a USGS

science for a changing world

Prepared in cooperation with the

U.S. Army Corps of Engineers, Vicksburg District and the

Arkansas Soil and Water Conservation Commission

CONJUNCTIVE-USE OPTIMIZATION MODEL OF THE
MISSISSIPPI RIVER VALLEY ALLUVIAL AQUIFER OF
SOUTHEASTERN ARKANSAS

Water-Resources Investigations Report 03-4233

U.S. Department of the Interior
U.S. Geological Survey



Cover: Irrigation of cotton and rice fields in southeastern Arkansas represent two of the major uses of
ground water from the Mississippi River Valley aluvia aguifer. Photographs by John B. Czarnecki, U.S.
Geologica Survey



CONJUNCTIVE-USE OPTIMIZATION MODEL OF THE
MISSISSIPPI RIVER VALLEY ALLUVIAL AQUIFER OF
SOUTHEASTERN ARKANSAS

By John B. Czarnecki, Brian R. Clark, and Gregory P. Stanton

U.S. GEOLOGICAL SURVEY
Water-Resources Investigations Report 03-4233

Prepared in cooperation with the
U.S. Army Corps of Engineers, Vicksburg District and the

Arkansas Soil and Water Conservation Commission

Little Rock, Arkansas
2003



U.S. DEPARTMENT OF THE INTERIOR
GALE A. NORTON, Secretary

U.S. GEOLOGICAL SURVEY
Charles G. Groat, Director

The use of firm, trade, and brand names in this report is for identification purposes only and does not
constitute endorsement by the U.S. Geological Survey.

For additional information Copies of this report can be
write to: purchased from:

District Chief U.S. Geological Survey

U.S. Geological Survey, WRD Branch of Information Services
401 Hardin Road Box 25286

Little Rock, Arkansas 72211 Denver Federal Center

Denver, Colorado 80225



CONTENTS

F N 01 o SRS PPTSPRTRN 1

g0 o (U Tox 1 o o USSR 2

T 00 IS ST oo o= S 2

PrEVIOUS STUIES ...ttt ettt et e st e s et s et e e e seesaeeneeneeseeseeeseeseeseesneeneensesneaneens 4

ACKNOWIBAGIMENTS. ...ttt b b et b e b e et b b b e e e st bt st nn e e eneenn 4

00 VA == VOSSR 4

L 1Y 10T <o oo | R 5

CoNUNCEIVE-USE OPLIMIZBLION......cc.eeieeieeiieeiieesie et seestesee s e st e s e e sreesreesteeteeseesseesseesreesseesseesseesseenseeseensenns 5

L LT 1 oo L S 5

(O 011100114z 1o 0 11V, oo L= R 7

Problem FOrMUIBLION ........oceiiie ettt et ettt e re e e e saeesatesnreneesaneenes 9

OB ECHIVE FUNCLION.......ccieie ettt te e b e e e et e sneereeaenbesneeneans 10

Hydraulic-HEad CONSLIAINTS ........ecueeieieiisiesieesee st se st st sre e nae e nnas 10

Streamflow CONSITAINTS........cii ettt st s ae e e e e 11

Ground-Water Withdrawal LimitS........ccooiiioieireeceere e 11

Surface-Water Withdrawal LimitS ... 11

WellsUsed in Optimization MOGEL ..o 13

SUTEAMFTIOW ...t b ettt bbb e e 13

OPLiMIZAtION RESUILS......cueiiececese ettt e st s re e se e besbesre e e e tesneeneeneesesres 15

SUSLAINGDIE YTEI ...t et sb e 15

L0 T 0 7= o S 20

Optimal Simulated Hydraulic-Head AITITUTE ...........ccooiriieeceeee s 20

LT g FT 1= =T =l RO 23

[T TN 0] OSSR PRPRSRON 23

RSl 010102 Y USSP 24

ST £ 0= O (= o [P 25
ILLUSTRATIONS

Figures 1-3. Maps showing:

1. Location of study and MOJEl € @rea............cooeiiiieieeeeeeee et 3

2. Hydrogeol ogic sections showing lithology and variation in thickness through the model area.... 6

3. Potentiometric surface within the alluvial aquifer, Spring 1998.........cccooiiieiriieee e 8

4. Flow chart of optimization MOAEliNg PrOCESS..........cveveiieiieiicie sttt snas 10
5. Map showing location of hydraulic-head constraint points and thickness of aguifer below

hydraulic-head CONSIFAINT..........ccoi i e e e e re e sreenreas 12

6-11. Maps showing:
6. Location of streams within model showing cells and rates at which water could be withdrawn
and still meet constraints within optimization MOdE .............cceoriineineneee e 14
7. Ratio of optimal ground-water withdrawal calculated by the optimization model to the
amount withdrawn in 1997 for withdrawal limits at each well set to 100 percent of the
RS T gTe = V= | = PR 16

Contents



8. Ratio of optimal ground-water withdrawal calculated by the optimization model to the

amount withdrawn in 1997 for withdrawal limits at each well set to 150 percent of the

1997 WItNAFAWE TAEE........cuiieeeeeeeeeste ettt see e sbe e e eesre e 18
9. Ratio of optimal ground-water withdrawal calculated by the optimization model to the

amount withdrawn in 1997 for withdrawal limits at each well set to 200 percent of the

