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CONVERSION TABLE

Inch-pound units of measurement in this report may be converted to
International System (SI) of Units using the following conversion factors:

To convert from
inch-pound units
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To SI
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v

Multiply by
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4,047
2.590
1,233
0.02832

0.3048
1,233

25.4



DEFINITION OF TERMS

Aquifer - A formation, group of formations, or part of a formation that
contains sufficient saturated permeable material to yield significant
quantities of water to wells or springs.

Consumptive use - Volume of water that is used by vegetative growth in
transpiration and building of plant tissue and that is evaporated
from adjacent soil or intercepted precipitation on plant foliage.

Deep percolation - Volume of water from precipitation and irrigation that
infiTtrates the soil and moves by the force of gravity to the water
table.

Evapotranspiration - Volume of water that is lost to the atmosphere by
transpiration from vegetative growth and by evaporation from the
soil or from the aquifer in shallow water-table areas.

Head, static - The height above a standard datum of the surface of a
column of water than can be supported by the static pressure at a
given point.

Hydraulic conductivity - Volume of water at the existing kinematic vis-
cosity that will move through a porous medium in unit time under a
unit hydraulic gradient through a unit area measured at right angles
to the direction of flow.

Hydraulic gradient - The change in static head per unit of distance in a
given direction.

Moisture-holding capacity - Amount of moisture that the soil can hold in a
form available to plants. It is the amount of moisture held between
field capacity and the permanent wilting point.

Specific yield - Ratio of the volume of water that the saturated material
will yield by gravity drainage to the volume of the material.

Steady state - Equilibrium conditions when water levels and the volume of
water in storage do not change with time.

Storage coefficient - Volume of water an aquifer releases from or takes
into storage per unit surface area of the aquifer per unit change
in head.

Streambed leakance - Ratio of the vertical hydraulic conductivity of the
streambed to the thickness of the streambed material.

Transmissivity - Rate at which water of the prevailing kinematic viscosity
is transmitted through a unit width of an aquifer under a unit
hydraulic gradient.

vi



PROJECTED EFFECTS OF GROUND-WATER WITHDRAWALS IN THE ARKANSAS RIVER
VALLEY, 1980-99, HAMILTON AND KEARNY COUNTIES, SOUTHWESTERN KANSAS

By
L. E. Dunlap, R. J. Lindgren, and J. E. Carr

ABSTRACT

A study was made, in cooperation with the Division of Water Resources,
Kansas State Board of Agriculture, to determine the effects that additional
ground-water development would have on streamflow and water levels in an
area along the Arkansas River in Hamilton and Kearny Counties, southwestern
Kansas. A computer model was used to simulate the changes in streamflow and
water levels from 1980 through 1999. Six pumpage options were tested using
variations in pumpage rate and number of wells pumping in the model area.

The projected effects of ground-water withdrawals from 1980-99 indi-
cate that net annual streamflow losses would be reduced only 1 percent
if annual withdrawals were reduced by 24 percent from the continued 1979
pumpage rate of wells with water rights, as computed using energy-consump-
tion techniques, to the amount appropriated by water rights for these
wells. The higher the pumpage rate results in very little change in stored
ground water and net streamflow losses because, after satisfying initial
soil-moisture requirements, a greater percentage of the additional applied
water percolates back to the aquifer.

If pumpage were increased along with an increase in the number of
irrigated acres over the 1979 rate, additional water would be removed from
storage, and net annual streamflow losses would increase. A 19-percent
increase in pumpage over the 1979 rate, with the additional acres irrigated,
would cause the net annual streamflow loss to increase 5 to 9 percent.

INTRODUCTION

In January 1977, the Chief Engineer of the Division of Water Resources,
Kansas State Board of Agriculture, declared a moritorium on the approval
of applications for permits to appropriate water from an area of 500 square
miles along the Arkansas River in Hamilton and Kearny Counties, southwestern
Kansas (fig. 1). The moratorium was prompted by a growing concern over
decreasing streamflow and declining water levels and by the need for a
better understanding of ground- and surface-water interaction in the
area.

