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FOREWORD
THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

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 repre-
sent important components 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
system, 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,
hydrology, 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 there-
after will continue in numerical sequence as the interpretive products of subse-
quent studies become available.

S T A

Dallas L. Peck
Director
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PREFACE

The High Plains RASA was begun in 1978 to describe the geohydrology of
the High Plains aquifer and to develop a ground-water flow model of the aquifer
(Weeks, 1978). Maps of irrigated cropland, compiled from Landsat-satellite data,
were combined with sampled information on ground-water withdrawals for ir-
rigation to estimate ground-water pumpage which is an integral component
in the ground-water flow model.

The National Aeronautics and Space Administration (NASA) provided finan-
cial and technical support for the analysis of Landsat data through its Applica-
tions Pilot Test Program. Additional technical support for the study was
provided by the University of Kansas, Kansas Applied Remote Sensing pro-
gram, Informatics General Corp., and Technicolor Government Services, Inc.
Valuable information was also provided by many State and local agencies
throughout the High Plains.

The following individuals deserve recognition for their specific contributions
to this study. Carol S. Mladinich of Technicolor Government Services, Inc. was
the principal analyst responsible for the processing and interpretation of the
59 Landsat scenes required to map irrigated cropland for 1980. Walter E.
Donovan of Informatics General Corp. designed and implemented innovative
software which was essential to the successful completion of this project.
Donald H. Card of NASA-Ames Research Center developed the sample design
and supervised the analysis and interpretation of data for the accuracy evalua-
tion conducted as part of the 1980 mapping of irrigated cropland.
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MAPPING FROM LANDSAT TO DETERMINE WATER USE IN HIGH PLAINS AQUIFER

TABLE 1.—Irrigated-cropland estimates for Phillips and Yuma Coun-
ties, Colo., 1978

Irrigated cropland
(acres)

Data source
Phillips Yuma Total
County County
Interpretation of
high-resolution data ........ .. 66,037 243,506 329,543
Landsat visual
interpretation ............... 69,152 235,836 304,988
Landsat digital
interpretation ............... 65,031 244,418 309,449

these nonirrigated cropland areas could be seen as
changes in tone on the Landsat color-composite image.

Differences between the maps compiled by digital
analysis of Landsat data and high-resolution data also
were compared to data available at ASCS offices in
Phillips and Yuma Counties. Only three identifiable
fields in Yuma County were classified differently on the
two maps. ASCS records showed that the map made
from high-resolution data correctly identified two wheat
fields as irrigated, and the map made from the Land-
sat digital classification incorrectly identified the two
fields as nonirrigated. Wheat had already been har-
vested on the date of the Landsat image (July 27, 1978),
so the Landsat data for those fields did not have a spec-
tral response representative of irrigated cropland. The
third field, growing milo, was correctly identified as
nonirrigated on the map made from high-resolution data
and incorrectly identified on the Landsat map.

The results obtained in Phillips and Yuma Counties
demonstrated that either visual- or digital-interpretation
techniques of Landsat data could be used to estimate
acreages of irrigated cropland with acceptable accuracy.
However, because of the efficiency obtained in process-
ing large volumes of data and providing numerical sum-
maries for entry into the High Plains data base, Landsat
digital data were selected for the second-phase mapping
of irrigated cropland using 1978 Landsat data.

During the second phase, the digital-analysis tech-
niques were extended to diverse areas of the High
Plains. Procedures were developed to select optimal
Landsat coverage, efficiently handle and process both
single and multitemporal data, and summarize the
classified Landsat pixel data into a form compatible
with the High Plains data base.

1978 TEST
PROCEDURE

For efficient processing, a variety of computers, rang-
ing from minicomputers to mainframe computers, were
used in the analysis of 1978 Landsat data. Data for each
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Landsat scene were processed following six basic steps:

1. Data selection.—Landsat scenes were selected based
on crop-phenology information and available cloud-
free scenes.

2. Data preparation.—Landsat scenes were corrected
to remove the skew present in the data, and to refer-
ence Landsat line-and-column coordinates to map
latitude and longitude.