1997 WIthAraWal FaLE........ccueecieeiececcte ettt et be et et e e e ae e saeesaeesneesaeesreenns 19
10. Simulated hydraulic head at steady state using (A) 1997 withdrawal rates; and

(B) SUSLAINGDIE YIEI........oueeeeeiecieee ettt 21
11. Difference between simulated hydraulic head and altitude of half the aquifer thickness........... 22

12. Graph showing cumulative percentage of hydraulic-head constraint points |ess than or equal
to the difference between simulated hydraulic head and the altitude corresponding to

half the agquifer tRICKNESS ..........cooi s 23
TABLES
Table 1. Characteristics Of the fIOW MOGE .........coi i re e sreeras 7
2. Rivers, streamflows, and streamflow CONSITAINES..........ccueveiiiieese e s 13
3. Sustainable yield and unmet demand by county or parish for different upper limits on withdrawals
and different demMand FALES..........c.ooiere e et e e sre e sr e e s re e reeseeeneeennas 17
4. Optimized streamflow WItNArEWE ...........ccooiieieee et e 20

CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM

Multiply By To obtain

inch (in.) 2.54 centimeter (cm)
foot (ft) 0.3048 meter (m)

mile (mi) 1.609 kilometer (km)

million cubic feet per day (Mft3/d) 7.481 million gallons per day (Mgal/d)
square foot (ft?) 0.0929 square meter (m?)
square mile (mi?) 2.590 square kilometer (km?)
cubic foot (ft3) 7.481 gallon (gal)
cubic foot per day (ft3/d) 0.0283 cubic meter per day (m3/d)

In this report, vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD of
1929). Horizontal coordinate information is referenced to North American Datum of 1927 (NAD 27).

Altitude, as used in this report, refers to distance above or below NGV D of 1929.

[\ Contents



Conjunctive-Use Optimization Model of the Mississippi
River Valley Alluvial Aquifer of Southeastern Arkansas

By John B. Czarnecki, Brian R. Clark, and Gregory P. Stanton

ABSTRACT

TheMississippi River Valley dluvial aquiferisa
water-bearing assemblage of gravels and sands that
underlies about 32,000 sguare miles of Missouri, Ken-
tucky, Tennessee, Mississippi, Louisiana, and Arkan-
sas. Because of the heavy demands placed on the
aquifer, several large cones of depression have formed
in the potentiometric surface, resulting in lower well
yields and degraded water quality in some areas. A
ground-water flow model of the alluvial aquifer was
previously developed for an areacovering 3,826 square
miles, extending south from the Arkansas River into
the southeastern corner of Arkansas, parts of northeast-
ern Louisiana, and western Mississippi. The flow-
model results indicated that continued ground-water
withdrawals at rates commensurate with those of 1997
could not be sustained indefinitely without causing
water levelsto decline bel ow half the original saturated
thickness of the aquifer.

Conjunctive-use optimization modeling was
applied to the flow model of the alluvial aquifer to
develop withdrawal rates that could be sustained rela
tiveto the constraints of critical ground-water area des-
ignation. These withdrawal rates form the basis for
estimates of sustainable yield from the alluvial aguifer
and from rivers specified within the alluvial aquifer
model. A management problem was formulated as one
of maximizing the sustainable yield from al ground-
water and surface-water withdrawal cellswithin limits
imposed by plausible withdrawal rates, and within
specified constraints involving hydraulic head and
streamflow. Steady-state conditions were selected
because the maximized withdrawals are intended to
represent sustainableyield of the system (aratethat can
be maintained indefinitely).

One point along the Arkansas River and one
point along Bayou Bartholomew were specified for

obtaining surface-water sustainable-yield estimates
within the optimization model. Streamflow constraints
were specified at tworiver cellsbased on average 7-day
low flows with 10-year recurrence intervals.
Sustainable-yield estimates were affected by the
allowable upper limit on withdrawals from wells spec-
ified in the optimization model. Withdrawal rates were
allowed to increase to 200 percent of the withdrawal
ratein 1997. Asthe overall upper limitisincreased, the
sustainable yield generally increases. Tests with the
optimization model show that without limits on pump-
ing, wells adjacent to sources of water, such aslarge
rivers, would have optimal withdrawal rates that were
orders of magnitude larger than rates corresponding to
those of 1997. Specifying an upper withdrawal limit of
100 percent of the 1997 withdrawal rate, the sustain-
able yield from ground water for the entire study area
is 70.3 million cubic feet per day, which is about 96
percent of the amount withdrawn in 1997 (73.5 million
cubic feet per day). If the upper withdrawal limit is
increased to 150 percent of the 1997 withdrawal rate,
the sustainable yield from ground water for the entire
study areais 80.6 million cubic feet per day, which is
about 110 percent of the amount withdrawn in 1997. If
the upper withdrawal limit isincreased to 200 percent
of the 1997 withdrawal rate, the sustainableyield from
ground water for the entire study areais 110.2 million
cubic feet per day, which is about 150 percent of the
amount withdrawn in 1997. Total sustainable yield
from the Arkansas River and Bayou Bartholomew is
about 4,900 million cubic feet per day, or about 6,700
percent of the amount of ground-water withdrawn in
1997. Thelarge, sustainable yields from surface water
represent a potential source of water that could supple-
ment ground water and meet the total water demand.
Unmet demand (defined as the difference
between the optimized withdrawal rate or sustainable
yield, and the anticipated demand) was calcul ated
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using different demand rates based on multiples of the
1997-withdrawal rate. Assuming that demand is the
1997 withdrawal rate, and that sustainable-yield esti-
mates are those obtained using upper limits of with-
drawal rates of 100-, 150-, and 200-percent of 1997
withdrawal rates, then the resulting unmet demand for
the entire model areaiis 3.3, -7.1, and -36.6 million
cubic feet per day, respectively. Whereas, if the demand
is specified as 100-, 150-, and 200-percent of the 1997
withdrawal rate, and the sustainable-yield estimates
remain the same, then the resulting unmet demand for
the entire model areais 3.3, 29.7, and 36.9 million
cubic feet per day.

