-
ness) can vary between iterations (solutions of equation
3) also was limited in the High Plains simulation pro-
gram. This change was necessary for the same reason
that more control was given over the iteration parame-
ters.

Constant-gradient boundary conditions (constant
slope of the water table) for a water-table aquifer were
added to the simulation program. At each iteration the
flow at each constant-gradient node was recalculated
and added explicitly into the equation.

A number of other changes altered the way the data
were entered into the program and the way the results
were summarized by the program. An alternative
method of entering the pumpage data was necessary
because of the extremely large number of wells in the
High Plains. The pumpage was defined either on a well-
by-well basis or as a matrix. A more detailed summary
of boundary conditions was given by the simulation pro-
gram, including the simulated flow into and out of each
boundary node. This supplemented the mass-balance or
water-budget information calculated by the original
Trescott and Larson program. A routine was added to
calculate statistics for the simulated water-level
changes or for the difference between the observed and
the simulated water levels. This statistical information
was used to evaluate the results of each simulation.

The simulation program allows a variable rectangular
grid in both the x and y directions. However, for the
High Plains models, a uniform regular network of nodes
was used (fig. 2). The nodes in each of the models were
10 mi apart in both north-south and east-west direc-
tions. The southern High Plains models had 26 rows
and 20 columns and 303 active nodes. The central High
Plains models had 32 rows and 37 columns and 513 ac-
tive nodes. One common node existed between the
southern and central High Plains models. The water
level of this node was fixed in the central High Plains
models to be identical to that simulated in the southern
High Plains models. The northern High Plains models
had 35 rows and 51 columns and 943 active nodes. Five
nodes were common between the central and northern
models. The water levels at these five common nodes
were fixed in the northern High Plains models to be
identical to those simulated in the central High Plains
models.

PREDEVELOPMENT-PERIOD MODELS

Prior to extensive agricultural development on the
High Plains, the ground-water system was in a state
of dynamic equilibrium with long-term recharge ba-
lanced by discharge along the eastern boundary and in
the river valleys that intercepted the water table. The
rate and location of recharge and discharge were to be
determined during the calibration of the predevelop-
ment-period models. Gutentag and others (1984, table
7) compiled various estimates of recharge for the High
Plains and the values ranged from a minimum of 0.024
in./yr to a maximum of 6.0 in./yr. The broad range and
dissimilarity of the estimated recharge rate indicated
that recharge was virtually an unknown quantity
throughout much of the High Plains. One of the objec-
tives of the predevelopment-period model calibration
was to refine the estimates of the recharge rate.

The predevelopment-period models calculate a pre-
development water-table configuration by integrating
data for the altitude of the base of the aquifer, hydrau-
lic conductivity, and predevelopment recharge rate.
The altitude and geology of the base of the aquifer were
obtained from Weeks and Gutentag (1981) and the al-
titude of the base was not altered during calibration.
The geology was used as a guide to places where the
High Plains aquifer might exchange water with under-
lying aquifers.

The initial estimates of hydraulic conductivity were
obtained from a map that was used to prepare the map
presented by Gutentag and others (1984, fig. 10). The
hydraulic conductivity was one of the two model inputs
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that was altered during the predevelopment-period cali-
bration. The location and extent of these modifications
are described in the model-calibration sections.

The predevelopment recharge rates were estimated
during the calibration. The method used to distribute
recharge varied by area and also is discussed in later
sections.

The calculated predevelopment water-table config-
uration was compared to a map of the predevelopment
water table that was constructed using early water-
level measurements from hundreds of wells. The accu-
racy of the map varied considerably from area to area
depending on the density and distribution of water-
level data, but the map was a good representation of
the predevelopment water table except in areas where
the saturated thickness was thin and data were sparse.
The comparison of observed and simulated water tables
was part of the calibration process for the predevelop-
ment-period models. The predevelopment-period mod-
els also calculated the discharge across the eastern
boundary of the High Plains aquifer and the base flow
to streams that drain the aquifer. The models were
calibrated in part by matching the calculated discharge
with the observed or estimated discharge from the
aquifer.