3. Multitemporal registration.—Landsat multitem-
poral scenes were generated by registering one date
with an additional date and then merging two chan-
nels of data from each of the original scenes to form
a new four-channel multitemporal scene.

4. Analysis.—Unsupervised clustering was used to
classify the Landsat MSS data; each input pixel was
assigned to one of the clusters following a maximum-
likelihood decision rule.

5. Interpretation.—Each classification was interactive-
ly interpreted to assign each cluster to a land-cover
category.

6. Aggregation.—Interpreted pixels for each Landsat
scene were aggregated into 1-minute cells.

DATA SELECTION

To aid in the selection of Landsat coverage, informa-
tion obtained from the 1974 Census of Agriculture
(U.S. Department of Commerce 1949-78) was used to
compile county maps showing the density and distribu-
tion of irrigated cropland by crop type for the High
Plains. In addition, a generalized crop phenology was
constructed for each of the major irrigated crops using
information on planting and harvesting dates obtained
from State offices of the U.S. Department of Agricul-
ture, Statistical Reporting Service. This information,
along with precipitation data, was used to select optimal
dates of Landsat coverage to distinguish irrigated
cropland from nonirrigated cropland and rangeland.

The survey of crop types from the Census of
Agriculture identified six major irrigated crops distrib-
uted throughout the High Plains: corn, sorghum, winter
wheat, alfalfa, soy beans, and cotton. Crop phenologies
indicated that the majority of these crops could be dif-
ferentiated from surrounding vegetation using a single
Landsat scene acquired in late July or early August.
At this time, the majority of irrigated crops have at-
tained a full vegetative canopy and are being irrigated,
while most of the nonirrigated crops have a less dense
vegetative canopy and may be showing signs of water
stress. However, two major crops, cotton and winter
wheat, could not be mapped using a single midsummer
scene. Winter wheat required a late-spring scene, and
cotton required a late-summer scene in addition to the
midsummer scene.
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The purpose of the 1978 test was to develop and
evaluate digital-analysis procedures for the diverse en-
vironments of the High Plains. Therefore, the test did
not attempt to provide a complete map of irrigated
cropland for the entire High Plains. Those scenes con-
taining only a small part of the High Plains and limited
areas of irrigated cropland (as determined from black-
and-white, Landsat Band 5 images) were not analyzed.
Additionally, to simplify the analyses and reduce the
volume of multitemporal data used, no attempt was
made to map irrigated spring crops. Instead, multitem-
poral analysis techniques were evaluated by analyzing
only the midsummer and late-summer scenes required
to map irrigated cotton. Despite these exclusions,
diverse regions of the High Plains were analyzed, con-
stituting a valid test of the procedures being developed.

A search of available Landsat scenes was made
through the EROS Data Center, Sioux Falls, S. Dak.,
for June through September, 1978. Cloud cover was a
critical factor in evaluating the suitability of Landsat
data. Any scene with more than 10 percent cloud cover
was excluded from consideration. Remaining scenes
were selected based on cropping patterns, crop-
phenology information, and precipitation data. A total
of 35 Landsat scenes were selected for the 1978 test
(table 2). These scenes provided single-date coverage for
the majority of the High Plains and multitemporal
coverage for a five-scene area in Texas.

DATA PREPARATION

Some geometric distortion is inherent in Landsat
data. To remove this distortion, two data-preparation
steps were taken: (1) an initial geometric correction of
the MSS data was used to remove the skew introduced
while the satellite was scanning the rotating Earth, by
establishing a correspondence between Landsat pixel
coordinates and latitude and longitude, and (2) refer-
encing was further refined by an additional step using
more precise coordinate pairs.