INTRODUCTION

The Mississippi River Valley alluvia aquifer,
often termed simply the “alluvia aquifer,” isawater-
bearing assemblage of gravels and sandsthat underlies
about 32,000 mi? of Missouri, Kentucky, Tennessee,
Mississippi, Louisiana, and Arkansas (fig. 1). In
Arkansas, the alluvial aquifer occursin an area gener-
aly 50 to 125 mi wide and about 250 mi long adjacent
to the Mississippi River. The dluvia aquifer isthe
uppermost aquifer in this area, and generaly rangesin
thickness between 50 and 150 ft. The alluvial aquifer is
under both confined and unconfined conditions
depending on location (Czarnecki and others, 2002).
The Mississippi River Valley aluvia aquifer supplies
large volumes of water for agriculture in Arkansas.
Withdrawal of ground water from the aluvia aquifer
for agriculture started in the early 1900's in the Grand
Prairie areafor irrigation of rice, and to alesser extent,
soybeans. Water-level declinesin the alluvial aquifer
were first documented in 1927 in the Grand Prairie
(Engler and others, 1963, p. 21). From 1965 to 2000,
water use from the alluvial aquifer in eastern Arkansas
increased 637 percent. In 1997, 635.6 Mft3/d of water
were pumped from the aquifer, primarily for irrigation
and fish farming. Most of the water use from the allu-
vial aquifer occurred north of the Arkansas River (out-
sidethe areaof investigation of thisreport). In 2000, 97
percent of the ground water obtained in eastern Arkan-
sas came from wells completed in the alluvia aquifer
(Terry Holland, U.S. Geological Survey, written com-
mun., 2002).

Because of heavy demandsplaced onthe aquifer,
severa large cones of depression have formed in the
potentiometric surface, resulting in lower well yields
and degraded water quality from salinity increasesin

some areas. Several countiesin southeastern Arkansas,
which arewithin the extent of the alluvial aguifer, have
been designated Critical Ground-Water Areas by the
Arkansas Soil and Water Conservation Commission
(ASWCC). One criterion associated with the designa-
tion of a Critical Ground-Water Area applies when
water levels drop below half the original saturated
thickness of the formation.

Ground-water flow modelsof thealluvial aquifer
show that continued ground-water withdrawals at rates
egual to those of 1997 could not be sustained indefi-
nitely without causing water levels to decline below
half the original saturated thickness of the formation
(Stanton and Clark, 2003). To devel op estimates of
withdrawal ratesthat could be sustained in compliance
with the constraints of critical ground-water area desig-
nation, the U.S. Geologica Survey (USGS), in cooper-
ation with the ASWCC and the Vicksburg District of
the U.S. Army Corps of Engineers (USACE) applied
conjunctive-use optimization modeling to an existing
model of ground-water flow for the alluvia aquifer in
southeastern Arkansas (fig. 1). Conjunctive use
involves the withdrawal of both ground water and sur-
facewater. Conjunctive-use optimization modeling is
atechnique that can be used to determine maximum
withdrawal rates from both surface water and ground
water while meeting constraints with respect to water
levels and streamflow. These withdrawal rates would
form the basis for estimates of sustainable yield from
thealuvial aquifer and from rivers specified within the
aluvia aguifer model.

Purpose and Scope

The purpose of thisreport is to describe the
application and evaluation of a conjunctive-use optimi-
zation model (hereafter referred to as the optimization
model) of the Mississippi River Valley alluvial aquifer
of southeastern Arkansas. The objective of thisstudy is
to provide estimates of sustainable yield from ground
water and surface water using the optimization model.
The optimization model was formulated asalinear pro-
gramming problem, and utilized a ground-water model
devel oped for the study area (Stanton and Clark, 2003)
asabasisfor evaluation. The purpose of the optimiza-
tion model wasto: (1) determine maximum withdrawal
rates from model cells at which ground-water with-
drawals occurred in 1997 and (2) determine maximum
withdrawal rates from model cells at stream locations
while maintaining ground-water levels at or

2 Conjunctive-Use Optimization Model of the Mississippi River Valley Alluvial Aquifer of Southeastern Arkansas
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above specified levels and streamflow at or above spec-
ified rates. The report describes the amount of pro-
jected total water demand that can be met by the
aluvia aquifer and by available surface water while
maintaining specified constraints. In this report, sus-
tainableyield isdefined asthe amount of water that can
be withdrawn indefinitely from ground water and from
surface water without violating specified hydraulic-
head or streamflow constraints. If an anticipated
demand for water is known, an unmet demand may be
calculated by subtracting the sustainableyield from the
anticipated demand. Sustainable yield from ground
water will be compared to anticipated demand for var-
ious withdrawal rates, because of concerns about
water-level declinesin the alluvial aquifer. The results
of the optimization modeling can provide water manag-
ersand policy makerswith information that can be used
to assist in the management of the ground-water
resources of the alluvial aquifer in southeastern Arkan-
sas in a sustainable manner.

