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Introduction

The High Plains aquifer underlies parts of Colorado, Kansas, Nebraska, New
Mexico, Oklahoma, South Dakota, Texas, and Wyoming. The extensive development of
ground-water resources in the High Plains for irrigated agriculture since 1940 has had a
significant effect on the underlying High Plains aquifer. About 20 percent of the irrigated
land in the United States is in the High Plains, and nearly 30 percent of the ground water
used for irrigation in the United States is pumped from the High Plains aquifer (Weeks
and others, 1988). The large volume of water withdrawn from the 1940's through 1994
from the aquifer for irrigation purposes has had a substantial effect on water levels.

Water-level changes in the High Plains aquifer, however, have not been uniform.
Large regional differences in rates of ground-water recharge and withdrawals for
irrigation as a result of regional variability in climate, soil, land use, and historical
development of irrigated agriculture have substantially affected the geographical patterns
of water-level change in the High Plains.

Jack Dugan, principal author of this report, was also project chief and principal
author of the annual High Plains water-level-change reports since 1990. Jack passed
away on May 19, 1995.

High Plains Water-Level Monitoring Program

The High Plains regional aquifer-system analysis (RASA), completed in the mid-
1980's, indicated that substantial water-level declines had occurred in large parts of the
High Plains aquifer (Gutentag and others, 1984). A program by the U.S. Geological
Survey (USGS) to monitor water-level changes in the aquifer began in 1988 as a result of
a Congressional mandate.

The Omnibus Water Resources Development Act of 1986 (Public Law 98-662)
amended the Water Resources Research Act of 1984 (Public Law 98-242). The amend-
ment added a Title III to the legislation, which states in Section 306 that the USGS in
cooperation "...with the States of the High Plains region is authorized and directed to
monitor the water levels of the Ogallala [High Plains] aquifer, and report annually to
Congress." Congress recognized that accurate information on the conditions and water-
level changes in the High Plains aquifer is necessary to make sound management
decisions concerning the use of water, to project future economic conditions, and to
conduct hydrologic research pertaining to the High Plains.

An extensive network of observation wells is necessary to monitor water levels in
the High Plains (fig. 1). This network is composed of many smaller networks of observa-
tion wells measured by numerous Federal, State, and local agencies. Local water and
natural resource conservation districts are responsible for most of these smaller networks
and the majority of water-level measurements. The total number of wells measured in
1980 and 1994 was 6,143; the total number measured in 1993 and 1994 was 7,130. In
most of the High Plains States, the USGS compiles the water-level measurements from
these local networks and maintains a statewide data base.

Water-level measurements are usually made in the winter and early spring when
water levels generally have recovered fully from pumping during the previous irrigation
season. These measurements normally represent the highest water level during the year.
Most observation wells are privately owned irrigation wells. The large diameter and high
pumping capacity of these wells make them particularly well suited for monitoring
water-level changes because they are less prone to plugging, which is common in small-
diameter, small-capacity wells.
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Figure 1. Location of observation wells with water-level
measurements in 1980 and 1994.

Extent and Description of the High Plains Aquifer

The High Plains aquifer underlies about 174,050 square miles in Colorado,
Kansas, Nebraska, New Mexico, Oklahoma, South Dakota, Texas, and Wyoming (fig. 2).
Nearly 37 percent of the area and 66 percent of the volume of the aquifer underlies
Nebraska (table 1).

The High Plains aquifer is commonly known as the Ogallala aquifer, but the
various geologic units and ages of the deposits constituting the aquifer necessitated a
more inclusive designation. In many places, the aquifer consists of one or more geologic
units of late Tertiary or Quaternary age; the Ogallala Formation of Tertiary age is
generally the principal unit (Gutentag and others, 1984).

The two oldest geologic units included in the High Plains aquifer are the Brule
Formation and Arikaree Group of mid-Tertiary age. The Brule and Arikaree,
respectively, generally consist of massive well-cemented siltstone and fine-grained
sandstone. Only in the northwestern High Plains in parts of northeastern Colorado, the
Nebraska Panhandle, south-central South Dakota, and southeastern Wyoming, where the
Brule and Arikaree are fractured, are these units important local sources of water, and
thus considered part of the High Plains aquifer (Gutentag and others, 1984).