When the moratorium was declared, hydrologic information was insuf-
ficient to allow adequate scientific evaluation of the interaction of
ground and surface water and the extent to which diversion from either
source might impair water use under existing water rights in the area.
The effect of year-to-year decreases in streamflow at the State line during

1
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Figure 1.--Location of moratorium, study, and model areas.

the 1970's also needed evaluation. The Division of Water Resources entered
into a 5-year cooperative investigation of the moratorium area with the
U.S. Geological Survey in October 1977 to provide better hydrologic infor-
mation for use in managing the water resources of the area.
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The study of the moratorium area was divided into two parts in order
to separate the geological differences due to the Bear Creek Fault zone--
phase I (1977-81) and phase II (1979-82). 1In 1981, the primary investigation
of the stream-aquifer hydrology along the Arkansas River valley west of the
Bear Creek Fault zone (phase I) was completed (Barker and others, 1983).
As part of the phase-I study, long-term model projections were used to
assess the effects that additional pumpage might have on future streamflow
and water levels (fig. 2).
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Figure 2.--Location of additional pumpage sites used in model projections.

Purpose and Scope

The purpose of this report is to evaluate the effects that additional
ground-water development might have on streamflow loss in the Arkansas
River and on water-level changes in the aquifer from 1980 through 1999.
Sixteen long-term projections of possible future hydrologic conditions
were made using a calibrated finite-element model. The report will describe
briefly: the hydrologic properties used as input to the model, the 16 pro-

jection options used, and the results of those projections. For complete

information on the environmental setting of the area and the background,
input, and calibration of the computer-model analysis, the reader is
referred to a previous report of the study area (Barker and others, 1983).
Documentation for the Tracy finite-element model used to make the long-term
projections is presented at the end of this report.
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Method of Investigation

Digital-Computer Model

The digital model of the Arkansas River valley stream-aquifer system
uses a computer program written by J. V. Tracy (U.S. Geological Survey,
written commun., 1980). The Tracy finite-element model is based on the
Galerkin finite-element method (Desai and Abel, 1972). Additional reference
to this method can be found in Pinder and Gray (1977). A "direct" solution
method is used to solve the nonlinear, partial-differential equation that
describes nonsteady, two-dimensional ground-water flow.

The simulation of future conditions requires that time be broken
into a series of finite intervals called time steps. Because the solution
changes with time, the size of the time steps affects the computational-work
effort needed to approximate aquifer performance during a selected period
and the accuracy of the approximation. A progression of 5-day time steps
was used for all model analyses.

Development of the digital-computer model as a predictive tool is based
on the premise that, if historic hydrologic phenomena can be satisfactorily
approximated by the model, then so can future conditions. The historic
cause-and-effect relationship between stresses in the real flow system and
the system's response to those stresses were simulated with acceptable
accuracy in the previous study by Barker and others (1983). The investi-
gation reported here assumed that the cause-and-effect relationship did
not change significantly in the real system during the simulation period,
1980 to 1999.

However, the hydrologic system in ‘the study area 1is very dynamic.
Large changes in streamflow at the Colorado-Kansas State line and in ground-
water pumpage during the 1970's greatly influenced streamflow and water
levels in the study area (Barker and others, 1983). Although it may be
possible to estimate future pumpage based on management control, it is
highly speculative to forecast changes in the streamflow at the State line
for the 1980's and 1990's. The method of investigation chosen was to input
various streamflow and pumpage patterns, allowing interested authorities
to make management decisions based upon the different results.

Acknowledgments
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SIMULATED HYDROLOGIC PROPERTIES

Boundary conditions on the east and west sides of the model area,
precipitation, streamflow conditions, and pumpage conditions were the only
simulated hydrologic properties whose values for the 1980-99 projections
Yarie? from the values used in the previous study by Barker and others

1983).

Boundary Conditions

Boundary conditions were specified in order to terminate lateral
ground-water flow at the northern and southern boundaries of the modeled
system and to maintain the December 31, 1979, water level at the western
and eastern boundaries. The boundaries on the north and south depicted
the effects of the thinning of the alluvial aquifer system to termination
against the relatively impervious bedrock. The boundaries on the east and
west maintained constant water levels at nodes representing lateral inflow
across the Colorado-Kansas State line and lateral outflow near Hartland
Crossing. Specified water levels at these locations were maintained at the
December 31, 1979, altitude throughout the 1980-99 projections because of
the unpredictability of water-level trends in the distant future. In the
previous study by Barker and others (1983), specified hydraulic-head
nodes, which were updated at the beginning of each time step, were used on
the east and west boundaries of the modeled area. The simulated water-level
surface on December 31, 1979, was used as the starting water-level surface
for the 1980-99 projections.