Previous Studies

Many investigators have described the underly-
ing sediments of the Mississippi River Alluvial Plain.
One of the earliest reports describing subsurface geol-
ogy and ground-water resources in southern Arkansas
and northern Louisiana was written by Veatch (1906).
Ground-water resources of northeastern Arkansaswere
described and a detailed inventory was provided by
Stephenson and Crider (1916). Fisk (1944) reported on
extensive geologic investigations along the Mississippi
River Valey made by the U.S. Army Corps of Engi-
neers between 1941 and 1944. Krinitzsky and Wire
(1964) expanded on the hydrogeol ogic work of Fisk
with acomprehensivelook at ground-water conditions.
Cushing and others (1964) and Boswell and others
(1968) provided an overview of the aluvial aquifer in
their discussions of Quaternary-age aquifers of the
Mississippi Embayment. Boswell and others (1968)
first referred to the water-yielding sediments underly-
ing the alluvial plain asthe Mississippi River Valey
aluvia aquifer.

The MODFLOW (McDonad and Harbaugh,
1988; Harbaugh and McDonald, 1996) ground-water
flow model (hereafter referred to as the flow model)
used in the optimization modeling of thisreport is
based on arecalibrated and extended model of Mahon
and Poynter (1993), which included hydraulic-head
observations for the years 1992 and 1998 (Stanton and

Clark, 2003). Many researchers have applied conjunc-
tive-use optimization models to the management of
ground-water systems. Reichard (1995) provides a
thorough review of many of these studies. Nishikawa
(1998) used MODMAN 3.0 (Greenwald, 1998) (the
precursor program to the one used for optimization in
this report) to minimize the cost of supplying water
during a design drought in Santa Barbara, California,
by optimizing delivery of surface water and operation
of the city’s reservairs.

Thefirst effort to estimate optimized ground-
water withdrawals from the alluvia aquifer was done
by Peralta and others (1985) who estimated future
ground-water availability in the Grand Prairie area by
using aflow model coupled to an optimization routine.
Their analysisfocused on asmall subset of the alluvial
aquifer north of the Arkansas River, and did not couple
the conjunctive use of ground water and surface water.
Barlow and others (2003) devel oped conjunctive-use
management models for estimating sustainable yield
from surface water and ground water within an allu-
via-valley stream-aquifer system in Rhode Island.

Acknowledgments

Theconjunctive-use optimizationroutineusedin
this report is an adaptation of enhancementsto MOD-
MAN (Greenwald, 1998) made by Brian Wagner (U.S.
Geological Survey). Wesley Danskin (U.S. Geological
Survey) provided guidance on the use of MODMAN
and the large-scal e optimization solver MINOS (Mur-
taugh and Saunders, 1998). Streamflow constraints
used in the optimi zation model were compiled by Steve
Loop (Arkansas Soil and Water Conservation Commis-
sion). Elton Porter (U.S. Geological Survey) computed
mean annual flow rates and runoff estimates for the
model streams used in this report.

Study Area

The study area (fig. 1), which is the same as the
model area, is 3,826 mi2, and includesall or part of six
counties south of the Arkansas River in Arkansas, part
of four parishes in northeastern Louisiana, and part of
onecounty in Mississippi. The active cellsof the model
encompassed the area south of the Arkansas River,
mostly west of the Mississippi River, and north of an
arbitrary east-west line about 10 mi south of the Arkan-

4 Conjunctive-Use Optimization Model of the Mississippi River Valley Alluvial Aquifer of Southeastern Arkansas



sas/Louisiana State line encompassing a small part of
northeastern Louisiana (fig. 1).

Hydrogeology

Deposition of sediment from the Mississippi and
Arkansas Rivers during Pleistocene and Holocenetime
(herein referred to as Mississippi River aluvium) has
produced a sequence of sands, silts, and claysthat con-
dtitute the aluvial aquifer and semiconfining unitsin
eastern Arkansas. From aregional perspective this col-
lection of sediment can be divided into two units. The
lower unit, which contains the alluvial aguifer, is com-
posed of coarse sand and gravels that grade upward to
fine sand. The upper unit consisting of clay, silts, and
fine sand confinesthe alluvial aquifer. It isthisregional
aluvial aquifer and overlying confining unit, along
with its flow system, that has been defined and investi-
gated previously (Broom and Lyford, 1981; Broom and
Reed, 1973; Ackerman, 1989a, 1989b, 1990; Mahon
and Ludwig, 1990; Mahon and Poynter, 1993).