The Ogallala Formation underlies about 134,000 square miles of the High Plains
and is the principal water-yielding unit in most of the region (Gutentag and others, 1984).
This formation is generally unconsolidated and composed of a variety of materials,
including clay, silt, sand, and gravel. The Ogallala Formation is as thick as 700 feet in
parts of north-central Nebraska. Irrigation wells completed in the Ogallala can yield
about 1,000 gallons per minute of water (Gutentag and others, 1984).

Deposits of Quaternary age, where hydraulically connected to other units of the
High Plains aquifer, are considered to be part of the aquifer. These deposits are
widespread and are locally important sources of water in Kansas, Nebraska, and New

Climate and the High Plains Aquifer

The climate of the High Plains has a significant effect on the High Plains aquifer.
The climatic characteristic with the greatest apparent effect on the High Plains aquifer is
precipitation, which affects both natural recharge and irrigation requirements. Total area-
weighted normal precipitation (1961-90) is nearly 20 inches per year in the High Plains
but ranges from 14 inches in parts of the northwestern and extreme southern High
Plains to more than 30 inches in eastern parts of the High Plains in Kansas and Nebraska
(fig. 2). About 75 percent of the precipitation occurs during the warm season, April
through September. Precipitation in the High Plains in any given year tends to be quite
variable both in time and location.

Potential evapotranspiration (PET) in the High Plains varies from less than 40
inches in the northeastern part to more than 65 inches in the southwestern part (Dugan
and Cox, 1994).

Factors Affecting Water-Level Change

Water-level change in the High Plains aquifer results from an imbalance between
recharge and discharge. Human activities such as pumpage from wells, stream diversions,
and agricultural practices have disturbed this balance in many parts of the High Plains
and resulted in substantial water-level change through time.

Recharge

Precipitation is the principal source of natural ground-water recharge to the High
Plains aquifer. Several additional factors also affect natural recharge to the High Plains
aquifer. These include topography, soil texture and thickness, vegetation or crop type,
PET, and the lithology and thickness of the unsaturated zone.

Recharge to the High Plains aquifer usually results from conditions present during

the nongrowing season when evapotranspiration is minimal and soil water can
accumulate in the root zone and percolate downward. In the drier western High Plains,
the recharge process may only occur as an isolated event every several years. In the
wetter eastern High Plains, the recharge process is more frequent because the soil water
in the root zone reaches its capacity more often (Dugan and Zelt, in press).

Estimated average annual potential ground-water recharge to the High Plains
aquifer during 1951-80 is illustrated in figure 3. Values shown in figure 3 are not
observed amounts of water entering the aquifer but are values. for the potential surplus
soil water available as recharge as deitermined by climatic, soil, and vegetation
characteristics (Dugan and Cox, 1994). Calculation of estimated potential ground-water
recharge is explained in more detail in Dugan and Zelt (in press). Estimated average
annual potential ground-water recharge to the High Plains aquifer ranges from less than
0.25 inch in the western High Plains to more than 6 inches in parts of eastern Nebraska
and central Kansas. Expressed as a percentage of average annual precipitation, estimated
ground-water recharge ranges from less than 0.5 percent in western parts of the High
Plains to about 25 percent in eastern INebraska where soils are sandy (Dugan and Zelt, in
press).
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Figure 3. Estimated average annual potential ground-water recharge and
consumptive irrigation requirement for corn, 1951-80 (modified from
Dugan and Zelt, in press).

Discharge

Natural discharge from the High Plains aquifer occurs as evapotranspiration
where the water table is near the land surface and as seepage from the aquifer where the
water table intersects the land surface. Under natural conditions, this type of discharge
would tend to balance long-term natural recharge. Water is discharged artificially from
the aquifer predominantly by pumping of wells. Where pumpage exceeds recharge, water
is removed from storage, and the water table declines. Part of this loss to storage is
alleviated by decreases in natural discharge or induced recharge from streams caused by
lowering of the water table.