Streamflow Conditions

The model used 87 riverbed nodes to control the simulation of stream-
aquifer interaction and to orient the routing of river discharge from the
Colorado-Kansas State line to the downstream limits of the modeled area.
Streambed altitude, lengths, and widths were specified for each riverbed
node as part of the model input. The model simulated rates of streamflow
for all riverbed nodes in an iterative, upstream-to-downstream fashion.
Starting with input streamflow at the uppermost stream node and working
downstream, the flow was calculated for each reach on the basis of incoming
flow and the gain from, or loss to, the aquifer throughout the length of
the reach.

Variations in 1971-80 streamflow at the Colorado-Kansas State 1line
were used in running the 1980-99 future projections. Monthly discharge of
the Arkansas River at the Colorado-Kansas State line for a U.S. Geological
Survey streamflow-gaging station (near Coolidge) during 1970-80 is shown in
figure 3. The average annual discharge during 1951-69 is also shown.
Streamflow during the early 1970's was much higher than during the late
1970's. The streamflow during 1980 was exceptionally high.
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Figure 3.--Discharge of Arkansas River near Coolidge, 1951-69 (average)

and 1970-80 (monthly).

Four variations in streamflow conditions were simulated:

OPTION A -

Cycle the 1971-80 gaged daily flow of the Arkansas River near
Coolidge for the consecutive time periods 1980 through 1989
and 1990 through 1999. In other words, the gaged daily flow
near Coolidge on January 1, 1971, was used for the streamflow
on January 1, 1980, and January 1, 1990. The dates correspond
until gaged daily flow on December 31, 1980, was used for the
streamflow on December 31, 1989, and December 31, 1999.

OPTION B - Cycle the 1971-80 average monthly flow of the Arkansas River near

OPTION C -

Coolidge for the time period 1980-99. In other words, averages
of the individual months during the 1971-80 time period were
used as daily flow from 1980 through 1999.

Cycle the 1976-80 gaged daily flow of the Arkansas River near
Coolidge for the consecutive time periods 1980-84, 1985-89,
1990-94, and 1995-1999. This is similar to option A, except
that the gaged daily flow near Coolidge on January 1, 1976, was
used for the streamflow on January 1, 1980, January 1, 1985,
January 1, 1990, and January 1, 1995.

OPTION D - Cycle the 1979 gaged daily flow of the Arkansas River near

Coolidge throughout the 1980-99 projection.
6




Aquifer Parameters

Values for hydraulic conductivity, a measure of the aquifer's ability
to transmit water, and saturated thickness, which is dependent on water
levels, were used by the model to compute the required transmissivity dis-
tribution during the simulation. An area-constant hydraulic conductivity of
800 ft/d was used in the calibrated model for the Arkansas River alluvium.
This was the same value used in the investigation by Barker and others
(1983, p. 25).

The magnitude of water-level change that occurs in a water-table aqui-
fer in response to recharge or discharge of ground water depends on the
specific yield. The Arkansas River model used a simple distribution of
specific yield that ranged in value from 0.14 to 0.20. This was the same
distribution used by Barker and others (1983, p. 26).

Discharge

Pumpage and Pumpage Options 1-6

The largest vertical discharge from the aquifer was pumpage. The
pumpage history of the modeled area was estimated by making an inventory
of public-supply and irrigation wells in the area and by computing monthly
pumpage rates for those wells from energy-consumption and, in a few in-
stances, water-right and billing records. Area-wide averages were deter-
mined from monthly pumpage rates, where available, and applied to annual
totals for other wells to provide the monthly patterns of pumpage through-
out the area (Barker and others, 1983). Variations in these pumpage esti-
mates and the appropriated amount on the landowner's water right were used
in the 1980-99 projections.

Six hypothetical pumpage conditions were used in the 1980-99 pro-
jections. They were:

OPTION 1 - Includes pumpage from all wells in the study area (147 wells as of
1981) that had water rights from the Division of Water Resources.
Pumpage rates were determined from 1979 energy-consumption,
water-right, or billing records. The 1979 calculated ground-
water withdrawals are greater than the appropriated rights when
this technique is used to determine pumpage.