DEVELOPMENT-PERIOD MODELS

The development period in the High Plains began
when substantial ground-water development occurred.
The development period began in the 1940’s in the
southern High Plains, in the 1950’s in the central High
Plains, and in the 1960’s or later in much of the north-
ern High Plains. Models of the development period re-
quired all of the information from the predevelopment-
period models plus data on specific yield of the aquifer
and additional stress imposed on the aquifer since de-
velopment began. All of the data, as refined during the
predevelopment-period model ecalibration, were used in
the development-period models.

The specific yield of the aquifer was obtained from
a map presented in Gutentag and others (1984, fig. 11).
This map was constructed by analyzing numerous
lithologic logs, and the specific yield was not altered
during the development-period calibration.

Additional stress on the aquifer during the develop-
ment period consisted of pumpage, return flow to the
aquifer from irrigation, and additional recharge caused
by human activities. Pumpage was the largest stress
on the aquifer, but return flow and additional recharge
also were significant in some areas.

Pumpage was calculated using the method outlined
by Heimes and Luckey (1982). Irrigated acreage and
composite crop demand are given in that report for

cells of dimension 10 minutes of latitude by 10 minutes
of longitude (10-minute cells) at 5-year intervals for
1949 to 1978. The product of irrigated acreage and com-
posite crop demand yields an irrigation requirement.
An irrigation efficiency factor (crop demand divided by
application) for these years is all that was needed to
estimate total pumpage from irrigation requirement for
each 10-minute cell. Numerous estimates of the irriga-
tion efficiency factor are available. Most estimates
range from about 40 percent to 80 percent of applica-
tion with efficiency improving with time. The following
irrigation efficiency factors were used to generate pum-
page estimates for the indicated years for the High
Plains:

Southern Central Northern

Year High Plains High Plains High Plains
1949 55 percent 45 percent -
1954 55 percent 45 percent -
1959 55 percent 45 percent 45 percent
1964 60 percent 60 percent 60 percent
1969 65 percent 60 percent 60 percent
1974 70 percent 70 percent 70 percent
1978 70 percent 70 percent 70 percent

Total pumpage for the 7 years in the above table
was used to calculate an average pumpage for a 5-year
period for each 10-minute cell for 1940-80. For 1940-50,
a backward projection was made based on the rate of
increase of irrigation in the major areas irrigated be-
tween 1940 and 1950. For 1950-80, an interpolation be-
tween years was used. The 5-year average pumpage
for each period was calculated as follows:

1940-44: 0.18x(1949 pumpage)

1945-49:  0.7x(1949 pumpage)

1950-54: 0.4 (1949 pumpage) + 0.6 X (1954 pumpage)
1955-59:  0.4x (1954 pumpage) + 0.6 x (1959 pumpage)
1960-64: 0.4x(1959 pumpage) + 0.6 x(1964 pumpage)
1965-69: 0.4x(1964 pumpage) + 0.6 x (1969 pumpage)
1970-74:  0.4x (1969 pumpage) + 0.6 X (1974 pumpage)
1975-79:  0.5X%(1974 pumpage) + 0.5 x (1978 pumpage)

Return flow to the aquifer from irrigation was the

principal unknown variable during the development-
period simulations. Return flow was assumed to be a
function of the difference between total pumpage and
irrigation requirement. The manner in which return
flow was varied is discussed in the model calibration
sections. A change in recharge due to human activities
was the other component that was varied during the
development-period calibrations.
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SOUTHERN HIGH PLAINS MODEL
CALIBRATION

The southern High Plains consists of about 29,000
mi?® in New Mexico and Texas. The area includes most
of the High Plains south of the Canadian River. This
was the first area of the High Plains that was exten-
sively developed for irrigation, with some development
beginning in the late 1930’s. A predevelopment period
and two development period calibrations were done for
the southern High Plains flow models. The predevelop-
ment-period model was calibrated by matching ob-
served and simulated predevelopment water levels and
the development-period model was calibrated by match-
ing observed and simulated water levels for 1960 and
1980. Parts of the southern High Plains have been mod-
eled by Knowles and others (1982) and McAda (1984).

PREDEVELOPMENT-PERIOD CALIBRATION

In the predevelopment-period model, hydraulic con-
ductivity and recharge from precipitation were ad-
justed. Estimates of recharge for the High Plains of
Texas and New Mexico range from a minimum of 0.024
in./yr to a maximum of 1.0 in./yr (Gutentag and others,
1984, table 7). White and others (1940) estimated the
ground-water discharge along 75 mi of the eastern
boundary to be about 160 gal/min per mi and the dis-
charge by evapotranspiration from shallow water-table
areas to be about one-half that rate. Therefore, the
total discharge was estimated to be 240 gal/min per mi.