The geology of the model areatypicaly is char-
acterized by clay and sand beds of the Mississippi
River alluvium of Pleistocene and Holocene time over-
lying the silt and clay sequence of the Tertiary-age
Jackson Group in the study area (Ackerman, 1989a).
Channel fill, point bar, and backswamp deposits, asso-
ciated with present or former channels of the major riv-
ers, locally can produce abrupt differencesin lithology
of alluvial deposits, that result in spatial variationsin
the hydraulic properties of both the aquifer and confin-
ing unit within small distances. On alocal scale, alu-
via deposits are dominated by the complex
heterogeneity of small, discontinuous sand and silt
beds dispersed laterally and vertically, which represent
local features of the aquifer and flow system. Laterally
to the west, the contact between aluvial deposits and
older stratais masked by terrace deposits (Ackerman,
1989a), which form a dlight topographic high, locally
referred to as the Monticello Ridge. During Tertiary
time, the last marine inundation of the Mississippi
Embayment occurred depositing the clays and silts of
the Jackson Group. A truncated erosional surface of the
Jackson Group underlies the Mississippi River alu-
vium in the study areaforming an effective underlying
hydraulic confining unit (Cushing and others, 1964).

The Mississippi River aluvium consists of two
distinct but gradational lithologies; clays and silts over-
lie coarse sands and gravels forming a fining upward
sequence (Ackerman, 1989a). These two lithologies

are used asabasisfor subdividing the alluviuminto the
basal aluvial aquifer and the overlying confining unit.
Figure 2 shows two hydrogeol ogic sections of the aqui-
fer through the model area. The overlying confining
unit ranges in thickness from 0 to 60 feet within the
study area (Gonthier and Mahon, 1993). The sandsand
gravelsthat underlie the overlying confining unit and
comprisethealluvial aquifer range from 50 to 100 feet
thick.

CONJUNCTIVE-USE OPTIMIZATION

Thefollowing sections describe the devel opment
and application of the conjunctive-use optimization
approach applied to the model area, beginning with a
review of the flow model. The optimization model is
described and results eval uated.

Flow Model

The flow model discussed in thisreport is based
on arecalibrated and extended model of Mahon and
Poynter (1993), which included hydraulic-head obser-
vationsfor theyears 1992 and 1998 (Stanton and Clark,
2003). Characteristics for the flow model arelisted in
table 1. The flow model was developed using MOD-
FL OW-2000 and incorporatesriver, no-flow, drain, and
areadly distributed recharge boundary conditions. The
combinations of boundary conditions result in flow
occurring from recharge sourcesto areaswith extensive
ground-water withdrawals and a consequent wide-
spread lowering of the water table. The potentiometric
surface within the alluvial aquifer for spring 1998 is
shown in figure 3, which shows a substantial cone of
depression near the boundary of Desha and Chicot
Counties resulting from sustained pumping. Model
parameters were estimated in part using MODFL OW-
2000 (Hill and others, 2000) to assist model calibration
to observed values of hydraulic head in 1972, 1982,
1992, and 1998. Values of the mean, mean absol ute,
and root-mean-sguare difference between observed and
simulated hydraulic head for all observations for all
periodssimulated by themodel arelistedintable 1. The
mean difference (-0.33 ft) is a sum of the differences,
both positive and negative, divided by the total number
of observations; for an unbiased model this value
would be zero. The mean absolute difference (5.1 ft) is
the sum of the magnitudes of the difference at each
observation, divided by the total number of observa-

Conjunctive-Use Optimization 5
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Table 1. Characteristics of the flow model (Stanton and Clark, 2003)
[mi2, square mile; ft3/d, cubic foot per day; ft/d, foot per day; ft1, inverse foot; ft, foot]

Characteristic Value
Mode! area 3,826 mi2
Cells with wells corresponding to 1997 withdrawals 1,841
Total pumpage in 1997 617,000 ft3/d
Average hydraulic conductivity 250 - 450 ft/d
Specificyield 0.27-0.30
Specific storage 3x107° - 9x1074 ftt
River cells 470
Hydraulic-head observations 521

Hydraulic-head observation periods

Range in observed hydraulic head valuesin 1998
(feet above National Geodetic Vertical Datum of 1929)

1972, 1982, 1992, 1998

61.85 - 186.01 ft

Mean difference between observed and simulated hydraulic head, all four periods -0.33ft
Mean absol ute difference between observed and simulated hydraulic head, all four periods 5.1ft
Root-mean-square difference between observed and simulated hydraulic head, all four periods 6.5 ft

tions; avalue of zerois preferable. Assuming anormal
distribution, approximately 67 percent of the residual
values (that is, the difference between observed and
simulated water-level altitudes) would lie within posi-
tive or negative values of the root-mean-square differ-
ence (that is, +/-6.5 ft). Given the differencein the
rangein observed hydraulic-head values (220 ft), these
differences are small and indicate a good fit to the
observed values.

The flow model was used to simulate ground-
water flow for the period from 1918 through 2049, and
to evaluate effects from the demand for ground water
from the aluvial aquifer, which has increased steadily
for the last 40 years (Stanton and Clark, 2003). The
flow model results indicated that continued ground-
water withdrawal s at rates commensurate with those of
1997 could not be sustained indefinitely without caus-
ing water levelsto decline below half the original satu-
rated thickness of the formation. Based on measured
water levels, the saturated thickness of the alluvial
aguifer has been greatly reduced in some areas
(Schrader, 2001; Czarnecki and others, 2002). Thishas
resulted in degraded water quality, decreasing water

availability, increased pumping costs, and lower well
yields.