The correction required to remove the skew present
in the Landsat data is dependent on latitude, and was
determined by digitizing a series of corresponding
points from the Landsat image and 1:250,000-scale
maps using EDITOR! software (Ray and others,
1975). A file containing the coordinate pairs was created
for use in establishing geometric control. This was ac-
complished by computing a least-squares linear fit that
determined the distance that successive rows and col-
umns of Landsat data must be shifted to remove the
skew and to align the data to approximate north. The
accuracy of this initial calibration is limited by the

YEDITOR software is non-proprietary, public domain software.
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TABLE 2.—1978 Landsat scenes used for test mapping of irrigated
cropland on the High Plains

Path-row’ Scene Date
identification
31-33 21297-16142 August 11, 1978
31-34 21297-16145 August 11, 1978
31-35 30132-16350 July 15, 1978
32-31 21640-16322 July 20, 1979
32-32 21298-16195 August 12, 1978
32-33 21298-16201 August 12, 1978
32-34 21298-16204 August 12, 1978
32-35 21262-16191 July 07, 1978
32-36 30133-16411 July 186, 1978
32-36 21334-16231 September 17, 1978
32-37 30133-16413 July 16, 1978
32-37 21334-16234 September 17, 1978
32-38 30133-16420 July 16, 1978
32-38 21334-16240 September 17, 1978
33-30 30170-16445 August 22, 1978
33-31 21281-16241 July 26, 1978
33-32 21281-16244 July 26, 1978
33-33 21299-16260 August 13, 1978
33-34 21299-16262 August 13, 1978
33-35 21263-16250 July 08, 1978
33-36 30170-16472 August 22, 1978
33-36 21263-16252 July 08, 1978
33-37 21263-16255 July 08, 1978
33-37 30170-16475 August 22, 1978
34-31 21282-16300 July 27, 1978
34-32 21282-16303 July 27, 1978
34-33 21282-16305 July 27, 1978
34-34 21282-16312 July 27, 1978
34-35 30135-16521 July 18, 1978
34-36 21300-16330 August 14, 1978
35-30 30172-16562 August 24, 1978
35-31 21283-16355 July 28, 1978
36-30 21302-16421 August 16, 1978
36-31 30155-17022 August 07, 1978
37-30 30156-17074 August 08, 1978

Ipath-row locations are shown in illustration on plate 1.

precision with which points are digitized on both the
map and the Landsat image. The parameters derived
from this oblique-calibration file were submitted to a
mainframe computer where data from each Landsat
scene were corrected to approximate north.

A second and more precise calibration file was created
to reference the skew-corrected Landsat data more ac-
curately. For this precision calibration, 20 to 30 well-
distributed control points were selected from each Land-
sat scene. Gray-scale maps generated from the Land-
sat data at about 1:24,000 scale were aligned with
topographic maps of corresponding scale. Coordinate
pairs were determined by digitizing the location of each
control point from the map and ascertaining the cor-
responding line-and-column coordinates on the gray-
scale printout. This series of coordinate pairs was then
used to calculate a precision-calibration file containing
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of the study was to identify the optimal dates of Land-
sat coverage that would provide maximum distinction
between irrigated and nonirrigated cropland. Recom-
mendations for optimal Landsat scenes were based on
crop phenologies, irrigation management practices, and
distribution and density of the major crops (Martinko
and others, 1981). Thirteen crops were identified as hav-
ing significant acreage and were widespread enough to
be included in the study. For each of these crops, two
periods of time were identified (best and optional date)
for distinguishing irrigated from nonirrigated cropland.

Using these recommendations as a guide, a list of
available Landsat scenes was evaluated. Because of ex-
cessive cloud cover during the 1980 growing season,
many recommended dates were unavailable. At this
point, advantage was taken of the information con-
tained in the KARS study. Phenological characteristics
of major crops were used to further evaluate the suit-
ability of Landsat data and select the best of the
available scenes. A total of 59 Landsat scenes (table 3)
were acquired that included multitemporal coverage for
18 of the scenes. Following recommendations outlined
in the KARS study, a Landsat scene from a spring date
was used in conjunction with a midsummer date for
areas where winter grains constituted at least 10 per-
cent of the total irrigated cropland. For the cotton-
growing areas, the midsummer scene was supplemented
with a scene from late summer. An area in Texas in-
cluded both irrigated spring grains and cotton. For this
area, a total of three dates of Landsat coverage were
used to map irrigated cropland.