OPTION 2 - Includes pumpage from all wells in the study area that had water
rights as of 1981. Pumpage rates were determined from the amount
of water appropriated on the water rights. This option includes
152 wells. Five additional wells were added, in addition to
those in option 1, that did not pump during 1978 or 1979.



OPTION 3

Includes pumpage from all wells that had water rights, plus
pumpage from 12 existing wells for which permits were pending
(159 wells as of 1981). Pumpage rates for all these wells were
determined from 1979 energy-consumption, water-right, or billing
records.

OPTION 4

Includes pumpage from all wells that had water rights, pumpage
from existing wells for which permits were pending, plus pumpage
from an additional 19 proposed wells for which permits were
pending (178 wells as of 1981). Pumpage rates for wells with
water rights and existing wells for which permits were pending
were determined from 1979 energy-consumption, water-right, or
billing records. Pumpage rates for proposed wells for which
permits were pending were based on the amounts of water re-
quested by well applications.

OPTION 5 Includes the same wells as in OPTION 4 but use pumpage rates
determined from the amount of water appropriated on the water
right or requested by well application. This option includes
183 wells. Five additional wells were added, in comparison to
to option 4, that did not pump during 1978 or 1979.

OPTION 6 Includes the same wells as in OPTION 3 but increase the 1979

pumpage rate of each well by 50 percent (159 wells).

Monthly patterns of the six hypothetical annual pumpage conditions
were cycled 20 times over the 20-year projection period.

Stream-Aquifer Leakage

The exchange of water between the Arkansas River and the alluvium
occurs through the streambed. Stream-aquifer leakage can be either a
source of recharge or discharge to the aquifer. A streambed-leakance value
of 1.34 d-1 was used for all riverbed nodes in the model (Barker and others
1983, p. 30).

Ground-Water Evapotranspiration

Significant discharge can occur from the Arkansas River alluvial
aquifer as ground-water evapotranspiration when the water table 1is above
the root =zone or within reach of roots through capillary attraction.
Ground-water evapotranspiration can completely satisfy the consumptive-
use demand by plants if the water table is at or above land surface.
That part of the deficit that can be met when the water table is below
land surface declines by about 8 percent per each additional foot below
land surface, reaching zero at depths of 12 feet and greater. Ground-water
evapotranspiration was calculated by the model in the same manner as in
the previous investigation (Barker and others, 1983, p. 34).



Recharge
Deep Percolation

Recharge to the ground-water system occurs as water infiltrates
from the land surface through the soil zone to the aquifer. The sources
of water that may infiltrate from the land surface are precipitation and
irrigation water (including both well pumpage and surface-water diversion).
The amount of deep percolation depends on the amount of precipitation and
irrigation water applied to the land surface, the rate of consumptive-use
demand by plants, and the moisture-holding capacity of the soil zone. The
model used a composite area-weighted average of crop and land-use categories
to determine the consumptive-use demands (Barker and others, 1983).

Precipitation

When precipitation exceeds storage capacity of the soil, it recharges
the aquifer as part of deep percolation. Precipitation in the moratorium
area ranges from about 14.5 in/yr near the Colorado-Kansas State line to
about 17.5 in/yr at Lakin. The 30-year (1941-70) normal precipitation at
Syracuse, near the center of the modeled area, is 16.86 in/yr. The monthly
normal precipitation at Syracuse was used in the model for the 1980-99
projections.

SIMULATED WATER-LEVEL CHANGES

Sixteen model simulations were made projecting streamflow at the
Colorado-Kansas State 1line and pumpage from January 1980 through December
1999. For discussion herein, these projections are numbered 1 through 16.
Water-level changes simulated by the model from January 1, 1980, to December
31, 1999, were used to illustrate the aquifer response.

Use of cyclic patterns of streamflow at the Colorado-Kansas State line
and pumpage caused the alluvial aquifer to reach steady-state conditions
after a period of time ranging from 3 to 5 years. Steady state is described
as a state of dynamic equilibrium in which recharge virtually balances
discharge. There is no long-term water-level change nor change of water
in storage. In the strictest sense a constant, or single, steady-state
condition will never exist in a large-scale stream-aquifer system due to
year-to-year changes 1in recharge and discharge (for example: pumpage,
streamflow, precipitation, etc.). However, if the hydrologic system under-
goes changes of a uniform and cyclic nature, such as the cyclic patterns
of streamflow and pumpage used in the model projections, then the system
may reach a dynamic steady-state condition where changes in storage are
consistent within each cycle.