Nearly 95 percent of the ground-water withdrawals from the High Plains aquifer
in 1990, more than 15.6 million acre-feet, were for irrigated agriculture (table 2). Total
ground-water withdrawals from the High Plains aquifer, however, decreased nearly 20
percent from 1980 (20.5 million acre-feet) to 1990 (16.5 million acre-feet). Most of this
decline (about 17 percent) was between 1980 and 1985 (Wayne Solley, U.S. Geological
Survey, oral commun., 1988; Carr and others, 1990; Solley and others, 1993). Although
comparable statistics for ground-water irrigation withdrawals are not available for 1980
and 1985, the decline in total withdrawals by 1990 appears to be largely attributable to
declines in irrigation (table 2). Declines in irrigation withdrawals since 1980 have been
associated with (1) wetter-than-normal conditions across most of the High Plains—
average annual precipitation for the High Plains from 1981-93 was 1.40 inches above
normal (National Climatic Data Center, 1981-93), (2) a long-term decrease in irrigated
cropland acreage in parts of the Central and Southern High Plains in areas where
consumptive irrigation requirements (fig. 3) are among the highest in the High Plains,
and (3) advances in irrigation technology and management practices that have reduced
pumpage requirements to meet water needs (Dugan and Cox, 1994).

Ground-water withdrawal rates by county, shown in figure 4, largely represent
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Hydrographs of Representative Observation Wells

The following observation-well hydrographs illustrate water levels through time at
selected locations in the High Plains where either development of ground-water resources or
other activities have had a significant effect on the aquifer. The hydrographs represent
unconfined conditions.

Box Butte County, Nebraska :

Irrigation development began in this area in about 1950, and the water level steadily
declined about 44 feet from 1951 to 1994, or 1 foot per year. The rate of decline was largest in
the early and mid-1960's when the water level declined about 2 feet per year. Average annual
precipitation in this area is about 16 inches.

Yuma County, Colorado

Substantial irrigation development began in the mid-1960's in this area, and the water
level steadily declined except for brief recoveries in 1986 and 1992. From 1964 to 1994, the
decline was 43.5 feet or about 1.4 feet per year. The water level at this location has declined
almost 7 feet from 1991 to 1994.

Grant County, Kansas

The water level at this location declined nearly 9 feet from 1943 to 1955 and more
than 100 feet from 1955 to 1980, about 4 feet per year. After 1980, the water level declined
only an additional 6 feet and essentially stabilized at 160 feet since 1990, which possibly
indicates the cessation of irrigation pumpage in the immediate area.

Texas County, Oklahoma

The water level at this location remained relatively steady until 1967. From 1967 to
1994, the water level steadily declined about 24 feet or nearly 0.9 foot per year. Irrigated
acreage has decreased in Texas County since the early 1980's, which probably contributed to
the smaller rate of decline from 1990 to 1994 of about 0.5 foot per year.

Curry County, New Mexico

The well is located just west of the intensively irrigated area in the northern part of the
Southern High Plains of Texas and New Mexico. The 1993-94 section of the hydrograph
shows moderate seasonal fluctuations.

Lamb County, Texas

The hydrograph of this observation well illustrates the nearly constant rate of depletion
of the aquifer by intensive irrigation withdrawals since the early 1950’s in the northern part of
the Southern High Plains. Water levels in this well declined nearly 70 feet from 1951 to 1994,
an average of about 1.6 feet per year. More than 35 percent of the 1951 saturated thickness
was depleted by 1994.
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The overall rate of water-level decline in the High Plains since 1980 probably
would have exceeded the predevelopment-to-1980 rate if acres irrigated were the only
determining factor. An average of 6 million acres were irrigated annually in the High
Plains during the predevelopment to 1980 period and about 14 million acres after 1980
(Gutentag and others, 1984; Weeks, J.B., in Sun, 1986). The following factors, however,
appear to have contributed to a reduction in the rate of decline.