The discharge along the eastern boundary was simu-
lated by specifying constant heads along the boundary;
the flow across the boundary was then simulated by
the model. Discharge to streams and from shallow
water-table areas was not specified explicity because
many of these areas are close to the eastern boundary
and were included in the boundary nodes. Other bound-
aries were specified as no-flow boundaries.

A hydraulic-conductivity map was constructed prior
to model calibration. The minimum contour value was
15 ft/d and the maximum contour value was 300 ft/d.
Mean values for each model node were determined from
the map and the values ranged from 10 to 280 ft/d.

The discharge across the eastern boundary was esti-
mated using Darcy’s law on the bases of the pre-
development water-table and hydraulic conductivity
maps. Darcy’s law indicated an outflow of about 250
ft%/s for the entire 370 mi of the eastern boundary or
an average of 300 gal/min per mi. This is equivalent
to a long-term average recharge throughout the entire
area of 0.11 in./yr.

A simulation with the above hydraulic conductivity
map and the mean recharge of 0.11 in./yr resulted in

simulated water levels significantly lower than ob-
served water levels in the northern part of the south-
ern High Plains and somewhat higher than the ob-
served water levels in the southern part. A decrease
of hydraulic conductivity and recharge by 50 percent
resulted in a similar pattern. Using a constant hydrau-
lic conductivity for all nodes of 40 ft/d, which was the
mean value, somewhat decreases the differences be-
tween the observed and simulated water-levels but the
simulated water levels still were not satisfactory.

Most of the large differences between the observed
and simulated water levels occurred in the areas with
large estimates of hydraulic conductivity. A series of
simulations in which the largest estimates of hydraulic
conductivity were decreased indicated that the differ-
ence between the observed and the simulated water
levels were minimized when all hydraulic conductivity
estimates of more than 50 ft/d were decreased using
the following formula:

Ky=50+(K;~50) o220 @

(300-50)

where
K; is initial hydraulie conductivity, and
K; is final hydraulic conductivity to be used in
the model.

Equation 4 effectively decreased a hydraulic-conductiv-
ity estimate of 300 ft/d to 160 ft/d while leaving a hy-
draulic-conductivity estimate of 50 ft/d or less un-
changed. A number of well logs in areas with large
estimates of hydraulic conductivity were reevaluated
and the decrease in hydraulic-conductivity estimates
appeared reasonable. With this decrease, the hydraulic
conductivity for the model nodes ranged from 10 to 150
ft/d.

The revised hydraulic-conductivity distribution corre-
sponds to that presented by Gutentag and others (1984,
fig. 10). The simulated discharge along the eastern
boundary using the revised hydraulic-conductivity esti-
mates was 210 ft%/s or 250 gal/min per mi. This is simi-
lar to White and others’ (1940, p. 10-11) estimate of
about 240 gal/min per mi for discharge from shallow
water-table areas plus discharge along the boundary for
a 75-mi length.

A discharge rate of 210 ft3/s means that the long-
term average recharge for the entire 29,000 mi® area
would be approximately 0.095 in./yr. Because no infor-
mation was available on the distribution of recharge,
possible recharge distributions were tested by the
model. Assigning every node the average recharge rate
resulted in an unsatisfactory correspondence between
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TABLE 8.—Summary of calibration of High Plains models

Predevelopment-period models

Development-period models
(all units in millions of acre-feet)

Water-level residuals Change in storage
Area
Standard Nodes with
Mean deviation of  residuals less
residual residuals than 100 feet Pumpage Observed Simulated
(feet) (feet) (percent)
Southern High Plains.... +0.22 41.6 99 210 97 90
Central High Plains ...... -0.28 38.5 98 94 50 55
Northern High Plains.... +0.30 55.2 92 107 6 15

largest recharge rates were assigned to the area near
the Running Water Draw-White River lineaments. At
calibration, the mean difference between the simulated
and observed water levels was +0.22 ft (table 8). The
extreme differences were —113 ft and +99 ft for 303
nodes in the model.