Optimization Model

For the optimization model described in this
report, modifications were made to MODMAN 4.0 to:
(2) incorporate stream withdrawal cells as decision
variables, (2) allow specification of streamflow con-
straints, and (3) account for streamflow water budget-
ing. Modificationsto the MODMAN code were
initially provided by Brian Wagner (U.S. Geological
Survey) in amodification to MODMAN 3.0, and
adapted to MODMAN 4.0. In addition, the ability to
aggregate wells within a subarea of the model and to
treat an aggregate-well pumping rate as a single deci-
sion variable was added to MODMAN 4.0. However,
that ability was not utilized; instead, 9,979 ground-
water-withdrawal decision variablesand 1,165 surface-
water-withdrawal decision variables were specified.
The optimization modeling process (fig. 4) beginswith
the calibration and adaptation of a MODFL OW-based
ground-water flow model to be compatible with the
optimization modeling software (MODMAN 4.0).

Conjunctive-Use Optimization 7
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Adaptation entailed the conversion of the flow model
from MODFLOW 2000 (Hill and others, 2000) to
MODFLOW 96 (McDonald and Harbaugh, 1988; Har-
baugh and McDonald, 1996), and verifying that the
results were the same. Steady-state conditions were
selected (as opposed to transient conditions) because
the maximized withdrawals are intended to represent
sustainableyield of the system (arate that can be main-
tained indefinitely).

A management problem is formulated to maxi-
mize a parameter, such as water production from
ground water and surface water, within selected con-
straints, such as maintaining hydraulic headsin the
aquifer above a minimum altitude or maintaining a
minimum amount of streamflow. The conjunctive-use
version of MODMAN 4.0 was used to generate
response coefficientsfor each specified withdrawal cell
in the model. The response-coefficient matrix consists
of changesin hydraulic head or streamflow at each con-
straint location that occur in response to pumping at a
singlewell or river cell at aunit rate (Greenwald, 1998;
Ahlfeld and Mulligan, 2000). The unit rate was speci-
fied at 10,000 ft3/d. To accurately represent the
response of the flow model to a unit rate of pumping
under unconfined conditions, selection of starting
hydraulic heads should be similar to those that would
result when optimal withdrawal rates are applied. Start-
ing hydraulic head values were selected as those simu-
lated for 1997 from the model of Reed (2003). Because
somedry cells occurred in that model at that simulated
point in time, hydraulic-head values at dry cells were
assigned similar values as adjacent model cells that
were not dry.

After al the response coefficients are calcul ated,
they are combined to form a data-input set along with
hydraulic-head and streamflow constraints, and arefor-
mulated as alinear optimization program in mathemat-
ical programming system (MPS) format. The linear
program isrun under MINOS. If afeasible solution
exists, MINOS will provide estimates of optimal (max-
imum) values of ground-water and surface-water with-
drawals. MINOS also identifies points in the model
where hydraulic-head or streamflow constraints have
been reached.

Optimal ground-water withdrawal rates calcu-
lated using the optimization model were evaluated by
applying them in the flow model, to compare the result-
ing smulated hydraulic head against the specified
hydraulic-head constraints. Non-linear flow model
behavior was expected for this model because of the

unconfined condition of the aquifer and head-depen-
dent flow boundary conditions at the rivers. For this
reason, starting values of hydraulic head were specified
as those simulated for 1997. In astrictly linear model,
such as one for a confined aquifer, ground-water flow
isafunction of hydraulic head through only the hydrau-
lic-gradient term in Darcy’s law:

= _gdh
Q=K1 @)

where Q isground-water flow, in cubic feet per day;
K isthe hydraulic conductivity, in feet per
day;

% isthe hydraulic gradient, dimensionless;

h ishydraulic head, in feet;
| isadistance over which the gradient is mea-
sured, in feet; and
A isthe cross-sectiona areathrough which
flow occurs, in feet squared.
For unconfined conditions, A also is afunction of
hydraulic head. If changesin hydraulic head are small
relative to the total saturated thickness, then A will
remain about the same. However, if substantial change
in saturated thickness occurs, A can change apprecia
bly, because

A= bw )

where b isthe saturated thickness, which varies with
hydraulic head, in feet; and
w is the width through which flow occurs, in
feet.
Thisisan important consideration in selecting starting
values of hydraulic head for the flow model to produce
amore efficient solution to the ground-water flow
equation (McDonald and Harbaugh, 1988).

Problem Formulation

The optimization model was formulated asalin-
ear programming problem with the objective of maxi-
mizing water production from wells and from streams
subject to: (1) maintaining ground-water levels at or
above specified levels; (2) maintaining streamflow at or
above minimum specified rates; and (3) limiting

Conjunctive-Use Optimization 9
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Figure 4. Flow chart of optimization modeling process (modified from Greenwald, 1998).

ground-water withdrawal sto amaximum of either 100,
150, or 200 percent of the rate pumped in 1997. Steady-
state conditions were selected (rather than transient
conditions) because the maximized withdrawals are
intended to represent sustainable yield of the system (a
rate that can be maintained indefinitely). In thismodel,
the decision variables (aterm used in optimization
modeling to identify variablesthat can be part of aman-
agement scheme) are the withdrawal rates at 1,841
model cells corresponding to well locations and at 2
river cells.