(1) Precipitation from 1980 to 1994 was generally well above normal throughout
the High Plains (fig. 7). Area-weighted average annual precipitation during 1981-93 was
21.18 inches or 1.40 inches above normal (table 4).

(2) Later phases of irrigation development in the High Plains shifted
geographically from areas of larger potential rates of aquifer depletion to areas of smaller
potential rates of depletion. From predevelopment to 1980, most irrigated land was in the
Southern and Central High Plains where recharge tends to be small and consumptive
irrigation requirements large (fig. 3). After 1980, more than half of the 14 million acres
irrigated were in the Northern High Plains, mainly in Nebraska, where recharge is
generally larger and consumptive irrigation requirements are smaller than in the Central
and Southern High Plains.

(3) Significant advances in irrigation technology have substantially reduced the
ground-water pumpage needed to meet consumptive irrigation requirements. These
include center-pivot sprinkler irrigation, lightweight gated pipe, surge irrigation, and the
low-energy, precise application method, which reduces wind loss from center-pivot
irrigation.

(4) Irrigation management practices, including irrigation scheduling based on
soil-water conditions and crop growth stages and the conversion to crops or varieties with
smaller consumptive irrigation requirements, have further reduced ground-water
pumpage.

(5) Water-level declines in some areas prior to 1980 prompted local regulation of
ground-water withdrawals for irrigation and development of irrigated land.

(6) Declining or stable commodity prices, increased production costs (including
higher energy and fertilizer prices) and various agricultural programs of the Federal
government have contributed to the removal of marginally profitable land from irrigated
production and stimulated more: efficient irrigation practices on remaining irrigated land.
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Figure 7. Average annual precipitation, 1981-93, and departure from
30-year normal (1961-90) (precipitation data from U.S. Department of
Commerce, National Climatic Data Center, Asheville, North Carolina).

Table 4. Average annual area-weighted precipitation in the High Plains during 1981-93, departure
from 30-year normal (1961-90), and percentage of normal

[Data from U.S. Department of Commerce, National Climatic Data Center, Asheville, North Carolina]

Average annual area-

weighted precipitation  Departure from 30-year

State (inches) normal (inches) Percentage of normal
Colorado 17.42 +1.13 107
Kansas 22.64 +1.15 105
Nebraska 22.87 +1.36 106
New Mexico 18.48 +2.19 113
Oklahoma 20.68 +.99 105
South Dakota 20.32 +1.62 109
Texas 20.59 +1.66 109
Wyoming 15.79 +1.37 110
High Plains 21.18 +1.40 107

Southern High Plains

Water-level change fromi 1980 to 1994 in the Southern High Plains of New
Mexico and Texas presents two «contrasting patterns. In the northern half, water levels in
a relatively continuous 25- to 40--mile-wide belt from eastern Curry and Roosevelt
Counties, New Mexico, to western Floyd County, Texas, have declined more than
20 feet. In isolated locations within this belt declines have exceeded 40 feet (fig. 6). The
area of 20-foot declines closely approximates the area of declines exceeding
100 feet from predevelopment to 1980. The rate of decline of about 3 feet annually in this
area from predevelopment (1940) to 1980, however, decreased to less than 2 feet
annually since 1980.

Water levels in the southern half of the Southern High Plains have risen
substantially over a large area. Rises exceeding 20 feet extended over much of Dawson
and eastern Gaines Counties, Te:xas.

Central High Plains

Water-level declines from 1980 to 1994 were largest, both in area and magnitude

Water-Level Change, 1993 to 1994

This was the second consecutive 1-year period of average area-weighted water-
level rise in the High Plains (table 6). The average area-weighted 0.56-foot rise from
1993 to 1994 (table 7), however, was considerably larger than the rise of 0.21 foot from
1992 to 1993 (Dugan and Cox, 1994). The larger magnitude of the 1993 to 1994 rise may
be largely attributed to precipitation in the High Plains that had an area-weighted average
of 4.24 inches above normal in 1993 compared to 2.03 inches above normal in 1992
(table 6). The cumulative effect of 3 consecutive years of above-normal precipitation also
may have contributed to the large 1993 to 1994 rise. Precipitation in the High Plains from
1991-93 had an area-weighted average of 2.49 inches above normal.