After steady-state conditions are reached, the water level in the
aquifer will change in response to a change in streamflow to maintain
equilibrium. The streamflow at the Colorado-Kansas State line was cycled
every 1 year for option B and every 5 years for option C. Therefore,
after steady state is reached, the water-level altitude in the aquifer
will be similar whenever the streamflow at the State line 1is repeated
(every 1 and 5 years). Because streamflow option A is a 10-year repeating
cycle, the water-level altitude on December 31, 1999, will be similar to
the altitude on December 31, 1990. Therefore, a water-level-change map
from January 1980 to December 1999 is also representative of the change
from January 1980 to December 1989 in each of the options.

The model boundaries on the east and west maintained the water level
at the December 31, 1979, altitude throughout the 1980-99 projections.
Therefore, the water-level change at these boundaries was artificially
held at zero, and the nearby changes should be viewed with caution. A
1980-99 projection, using a constant rate of water-level decline equal to
0.4 ft/yr (as used in the previous study by Barker and others, 1983) and
based on the observed decline of water levels between 1970-79 in wells
near the east and west boundaries of the model area, was made to determine
the effect of the imposed constant heads at the east and west boundaries.
Pumpage option 1 and streamflow option A were used for the projection.
Water levels ranged from 8 feet lower at the boundaries to less than 0.2
foot lower near the center of the model area using a constant rate of
decline as compared to using constant heads. Boundary inflow was 55 per-
cent lower, and boundary outflow was 5 percent higher using a constant
rate of decline, resulting in the greater simulated water-level declines.
The projection indicated that the effect of the imposition of constant
heads for the east and west boundaries does not significantly affect water
levels except for areas near the boundaries. The net annual river loss was
5 percent (1,228 acre-ft/yr) greater for the projection using a constant
rate of decline as compared to using constant heads, partially compensating
for the decreased net boundary flow available to the system experienced
using a constant rate of decline. A uniform rate of water-level decline
was not used for the 16 projections because of the unpredictability of
water-level trends in the distant future.

In the following sections the projections using pumpage options 1
through 5 are compared for streamflow options A, B, and C. Pumpage option
6 and streamflow option D are discussed separately. Pumpage options 1, 3,
and 4 are variations in the number of wells in the study area, using the con-
tinued 1979 conditions of pumpage. Pumpage options 2 and 5 are variations
in the number of wells in the study area, with each well pumping the appro-
priated amount of water on the water right or well application. Pumpage
option 6 increased the 1979 pumpage rate for existing wells by 50 percent.
The projection numbers of the combinations of streamflow and pumpage rates
used are shown in table 1.
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Table 1.--Relationship among streamflow options, pumpage options, and
projection numbers

Pumpage Streamflow option
option A B C D

Projection number

1 1 6 11 Ncl/
2 2 7 12 NC
3 3 8 13 NC
4 4 9 14 NC
5 5 10 15 NC
6 NC NC NC 16

1 NC = not compared.

In this report, "continued 1979 pumpage rates" refers to pumpage option
1, which includes 147 wells and 60,540 acre-feet of pumpage. Although the
terminology is similar to that used under "continued 1979 conditions" in
the previous report by Barker and others (1983), it should be noted that
none of the projections use exactly the same conditions. Pumpage option 3
in this report is similar in comparison to the number of wells and pumpage
used by Barker and others (1983); however, the streamflow conditions that
were used with option 3 are not similar to the conditions used by Barker
and others (1983).

Streamflow Option A and Pumping Options 1-5

For streamflow option A, streamflow at the Colorado-Kansas State
line was cycled on a 10-year basis using the 1971-80 gaged daily streamflow
near Coolidge. This section describes the effects of pumpage options 1
through 5 and streamflow option A on the change in water levels in the
aquifer and net annual river loss. Water-level-change maps for 1980-99
for each projection (figs. 4-19) were derived using 1980-99 simulated
water-level changes at all nodes in the digital model grid (Barker and
others, 1983).