ANALYSIS

A table-look-up classifier program was designed to
read the Landsat multi-spectral data, compute ratios,
screen for data aberrations, and produce a ratio-
classified scene. After EDIPS processing, each of 59
Landsat scenes was read into a minicomputer contain-
ing the classifier. The classifier used a table that con-
tained ratio values for all possible combinations of
Landsat bands 7 and 5. Instead of computing the ratios
for each scene, the program simply identified the two
input values from band 7 and band 5, and then searched
through the table for these values and the correspond-
ing ratio. The ratio was then multiplied by 1.5, a scal-
ing factor that resulted in classified pixels in the range
from 0 to 255. Also, the expected range of ratio values
(band 7 and band 5) for clouds, shadows, and bad data
were built into the table. Where these combinations of
values occurred, the pixels were automatically assigned
to special categories designated as cloud, shadow, or
bad data.
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TABLE 3.—1980 Landsat scenes used for mapping of irrigated
cropland on the High Plains

Path-row’ Scene Date
identification
30-33 22304-16254 May 14, 1981
30-33 21998-16270 July 12, 1980
31-30 30870-16233 July 22, 1980
31-31 30870-16235 July 22, 1980
31-32 30870-16242 July 22, 1980
31-33 22287-16313 April 27, 1981
31-33 30870-16244 July 22, 1980
31-34 21963-16322 June 02, 1980
31-34 30870-16251 July 22, 1980
31-35 30798-16280 May 12, 1980
31-35 30870-16253 July 22, 1980
32-30 30871-16291 July 23, 1980
32-31 22018-16380 August 01, 1980
32-32 22018-16382 August 01, 1980
32-33 30817-16323 May 30, 1980
32-33 22000-16383 July 14, 1980
32-34 30817-16325 May 30, 1980
32-34 22018-16391 August 01, 1980
32-35 30799-16334 May 12, 1980
32-35 22000-16392 July 14, 1980
32-36 30763-16350 April 06, 1980
32-36 22000-16395 July 14, 1980
32-36 22054-16402 September 06, 1980
32-37 22000-16401 July 14, 1980
32-37 22054-16405 September 06, 1980
32-38 22018-16405 August 01, 1980
33-30 30872-16345 July 24, 1980
33-31 30890-16342 August 11, 1980
33-32 22037-16442 August 20, 1980
33-33 22271-16431 April 11, 1980
33-33 22037-16445 August 20, 1980
33-34 30800-16390 May 13, 1980
33-34 22037-16451 August 20, 1980
33-35 30800-16393 May 13, 1980
33-35 22001-16451 July 15, 1980
33-36 30800-16395 May 13, 1980
33-36 22001-16453 July 15, 1980
33-36 30908-16355 August 29, 1980
33-37 30908-16361 August 29, 1980
34-30 22020-16490 August 03, 1980
34-31 22020-16493 August 03, 1980
34-32 22002-16494 July 16, 1980
34-33 22152-16414 April 23, 1979
34-33 22002-16500 July 16, 1980
34-34 30765-16453 April 08, 1980
34-34 22020-16504 August 03, 1980
34-35 30765-16460 April 08, 1980
34-35 22038-16512 August 21, 1980
34-36 30765-16462 April 08, 1980
34-36 22002-16512 July 16, 1980
34-36 22038-16514 August 21, 1980
35-30 22021-16545 August 04, 1980
35-31 22021-16551 August 04, 1980
35-32 22021-16554 August 04, 1980
35-33 30820-16494 June 02, 1980
35-33 22021-16560 August 04, 1980
36-30 22022-17003 August 05, 1980
36-31 30875-16522 July 27, 1980
36-32 30875-16524 July 27, 1980

1path-row locations are shown in illustration on plate 1.
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INTERPRETATION

Interpreting and editing the 59 Landsat ratio-
classified scenes took the most time during the analysis
procedure. The CIE software provided a fast and effi-
cient tool for displaying and editing each of the scenes.
Ratio-classified scenes having values ranging from 0 to
255 were displayed as gray levels on a color monitor.
While viewing this gray-level representation of the
classification, an analyst used the CIE cursor to deter-
mine the range of gray levels (0-255) that appeared to
represent irrigated cropland. The range of gray levels
identified as irrigated cropland was redisplayed in col-
or, and a threshold was set that best represented the
minimum gray level for irrigated cropland. Gray levels
less than this threshold were interpreted and designated
as nonirrigated land.