Objective Function

The objective of the optimization model isto
maximizewater production from ground-water and sur-
face-water sources. The objective function of the opti-
mization model has the form:

maximizez= % q,..;; % Y 4iver ()

where zisthetotal managed water withdrawal, in
cubic feet per day;

Y @verr 1Sthe sum of ground-water withdrawal
rates from all managed wells, in cubic feet
per day; and
q,iver 1S the sum of surface-water with-
drawal ratesfrom all managed river reaches,
in cubic feet per day.

Hydraulic-Head Constraints

Equation 3 is computed such that the following
constraints are maintai ned:

hc 2 hminimum (4)
where £, isthe hydraulic head (water-level altitude) at
constraint location c, in feet; and
minimum 1S thewater-level altitude at half the
thickness of the aquifer, in feet.

h
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To accommodate the ASWCC Ciritical Ground-Water
Area criteriathat water levels within the aluvia agui-
fer should remain above half the original saturated
thickness of the aquifer, hydraulic-head constraints
were specified at 2,804 model cells. For afew cells
where the original saturated thickness of the aquifer is
lessthan 60 ft but at least 30 ft, the hydraulic head con-
straint was specified as 30 ft, a minimum thickness
considered necessary for the aquifer toremain viablein
those areas. The spatial distribution of constraint points
represents approximately every fifth model cell (fig. 5).
If water levels were to drop everywhere to the level of
the head constraint, then the resulting saturated thick-
ness of thealluvial aquifer would range from 30 to 100
ft, and generaly be thinnest in the Grand Prairie area

(fig. 5).

Streamflow Constraints

Streamflow isregulated in Arkansasby ASWCC
for purposes of maintaining water quality, navigation,
and species habitat. Streamflow constraints for several
rivers specified in the optimization model are based on
7-day, 10-year-recurrence low-flow data (7Q10).
Streamflow constraints are specified as the minimum
amount of flow required at individua river cells. The
equation governing the relation between streamflow
constraints and flow into and out of a streamis

R R R
9head + zqoverland iquround water — (5)

R R R
zqdiversions - zqriver 2 Dminimum

where ‘erad isthe flow rate into the head of stream
reach R, in cubic feet per day;

zqfverland isthe sum of al overland and trib-
utary flow to stream reach R, in cubic feet
per day;

quRmund warer 1Sthenet sum of al ground-
water flow to or from streamreach R, in
cubic feet per day;

X/ fl.ve,,sim isthe sum of all surface-water
diversions from stream reach R, in cubic
feet per day;
q,iver 1Sthesum of al potential withdraw-
as, not including diversions, from stream
reach R, in cubic feet per day; and

q,ﬁinimum is the minimum permissible sur-
face-water flow rate for stream reach R, in
cubic feet per day.

Ground-Water Withdrawal Limits

The proximity of managed wells to model flow
boundaries was taken into account to properly formu-
|ate the management objective. If no limit is imposed
on the potential amount of water that can be pumped at
each managed well, then those wells nearest model
sources of water, such asrivers or general head-bound-
aries, will be thefirst to be supplied water, thus captur-
ing flow that would otherwise reach wells further from
the sources. Test simulations done with the optimiza-
tion model show that without limits on pumping, wells
adjacent to sources of water would have optimized
withdrawal rates that were orders of magnitude larger
than rates corresponding to those of 1997. Not only is
it physically unlikely that individual wells could pump
that much more water, but construction of sufficient
additional wellsin the one-square mile cellsalsois
unlikely. The phenomenon of wells near rivers captur-
ing induced recharge from the rivers and preventing
sufficient water from flowing to interior wellsis, how-
ever, consistent with current conditions (Czarnecki and
others, 2002).

Test simulations using 1997 withdrawal rates
applied to steady-state conditions yielded large areas
with dry cellsin the flow model. Therefore, ground-
water demand limits were specified at each cell asa
multiple of the amount pumped in 1997, such that

0 SqwelliSquell 1997 (6)

where, ¢ ell, isthe optimal ground-water withdrawal
for well i, in cubic feet per day;
M isamultiplier between 1 and 2; and
Drvell g4, isthe total amount withdrawn in

1997 from al wells, in cubic feet per day.

Surface-Water Withdrawal Limits

No limits were imposed on optimized withdraw-
asfrom rivers such that the range in optimal with-
drawal was between zero and the maximum amount of
water available (greater than 7Q10) at a given point in
agiven river. This specification permitted analysis of
where water could be produced and the maximum
amount available. Withdrawals were allowed only at
thetwo pointswhereriver constraintswere specified on
both the Arkansas River and Bayou Bartholomew.

Conjunctive-Use Optimization 11
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Wells Used in Optimization Model

For optimization modeling, 1,841 one-square
mile cells were used to represent pumping in 1997. In
L ouisiana, pumping datawere available only by parish,
and were divided equally over al model cells corre-
sponding to agiven parish. Multiple wells can exist
within any model cell, but the total pumping from all
wellsinacell isthevalue specified. In 1997, the annual
pumping rate for all wellswas 73.5 million cubic feet
per day. For the sustainable-yield analysis, the opti-
mized rate was allowed to vary between arate of zero
to amaximum rate equal to twice that which was with-
drawn in 1997. The latter condition was specified
because no limit on withdrawal rates led to unrealistic
optimal withdrawal ratesfrom wells adjacent to rivers.
Model cells used to denote ground-water withdrawals
correspond to the distribution of wellsin 1997. No
additional wells other than those existing in 1997 are
assumed. Because withdrawal ratesin Louisiana are
reported by parish rather than for individual wellsasin
Arkansas, withdrawal ratesin Louisianawere evenly
distributed by parish at every model cell withintheflow
model. This distribution gives the impression of a
denser well distribution in Louisiana than probably
exists.