In the predevelopment-period model of the central
High Plains, the initial estimates of hydraulic conduc-
tivity were decreased in areas with thick saturated ma-
terial. This decrease is postulated to be caused by dis-
turbed and chaotic bedding in the aquifer in areas
where the underlying bedrock has collapsed due to salt
dissolution in Permian rocks. The overall decrease in
the hydraulic-conductivity estimates averaged about 20
percent. The estimated predevelopment recharge rate
ranged from 0.056 to 0.84 in./yr. The estimates were
distributed on the basis of soil types. Recharge rates
were smallest for the clay-loam and silt-loam soils and
were largest for sandy soils in the sand dunes. At cali-
bration, the mean difference between the observed and
simulated water levels was —0.28 ft (table 8).

The predevelopment water level in much of the
northern High Plains was controlled by the rivers
draining the area. Hence, the simulated water levels
in the northern High Plains were less sensitive to the
estimates of hydraulic conductivity and recharge from
precipitation. Two separate simulations—one using the
initial hydraulic-conductivity estimates and one with
the hydraulic-conductivity estimates in Nebraska in-
creased by 33 percent of the initial values—produced
nearly identical simulated water levels. Recharge rates
were changed during the two simulations to produce
the best correlation between observed and simulated

water levels. However, the latter simulation produced
a more reasonable base flow to streams, and this simu-
lation was selected as the best representation of the
aquifer because it was more consistent with work previ-
ously done in Nebraska.

In the northern High Plains model, the estimated
predevelopment recharge rate ranged from 0.076 to
1.52 in./yr and was distributed aceording to soil type.
The recharge rate was smallest for the clay-loam and
silt-loam soils and was largest for sandy soils in part
of the sand dunes in central Nebraska. At calibration,
the mean difference between the observed and simu-
lated water levels was +0.30 ft and, at 92 percent of
943 nodes in the model, the simulated water level was
within 100 ft of the observed water level (table 8). Most
of the errors in excess of 100 ft occurred in areas where
data were sparse. At calibration, the simulated base
flow averaged 61 percent of the estimated base flow,
probably because the model can only simulate the reg-
ional component of the base flow.

The objective of the development-period calibration
was to simulate the change in the system due to human
activities. Calibration of the development-period models
began with the results of the predevelopment-period
calibration. In the development-period calibration, two
stresses—return flow from irrigation and increased re-
charge rates due to human activities during the de-
velopment period—were varied to obtain the best cor-
relation between observed and simulated water levels
or water-level changes.

The southern High Plains aquifer has had a long his-
tory of irrigation development dating from the 1930’s.
Because of this long history, the development-period
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calibration was divided into two periods: 1940-60 and
1960-80. Return flow from irrigation was varied to
achieve the best correlation between the observed and
simulated historic water levels. In the first period
(1940-60), the return flow was adjusted such that net
withdrawal (total pumpage minus return flow) was
equal to 90 percent of the estimated irrigation require-
ment. In the second simulation period (1960-80), the
best correlation between observed and simulated water
levels again occurred when net withdrawal was 90 per-
cent of the estimated irrigation requirement.

In the 1960-80 simulation, 2 in./yr of additional re-
charge were added to all irrigated land. The additional
recharge represents about 1.0 million acre-ft of water
per year. The additional recharge from 1960 to 1980
could be attributed to a broad area of the southern
High Plains where the playas were full of water and
water was standing in fields in 1970. The additional re-
charge could have been added at twice the rate during
only the last one-half of the second simulation period,
and such a simulation would produce nearly identical
results. The mean difference between the observed and
simulated water levels during the first simulation
period was —0.22 ft and the simulated change in stor-
age was 19 percent less than the observed change in
storage. The difference between the observed and
simulated water levels for the second period was +0.28
ft and the simulated change in storage was 2 percent
more than the observed change in storage. The com-
bined simulated change in storage for the two periods
(1940 to 1980) was 7 percent less than the observed
change in storage (table 8).

The central High Plains was developed for irrigation
more recently than the southern High Plains. By the
1950’s, only relatively small areas had been significantly
disturbed from the predevelopment condition. Only one
development-calibration period, 1950-80, was used for
the central High Plains model. Return flow from irriga-
tion was varied to achieve the best correlation between
observed and simulated water-level changes and cali-
bration was obtained when return flow was adjusted
such that net withdrawal equaled 100 percent of the
irrigation requirement. On a volumetric basis, the
simulated water-level changes were 9 percent less than
the observed changes. On an areal basis, the simulated
water-level changes were 6 percent more than the ob-
served changes. The simulated change in storage was
9 percent more than the observed change in storage.