This threshold value did not always represent an ab-
solute cutoff for irrigated cropland. On each classified
scene, some areas that were not irrigated had the same
ratio value as areas of irrigated cropland. The CIE cur-
sor was used to outline these anomalous areas as
polygons on the color monitor, and the range of gray
levels was determined. A new threshold value was
established within the polygon to separate the irrigated
areas from nonirrigated areas.

The editing required for each Landsat scene varied
with the environmental complexity of the area. General-
ly, summer scenes from the most arid parts of the High
Plains required the least editing, whereas spring scenes
required the most. For example, spring scenes with lush,
herbaceous rangeland misclassified as irrigated crop-
land required extensive editing. Similarly, some spring
and summer scenes required extensive editing to cor-
rectly map riparian vegetation (trees and shrubs occur-
ring along drainages) as nonirrigated land.

DATA PREPARATION

Landsat data used for the 1980 mapping were in
EDIPS format. As part of the EDIPS processing, the
Landsat data are geometrically corrected to remove
systematic distortion. Each EDIPS-processed, Landsat
Computer-Compatible Tape (CCT) contained additional
information that could be used to create a precision-
calibration file for referencing the Landsat coordinates
to a ground location. Precision-calibration files gener-
ated from this information were assumed to be accurate,
eliminating the need to generate precision-calibration
files manually.

Precision-calibration files for several Landsat scenes
were generated using the EDIPS information. These
files were used to calculate Landsat coordinates for an
obvious map feature (lake or road intersection). These

REGIONAL AQUIFER-SYSTEM ANALYSIS

coordinates were used to retrieve the data and generate
a gray-scale map of the area. The gray-scale map was
overlaid on the corresponding 1:24,000-scale quadrangle
map. Differences between the calculated and actual
Landsat coordinates produced less than the required ac-
curacy (+3 pixels). Consequently, the procedure using
the EDIPS information had to be abandoned. Instead,
the precision-calibration files were generated for each
primary Landsat scene (see the discussion in the
“Multitemporal Registration” section) by adopting the
same manual approach used in the analysis of 1978
data.

MULTITEMPORAL REGISTRATION

After editing of the ratio-classified scenes, all scenes
with multitemporal coverage were registered. A total
of 18 scenes needed spring and summer coverage, of
which 3 scenes in Texas required additional late-summer
coverage. The registration process was virtually the
same as that used in the analysis of 1978 data. One date
of coverage was designated as a primary scene to which
subsequent dates of coverage were registered. After this
registration, a series of corresponding points were iden-
tified and digitized from Landsat color-composite im-
ages for both dates. These points were used to retrieve
blocks of data from both the primary and secondary
scenes. The processing of these blocks, through a series
of steps, generated parameters necessary to transform
the location of pixels from the secondary scene to the
same location on the primary scene. Parameter files
were created for each of the 18 scenes and used to
register each set of ratio classifications.

After each ratio-classified scene was edited and the
multitemporal data sets were registered, the data were
reexamined to resolve any remaining classification prob-
lems. First, classes were reorganized into a format
required for aggregation of the data. Second, areas clas-
sified as bad data (line-start problems with the Land-
sat 3 data, background, clouds, and shadows) were all
converted to one class for special processing.