Projection 1 combined streamflow option A and pumpage option 1. The
water-level change ranged from less than 2 feet of decline to less than
4 feet of rise (fig. 4). Most of the rise in water levels occurred near
the northern boundary along the river. As shown in table 2, pumpage in
projection 1 averaged 60,540 acre-ft/yr, deep percolation averaged 50,130
acre-ft/yr, and net river loss averaged 23,360 acre-ft/yr.

11
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Figure 4.--Water-level change, 1980-99, using streamflow option A and
pumpage option 1 (projection 1).

Table 2.--Pumpage, deep percolation, and net river loss for projections 1-16

Projection Pumpage Stream- Number Pumpage Deep percola- Net river

number option flow of (acre-feet tion (acre- 1loss (acre-
option wells per year) feet per feet per
year) year)

1 1 A 147 00,540 50,130 23,360
2 2 A 1/152 46,030 35,620 23,170
3 3 A 159 64,700 52,520 24,140
4 4 A 178 71,960 57,320 25,130
5 5 A 1/183 57,840 43,240 24,930
6 1 B 147 60,540 50,130 26,380
7 2 B 152 46,030 35,620 26,310
8 3 B 159 64,700 52,250 27,340
9 4 B 178 71,960 57,320 28,740
10 5 B 183 57,840 43,240 28,660
11 1 c 147 60,540 48,500 21,450
12 2 C 152 46,030 33,940 21,150
13 3 C 159 64,700 50,900 22,050
14 4 C 178 71,960 55,610 22,610
15 5 C 183 57,840 41,500 22,280
16 6 2/p 159 97,050 80,280 11,140

1 Pumpage options 2 and 5 include five wells that did not pump during 1978
or 1979.

2 Projection 16 uses continued 1979 streamflow.
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Projection 2 combined streamflow option A and pumpage option 2. The
water-level change ranged from less than 2 feet of decline to less than 4
feet of rise (fig. 5). Most of the rise in water levels occurred near the
northern boundary along the river. Pumpage in projection 2 averaged 46,030
acre-ft/yr, deep percolation averaged 35,620 acre-ft/yr, and net river loss
averaged 23,170 acre-ft/yr.

Comparing projection 2 with projection 1 revealed that pumping a quan-
tity of water equal to the amounts appropriated on water rights, instead
of continuing 1979 pumpage rates, would decrease the annual pumpage by 24
percent. However, net annual river loss would decrease by only 1 percent.
The water-level-change maps appear similar (figs. 4 and 5).

The ratio of deep percolation to pumpage was higher (83 percent) when
wells pumped at the continued 1979 rate rather than pumping the appropriated
amount (77 percent). In this case, increased pumpage from a given number of
wells had the effect of recycling the additional water by recharge back to
the aquifer, resulting in a negligible difference in the amount of ground
water in storage.
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Figure 5.--Water-level change, 1980-99, using streamflow option A and
pumpage option 2 (projection 2).
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Projection 3 combined streamflow option A with pumpage option 3. The
water-level change ranged from less than 2 feet of decline to less than 4
feet of rise (fig. 6). Most of the rise in water levels occurred near the
northern boundary along the river. Pumpage in projection 3 averaged 64,700
acre-ft/yr, deep percolation averaged 52,520 acre-ft/yr, and net river loss
averaged 24,140 acre-ft/yr.

Comparing projection 3 with projection 1 revealed that including pump-
age from existing wells for which permits were pending increased the
annual pumpage by 7 percent and increased the net annual river loss by 3
percent. The water-level-change maps are very similar (figs. 4 and 6).

When pumpage was increased over the 1979 rates in the modeled area and
distributed to new pumpage locations, additional ground water was removed
from storage in the aquifer and net annual river loss increased. This is
because the additional crops irrigated at the new sites increased the crop
consumptive use. Therefore, more water was consumed by plants in the soil
zone, and the ratio of deep percolation to pumpage decreased to 81 percent.
The increased pumpage was not recycled completely back to the aquifer as
it was in projection 1.
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Figure 6.--Water-level change, 1980-99, using streamflow option A and pump-
age option 3 (projection 3).
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Projection 4 combined streamflow option A with pumpage option 4.
The water-level change ranged from less than 4 feet of decline to less
than 4 feet of rise (fig. 7). Most of the rise in water levels occurred
near the northern boundary along the river. Pumpage in projection 4
averaged 71,960 acre-ft/yr, deep percolation averaged 57,320 acre-ft/yr,
and net river loss averaged 25,130 acre-ft/yr.