The northern High Plains has the shortest history
of development of the three areas of the High Plains.
Even by 1960, most of the northern High Plains had
undergone little development for irrigation and by 1980
major parts of the area still were undeveloped. Only
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one development-calibration period, 1960-80, was simu-
lated for the northern High Plains aquifer. Return flow
from irrigation was varied during the calibration pro-
cess and the best correlation between observed and
simulated water-level changes was achieved when re-
turn flow was adjusted so that net withdrawal equaled
100 percent of the irrigation requirement. Unlike the
other two areas of the High Plains, other stresses be-
sides pumpage and return flow were significant in the
development-period model of the northern High Plains
aquifer. These stresses include: (1) Canal and reservoir
leakage; (2) increased recharge due to dryland cultiva-
tion; (8) return flow from surface-water irrigation; and
(4) additional recharge east of 100° longitude. These ad-
ditional stresses due to human activities (47.0 million
acre-ft) and the return flow from ground-water irriga-
tion (87.5 million acre-ft) in large part balanced the
105.0 million acre-ft of water pumped between 1960 and
1980. Hence, although large stresses have occurred, the
net overall change in storage was small. The simulated
net decrease in storage was 15 million acre-ft and the
observed decrease in storage was 6 million acre-ft.

A sensitivity analysis was performed on the High
Plains models to determine how errors in model param-
eters affect the simulation results. The sensitivity anal-
ysis for the predevelopment-period models indicated
that the models were about equally sensitive to changes
in recharge or changes in hydraulic conductivity. The
analysis further indicated that these two model inputs
are highly interrelated and as long as the two were
in balance, the models will have a small mean water-
level residual. Hence, the models could be used to accu-
rately determine the recharge rate if the hydraulic con-
ductivity is accurately known. The development-period
models were sensitive to changes in net withrawal and
specific yield and insensitive to changes in hydraulic
conductivity. Specific yield and net withdrawal also are
highly interrelated and, one cannot be determined with
acceptable certainty through model analyses unless the
other is accurately known.

Although the calibrations for each of the areas of the
High Plains were done separately, the increased under-
standing of the system in one area contributes to the
understanding of the other areas. Certain similarities
between the models of the three areas were noted. In
the predevelopment-period calibrations, the estimated
predevelopment recharge rate, although somewhat var-
iable within and among areas, was uniformly small out-
side of the sandy soils in the sand-dune areas. In the
development-period calibrations, the difference be-
tween total pumpage and return flow for all areas was
close to the estimated irrigation requirement. Other
similarities between the models exist but were not as
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apparent as those already mentioned. Two such possi-
ble similarities are worth noting, although sufficient
data were not available to pursue them further.

In the central High Plains model, the estimated hy-
draulic conductivity was decreased in the area where
the bedrock was disturbed by dissolution of salts in the
Permian age rocks. The simulated predevelopment
water levels in the southern High Plains model were
in error in a similar environment. If the estimated hy-
draulic conductivity in the extreme northern part of the
southern High Plains had been decreased in a manner
similar to that in the central High Plains model, the
simulated water levels would better correlate with the
observed water levels. The same phenomenon also
might have occurred in the southwestern part of the
southern High Plains.

There is a similarity between the additional recharge
that was added to the development-period models of
both the southern High Plains and the northern High
Plains during 1960-80. In the southern High Plains
model, the additional recharge was 2 in./yr throughout
the irrigated area. In the northern High Plains model,
the additional recharge was 5 in./yr east of 100° lon-
gitude and south of 41° latitude, and 2.5 in./yr east of
100° longitude and north of 41° latitude. The increase
in recharge in the southern High Plains is thought to
be due to playas full of water and water standing in
fields in 1970 but the source of the increase in recharge
in the northern High Plains remains unknown. Whether
the additional recharge required in the southern High
Plains model was related in any way to the additional
recharge required in the northern High Plains model
is not known.

The results of the predevelopment-period calibrations
for each of the three areas of the High Plains were
used as the initial conditions for the development-
period calibration. Likewise, the calibrated develop-
ment-period models for the southern, central, and
northern High Plains described in this report can be
used as the initial conditions for evaluating future
water levels in the High Plains.
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