Multitemporal data were combined into one data set
on the minicomputer after each of the scenes was edited
and registered. The resulting multitemporal data set
contained classes describing the pattern of irrigated
cropland over time. Specific categories were created to
designate all possible combinations of the three basic
classes: irrigated cropland, nonirrigated land, and bad
data. The nine possible classes resulting from a multi-
temporal image derived by combining spring and sum-
mer Landsat data are shown in figure 13. Any number
of scenes could be merged, but the software only allowed
for two scenes to be retained separately. In those cases
where scenes from three separate dates were required,
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TABLE 7.—Irrigated acreage compiled from Landsat data, and
estimated volume of ground water pumped for irrigation in areas
of the High Plains during the 1980 growing season

[Values rounded to t th d]

Irrigated acreage Volume of

State from Landsat ground water
data pumped
(acres) (acre-feet)
Colorado ................... 849,000 1,023,000
Kansas .................... 2,810,000 4,130,000
Nebraska .................. 5,273,000 6,395,000
New Mexico ................ 325,000 519,000
Oklahoma ............ 389,000 540,000
South Dakota 26,000 33,000
Texas ............... 3,878,000 5,170,000
Wyoming .................. 150,000 170,000
Total .................. 13,700,000 17,980,000

ground water pumped in the High Plains. Texas, which
accounts for about 20 percent of the area in the High
Plains and 29 percent of total volume of ground water
pumped, is the most densely developed area. South
Dakota, which accounts for less than 3 percent of the
area and about 0.1 percent of the total volume of ground
water pumped, virtually is undeveloped.

SUMMARY AND CONCLUSIONS

Development and application of the ground-water
flow model for determining the responses of the aquifer
to agricultural development required current informa-
tion on the volume and distribution of pumpage for ir-
rigation. Maps and tabular information of irrigated
acreage were required for computing estimates of
irrigation-water use. The initial phase of the study, the
preliminary county test, indicated that digital analysis
of Landsat data provided a source of current informa-
tion about irrigated cropland that could be used in con-
junction with data collected from physical sampling of
irrigation wells. Additionally, the digital format of the
data was compatible for use with the High Plains RASA
data base.

Designing an efficient technique for processing the
large quantity of data required to map irrigated crop-
land for the High Plains was necessary, so the follow-
ing two-step approach was devised:

1. A test was conducted using 1978 Landsat data to
develop and evaluate the procedures necessary to
map irrigated cropland for the High Plains.

2. 1980 Landsat data were used to map irrigated
cropland for the entire High Plains using analysis
techniques developed as a result of the 1978 test.

The 1978 test was undertaken to develop the pro-
cedures required to process and analyze large volumes
of Landsat data, and to evaluate the effects of diverse
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environmental conditions and cropping practices on the
results obtained from digital analysis of the Landsat
data. Cluster analysis of summer data from 35 Land-
sat scenes provided acreage estimates for irrigated and
nonirrigated cropland, rangeland, and several other
land-use categories for most of the High Plains. Nonir-
rigated cropland and rangeland acreages provided in-
formation that could be used to help estimate recharge
to the aquifer. During this phase of the project, soft-
ware was developed to aggregate Landsat pixel data in-
to 1-minute cells for use in the High Plains RASA data
base. The use of the 1-minute cells was an effective ap-
proach for handling the large volumes of pixel data that
were analyzed. This approach provided an efficient
method for combining the individual Landsat classif-
ications into a single comprehensive data set.

Completion of the 1978 test led to the modification
of a number of procedures for analyzing 1980 Landsat
data. Because only acreage information about irrigated
cropland was needed for 1980, cluster-analysis tech-
niques were abandoned and a simplified band-ratio
technique was adopted. The software required to calcu-
late a band ratio from the Landsat data was installed
on a minicomputer and eliminated the use of costly
mainframe computer facilities for most phases of
processing. Ratio classifications were produced for 59
Landsat scenes that provided acreage estimates for
both spring and summer irrigated crops grown during
1980. To aid in the interpretation of the ratio classifica-
tions, a fast and efficient interactive display and editing
package known as the CIE was developed. After inter-
pretation, Landsat pixel data were aggregated to
1-minute cells, representing the density of irrigated
acreage, for use in the High Plains RASA data base.