Comparing projection 4 with projection 1 revealed that including both
existing and proposed wells for which permits were pending increased the
annual pumpage by 19 percent and increased the net annual river loss by 8
percent. A comparison of the water-level-change maps indicated that the
rise in water levels would be slightly less in projection 4 than in pro-
jection 1 (figs. 4 and 7).

Projection 5 combined streamflow option A with pumpage option 5. The
water-level change ranged from less than 4 feet of decline to less than 4
feet of rise (fig. 8). The largest area of decline occurred in the south-
western part of the model area. Pumpage in projection 5 averaged 57,840
acre-ft/yr, deep percolation averaged 43,240 acre-ft/yr, and net river
loss averaged 24,930 acre-ft/yr.

Comparing projection 5 with projection 2 revealed that including both
existing and proposed wells for which permits were pending increased the
appropriated annual pumpage by 26 percent and increased the net annual
river loss by 8 percent. A comparison of the water-level-change maps in-
dicated that the rise in water levels would be noticeably less in projection
5 than in projection 2 (figs. 5 and 8), which explains the increase in the
net annual river loss.

| Boundary of
| model area

EXPLANATION

———2—— LINE OF EQUAL WATER-LEVEL CHANGE--

Interval 2 feet. Positive value (no sign)

indicates a water-level rise; negative I} 5 10 MILES

value (-) indicates a water-level decline o T TG KiLomETERS

Figure 7.--Water-level change, 1980-99, using streamflow option A and
pumpage option 4 (projection 4).
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Figure 8.--Water-level change, 1980-99, using streamflow option A and
pumpage option 5 (projection 5).

The results of a comparison between projection 5 and projection
4 are essentially the same as the comparison between projection 2 and
projection 1. There is a greater difference in the water-level-change
maps for projections 4 and 5 because there is a greater difference in
ground-water storage than there 1is between projections 1 and 2. Much
of the additional water from increased pumpage again was recycled back
to the aquifer.

Streamflow Option B and Pumpage Options 1-5

For streamflow option B, the Colorado-Kansas State 1ine streamflow
of the Arkansas River was cycled on an annual basis using the gaged 1971-
80 average monthly streamflow near Coolidge. This section describes the
effects of pumpage options 1 through 5 and streamflow option B on the
changes in water levels and net annual river loss.

Projection 6 combined streamflow option B and pumpage option 1.
The water-level change ranged from less than 2 feet of decline to 1less
than 6 feet of rise (fig. 9). Most of the rise occurred along the river
in the western one-half of the study area. Pumpage in projection 6 averaged
60,540 acre-ft/yr, deep percolation averaged 50,130 acre-ft/yr, and net
river loss averaged 26,380 acre-ft/yr.
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Figure 9.--Water-level change, 1980-99, using streamflow option B
and pumpage option 1 (projection 6).

Projection 7 combined streamflow option B and pumpage option 2.
The water-level change ranged from less than 2 feet of decline to less
than 4 feet of rise (fig. 10). Most of the rise occurred along the river
in the western one-half of the modeled area. Pumpage in projection 7
averaged 46,030 acre-ft/yr, deep percolation averaged 35,620 acre-ft/yr,
and net river loss averaged 26,310 acre-ft/yr.

Comparing projection 7 with projection 6 revealed that if the amount
appropriated by water rights was pumped, then net annual river loss would
decrease by less than 1 percent. The water-level-change maps appear similar
(figs. 9 and 10). This is because a higher percentage of the pumped water
in projection 6 (83 percent) returns to the aquifer via deep percolation
than in projection 7 (77 percent). In this case, increased pumpage from a
given number of wells had the effect of recycling the additional water
back to the aquifer, resulting in a negligible difference in the ground
water in storage and the net annual river loss.