Whereas the area-weighted average water level rose in the High Plains from 1993
to 1994 and area-weighted average precipitation was well above normal in 1993, these
conditions were not uniform across the High Plains. Both water-level changes and
precipitation presented strongly contrasting regional patterns within the High Plains (figs.
8 and 9).

Water-level declines of at least 1 foot were common throughout the Southern
High Plains and southwestern half of the Central High Plains. Declines exceeding 3 feet
extended in a nearly continuous arc from Roosevelt and Curry Counties, New Mexico, to
Swisher and Hale Counties, Texas (fig. 8). The average area-weighted water level
declined nearly 1 foot in the High Plains of Texas and 0.27 foot in New Mexico from
1993 to 1994 (table 7). Precipitation was generally below normal in 1993 in those parts of
the Southern and Central High Plains with widespread water-level declines from 1993 to
1994 (figs. 8 and 9, table 8).

In contrast, water-level rises of 1 to 3 feet were widespread throughout much of
the Northern High Plains and northeastern half of the Central High Plains from 1993 to
1994. The average area-weighted water level rose 1.81 feet in the Nebraska High Plains
and 0.55 foot in the Kansas High Plains (table 7) from 1993-94.

The widespread water-level rises throughout the Northern High Plains and parts
of the Central High Plains from 1993 to 1994 were associated with one of the wettest
years on record in those areas. Precipitation in each of the High Plains States of Kansas,
Nebraska, and South Dakota averaged about 7 inches or more above normal in 1993
(table 8). Precipitation was 10 inches above normal over large parts of eastern and south-
central Nebraska and was more than 20 inches above normal (nearly 200 percent of
normal) at two locations in south-central Nebraska (fig. 9).

Table 6. Average annual area-weighted water-level changes in the High Plains aquifer and annual
area-weighted precipitation and departures from normal, 1988 to 1994

[Precipitation data from U.S. Department of Commerce, National Climatic Data Center, Asheville, North Carolina]

Average area-
weighted
departure of
precipitation

Average annual

area-weighted Area-weighted

Water-level water-level precipitation from normal
change period change (feet) Precipitation year (inches) (inches)
1988 to 1989 -0.65 1988 18.84 -0.94
1989 to 1990 -.63 1989 17.00 -2.78
1990 to 1991 -42 1990 19.28 -.50
1991 to 1992 -.55 1991 20.99 +1.21
1992 to 1993 +.21 1992 21.81 +2.03
1993 to 1994 +.56 1993 24.02 +4.24

Annual average -25 1988-93 20.32 +.54

Table 7. Average area-weighted water-level change from 1993 to 1994

Area-weighted water-level change

State (feet)
Colorado -0.13
Kansas +.55
Nebraska +1.81
New Mexico =27
Oklahoma +.10
South Dakota +.38
Texas -.99
Wyoming +.13
High Plains +.56
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CONVERSION FACTORS

To obtain

square meter
cubic meter

Multiply By
acre 4,047
acre-foot 1,233

acre-foot per acre 0.3048 cubic meter per square meter
foot 0.3048 meter
gallon per minute 0.06309 decimeter per second
inch 25.4 millimeter
mile 1.609 kilometer
million gallons per day 0.003785 million cubic meters per day
square mile 2.590 square kilometer

Temperature can be converted to degrees Celsius (°C) or degrees Fahrenheit
(°F) by the equations:

°C=5/9 (°F-32)
°F=9/5 (°C)+32.

Sea level: In this report, “sea level” refers to the National Geodetic Vertical
Datum of 1929—a geodetic datum derived from a general adjustment of the
first-order level nets of the United States and Canada, formerly called Sea Level
Datum of 1929.
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