An accuracy evaluation of the 1980 Landsat analyses
demonstrated that estimates of irrigated cropland
acreage derived from Landsat digital data are reliable
throughout most of the High Plains. Classification er-
rors were not correlated with geographic location or den-
sity of irrigated cropland, but generally were associated
with the lack of suitable Landsat data for the recom-
mended optimal dates. This affected the analysis in
Terry County, Tex., where the optimal Landsat dates
for mapping cotton were not available because of cloud
cover. Consequently, irrigated-acreage estimates from
Landsat were only 22 percent of the ASCS reported
acreage for Terry County.

Conversely, for those counties used in the accuracy
evaluation which had the recommended dates of Land-
sat coverage, acreage estimates were at least 90 percent
of irrigated acreage reported by ASCS. Given the
availability of suitable Landsat data, results obtained
from the accuracy evaluation have validated the use
of Landsat data and digital-analysis techniques for
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providing estimates of irrigated cropland for an area as
large and diverse as the High Plains.

Estimates of irrigated cropland, nonirrigated crop-
land, and rangeland obtained from both 1978 and 1980
Landsat data were transferred to the High Plains RASA
data base. Irrigated and nonirrigated cropland and
rangeland acreage data were combined with other geo-
hydrologic information to estimate irrigation-water use
and to allocate recharge for use in the ground-water flow
model. Irrigated-cropland-acreage estimates were used
in conjunction with estimates of the depth of irrigation
water applied to compute the volume of ground water
pumped in the High Plains for the 1980 growing season.

The size of the area (174,000 mi?) precluded sampling
irrigation water applied in all parts of the High Plains.
Instead, estimates of irrigation water applied were com-
puted, for all areas of the High Plains, using ratios that
were established between sampled irrigation applica-
tions and irrigation demands calculated using the
Blaney-Criddle formula. The estimated total volume of
ground water pumped in the High Plains for the 1980
growing season was 17,980,000 acre-ft applied over
13,700,000 acres. Three States—Kansas, Nebraska, and
Texas—accounted for about 87 percent of the total
volume pumped.

Estimates of irrigation water applied were successful-
ly combined with Landsat-derived irrigated acreages to
provide timely information on water use that was not
available from other sources. The relationships estab-
lished between sampled irrigation application and com-
puted irrigation demand at selected sites proved to be
an effective way to develop estimates of irrigation water
applied for all areas of the High Plains.

Irrigation techniques, crop varieties, and cropping
practices are changing rapidly in many areas as a result
of increased irrigation costs and decreased water avail-
ability. Prior to the development of a plan to effectively
manage the water resources in these areas of agricultural
importance, current and reliable estimates on the volume
and the distribution of water use are essential. These
estimates of water use can then be combined with other
geohydrologic data in a ground-water flow model to
evaluate the effects of various management strategies
prior to their implementation. The Landsat-mapping
and water-use-sampling techniques used in this study
represent an approach for providing timely information
on irrigation water use in the Western United States.
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GLOSSARY

Algorithm. A series of well-defined steps used to accomplish a specific
process, for example, a classification algorithm; an algorithm may
be in the form of a word description, explanatory note, diagram,
or labeled flow chart.

Center pivot. An automated sprinkler irrigation system that irrigates
in a circular pattern, pivoting about the center point.

Color composite. A color image produced by assigning a color to a
particular spectral band. In Landsat data, ordinarily blue is assigned
to band 1 (0.5-0.6 um), green to band 5 (0.6-0.7 um), and red to band
6 (0.7-0.8 um) or band 7 (0.8-1.1 um), to form an image approx-
imating a color-infrared photograph.

Color-infrared photographs. Photographs using film that is sensitive
to energy in the visible and near-infrared wavelengths, generally
from 0.4-0.9 um; usually used with a minus-blue (yellow) filter that
results in an effective film sensitivity of 0.5-0.9 um. Color-infrared
film is especially useful for detecting changes in the condition of
the vegetative canopy that commonly are manifested in the near-
infrared region of the spectrum; color-infrared film is not sensitive
in the thermal-infrared region and, therefore, cannot be used as a
heat-sensitive detector.

Clustering. As used in this study, refers to the process of partition-
ing multispectral Landsat digital data into a number of classes or
clusters, with each cluster containing groups of pixels that have
similar spectral values. A form of multivariate analysis.