Projection 8 combined streamflow option B with pumpage option 3.
The water-level change ranged from less than 2 feet of decline to less
than 4 feet of rise (fig. 11). Most of the rise occurred along the river
in the western one-half of the model area. Pumpage in projection 8 averaged
64,700 acre-ft/yr, deep percolation averaged 52,520 acre-ft/yr, and net
river loss averaged 27,340 acre-ft/yr.
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Figure 11.--Water-level change, 1980-99, using streamflow option B and
pumpage option 3 (projection 8).
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Comparing projection 8 with projection 6 revealed that including the
existing wells for which permits were pending increased the net annual river
loss by 4 percent. The water-level-change maps are similar (figs. 9 and 11).
As in streamflow option A, when pumpage in the model area was increased in
the form of new well sites, additional ground water was removed from storage
in the aquifer and net annual river loss increased. This is because when
additional well sites were included in the study area, crop consumptive use
was increased with the additional crops, and the ratio of deep percolation
to pumpage decreased. Therefore, the increased pumpage was not completely
recycled back to the aquifer as it was in projection 6.

Projection 9 combined streamflow option B with pumpage option 4. The
water-level change ranged from less than 2 feet of decline to less than
4 feet of rise (fig. 12). Most of the rise was along the river in the
western one-half of the study area. Pumpage in projection 9 averaged 71,960
acre-ft/yr, deep percolation averaged 57,320 acre-ft/yr, and net river
loss averaged 28,740 acre-ft/yr.

Comparing projection 9 with projection 6 revealed that including both
existing and proposed wells for which permits were pending increased the
net annual river loss by 9 percent. A comparison of the water-level-change
maps indicated that the rise in water levels would be slightly less in pro-
jection 9 than in projection 6 (figs. 9 and 12), which explains the increase
in the net annual river loss.
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Figure 12.--Water-level change, 1980-99, using streamflow option B and
pumpage option 4 (projection 9).
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Projection 10 combined streamflow option B with pumpage option 5. The
water-level change ranged from less than 2 feet of decline to less than 4
feet of rise (fig. 13). The largest area of rise occurred along the river
in the western one-half of the study area. Pumpage in projection 10 aver-
aged 57,840 acre-ft/yr, deep percolation averaged 43,240 acre-ft/yr, and
net river loss averaged 28,660 acre-ft/yr.

Comparing projection 10 with projection 7 revealed that including both
existing and proposed wells for which permits were pending increased the net
annual river loss by 9 percent. A comparison of the water-level-change
maps indicated that the rise in water levels would be slightly less in pro-
jection 10 than in projection 7 (figs. 10 and 13), which explains the
increase in the net annual river loss.

Streamflow Optién C and Pumpage Options 1-5

For streamflow option C, the Colorado-Kansas State line streamflow
of the Arkansas River was cycled on a 5-year basis using the 1976-80 gaged
daily streamflow near Coolidge. This section describes the effects of
pumpage options 1 through 5 and streamflow option C on the change in water
levels and net annual river loss.

Projection 11 combined streamflow option C and pumpage option 1. The
water-level change ranged from less than 2 feet of decline to less than 4
feet of rise (fig. 14). Most of the decline occurred along the southern
boundary. Pumpage in projection 11 averaged 60,540 acre-ft/yr, deep per-
colation averaged 48,500 acre-ft/yr, and net river loss averaged 21,450
acre-ft/yr.
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Figure 13.--Water-level change, 1980-99, using streamflow option B and
pumpage option 5 (projection 10).
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Figure 14.--Water-level change, 1980-99, using streamflow option C and
pumpage option 1 (projection 11).

Projection 12 combined streamflow option C and pumpage option 2. The
water-level change ranged from less than 4 feet of decline to less than 4
feet of rise (fig. 15). Most of the decline occurred along the southern
boundary of the modeled area. Pumpage in projection 12 averaged 46,030
acre-ft/yr, deep percolation averaged 33,940 acre-ft/yr, and net river
loss averaged 21,150 acre-ft/yr.

Comparing projection 12 with projection 11 revealed that if the amount
appropriated by water rights was pumped, then the net annual river loss
would decrease by 1 percent. The effect of increased pumpage in projection
11 was negated by increased deep percolation.

Projection 13 combined streamflow option C with pumpage option 3.
The water-level change ranged from less than 4 feet of decline to less
than 4 feet of rise (fig. 16). Most of the decline was in the southern
one-half of the modeled area. Pumpage in projection 13 averaged 64,700 acre-
ft/yr, deep percolation averaged 50,900 acre-ft/yr, and net river 1loss
averaged 22,050 acre-ft/yr.

Comparing projection 13 with projection 11 revealed that adding the
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