Crop phenology. A description of planting and harvesting dates (crop
calendar) and other stages of development of a given crop during
various times in the growing season. Dates vary with location and
climatic conditions.

Depth of application. The average depth, in inches or feet, of irriga-
tion water applied to a particular field for the growing season.
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Digital interpretation. The process of computer manipulation and
classification of digitally formatted images (Landsat-digital data).
For this study, Landsat-digital data were classified or grouped into
data sets (clusters) with similar characteristics or enhanced by
calculating band ratios using the computer. An analyst interactively
related these data sets to land-cover classes.

Digital value. A numerical value that represents the intensity of
reflected energy measured from a surface area represented by a pixel
and a given spectral band.

Gray level. Tonal gradations from black to white that correspond
to or represent digital values.

Gray-scale maps. Line-printer or electrostatic-plotter maps portray-
ing various features or attributes as different shades of gray (gray
levels).

Ground data. Supporting data collected on the ground and informa-
tion derived from those data that serve as an aid to the interpreta-
tion of Landsat or other remotely sensed imagery. Ground data also
can be used to evaluate the accuracy of interpretations derived from
remotely sensed data.

Ground-water flow model. A digital representation of an aquifer
system that computes water levels in the aquifer using a two-
dimensional equation (in this study) that describes the horizontal
ground-water flow.

Herbaceous. Leafy vegetation that has little or no woody tissue and
usually dies back at the end of the growing season.

Irrigation demand. The depth of irrigation water required by an in-
dividual crop growing in a given area under specified climatic con-
ditions. Irrigation demand, for the purposes of this report, is
computed on a monthly basis by subtracting monthly effective
precipitation from the estimated monthly consumptive use of a crop
based on the Blaney-Criddle formula.

Landsat MSS bands (channels). Refers to the four spectral bands
covered by the Landsat multispectral scanner: band 4 (0.5-0.6 um,
green), band 5 (0.6-0.7 um, red), band 6 (0.7~0.8 pm, near infrared),
band 7 (0.8-1.1 um, near infrared).

Landsat data. Refers collectively to the Landsat multispectral-
scanner digital data for each of the four visible and near-infrared
spectral bands.

Landsat image. A color-composite image produced by assigning
primary colors to three spectral bands of Landsat multispectral-
scanner data. Blue is assigned to band 4, green to band 5, and red
to band 7.

Landsat multispectral scanner (MSS). An optical-mechanical scanner
that uses an oscillating mirror to continuously scan perpendicular
to the spacecraft trajectory. Radiation is sensed simultaneously by
an array of six detectors in each of four Landsat bands (see Land-
sat MSS Bands).

Landsat scene. The area on the ground covered by one set of Land-
sat multispectral-scanner data for a particular date. A Landsat im-
age visually depicts the area covered by a single Landsat scene.

Multispectral. Two or more spectral bands.

Multitemporal. Of or pertaining to more than one time or period;
as multitemporal analysis or observations; indicating studies, usual-
ly of the same area (multitemporal Landsat scenes) or object, con-
ducted at specific time intervals.

Pixel. A dataelement having both spatial and spectral aspects; the
spatial variable defines the apparent size of the resolution cell (the
area on the ground represented by the data values), and the spec-
tral variable defines the intensity of the spectral response for that
cell in a particular channel; term derived from picture element.

Recursive. Relating to a procedure that can repeat itself indefinite-
ly or until a specified condition is met.

Spectral band. An interval in the electromagnetic spectrum defined
by two wavelengths, frequencies, or wave numbers.
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Spectral class (cluster). A group of pixels that have similar spectral | Spectral statistics. The mean vector and covariance matrix of digital
values (see clustering). values for a spectral class.

Spectral data (values). Refers to the data collected for a specific | Visual interpretation. The act of examining photographic images for
wavelength or frequency range, such as data collected by a particular the purpose of identifying objects and judging their significance;
band of the Landsat-multispectral scanner. The values correspond also called photointerpretation or image interpretation.
to the intensity of reflected or emitted energy measured for a given
spectral band (digital values).
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