Wells are optimized as individual wells, and
therefore, have individua rates associated with each
cell. For each optimization model run, the multiplier M
is specified as auniform value that appliesto all 1,841
ground-water withdrawal cells.

Table 2. Rivers, streamflows, and streamflow constraints

Streamflow

To allow for both the optimal conjunctive use of
surfacewater and ground water within the optimization
model, streamflows from the two largest rivers (Arkan-
sas River and Bayou Bartholomew) are specified for
estimating optimal withdrawals (table 2). Streamflow
constraints are specified at one cell from eachriver (fig.
6) based on 7-day low flows with 10-year recurrence
intervals (7Q10) (Steve Loop, Arkansas Soil and Water
Conservation Commission, written commun., 2001),
which are derived from historical streamflow for the
rivers. Streamflow constraints were unavailable for the
other streams within the model. By specifying a mini-
mum flow constraint based on 7Q10 values, available
streamflow within the optimization model would be
limited all year long to the amount of streamflow
greater than the 7Q10; 7Q10 historically is expected to
occur only once every 10 years, and then for only 7
consecutive days. Flow into the most upstream cell of
each river contained within the model was specified
based on mean annual flow, as were the cells at which
tributaries connect. Because stream gages are not
located at the start of the rivers ssmulated in the model,
mean annual flow was prorated based on the drainage
area upstream from that point. Overland flow (that is,
surface-water runoff that would enter river cellsfrom
minor tributaries or sheet flow that was not explicitly
represented in the model) was distributed equally at
river cellswithin ariver reach based on the difference
in long-term average streamflow for a specific river

[ASWCC, Arkansas Soil and Water Conservation Commission. Flow constraint based on an annual minimum 7-consecutive-

day average flow with arecurrence interval of 10 years)

Flow into
uppermost
river cell Overland flow
of model per river cell Flow constraint  Source for
Number of (million cubic  (million cubic (million cubic value of
River name model cells feet per day) feet per day) feet per day) constraint
Arkansas 83 3,500 18 100 ASWCC
Bayou Bartholomew 139 6.65 0.8 8.38 ASWCC

Conjunctive-Use Optimization 13
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reach; or if such datawere unavailable, areal estimates
of runoff based on drainage areas were used (Elton Por-
ter, U.S. Geologica Survey, written commun., 2000).
Surface-water diversion rates that occurred in 2000
were subtracted from specified overland flow at the
appropriateriver cells. Diversionstotaling 1,787,103
ft3/d were subtracted from Bayou Bartholomew,
whereas no diversions from the Arkansas River were
accounted for in this model.

Optimization Results

Sustainable Yield

The ultimate objective of the optimization model
isto provide estimates of sustainable yield from both
ground water and surface water. Sustainableyield is
defined as awithdrawal rate from the aquifer or froma
stream that can be maintained indefinitely (that is, to
steady-state conditions) without causing violation of
either hydraulic-head or streamflow constraints.
Streamflow constraints (the 7Q10 streamflow) are
specified in table 2.

Because sustainableyield from ground water isa
function of the withdrawal limit specified for each
managed well, multiples of the rate withdrawn in 1997
were used to set the maximum withdrawal limit. The
distribution of optimal withdrawal rates using upper
limits specified as 100-, 150-, and 200-percent multi-
ples of the total 1997 ground-water withdrawal rates
(scenarios 1, 2, and 3, respectively) are shown in fig-
ures8-10. Theselimits, while arbitrary, are specified to
examine the distribution of optimal withdrawals that
would result for each scenario. The distribution of opti-
mal withdrawal ratesfor each of these scenariosis such
that most wells are withdrawing water at arate equal to
the upper limit or are not withdrawing water. Thisis
convenient from a management standpoint because
wells are generally on or off. Asthe withdrawal rate
limit isincreased, the total number of wells that can
pump decreases (although the total amount withdrawn
increases), with those wells withdrawing water being
nearest to sources of water (major rivers) within the
model. Test runswith the optimization model show that
if nolimitsare placed on ground-water withdrawals, all
of the withdrawals would come from wells adjacent to
model sources of water, at rates that are orders of mag-
nitude greater than were pumped in 1997. Although
overall optimized withdrawal would belargest for such
a scenario, the distribution of withdrawal cellswould
be unacceptable from a management standpoint

because virtually al of the water production would
come from wells adjacent to rivers, at the expense of
the remaining interior wells being unable to pump at
al. Not only isit physicaly unlikely that individual
wells could pump that much more water, but construc-
tion of sufficient additional wellsin the one-square
mile cells also isunlikely.

Specifying an upper withdrawal limit of 100 per-
cent of the 1997 withdrawal rate (scenario 1, fig. 7), the
sustainable yield from ground water for the entire
model areais 70.3 Mft®/d (table 3), which is about 96
percent of the amount withdrawn in 1997 (73.5 Mft3/
d). If the upper withdrawal limitisincreased to 150 per-
cent of the 1997 withdrawal rate (scenario 2; fig. 8), the
sustainable yield from ground water for the entire
model areais 80.6 Mft>/d (table 3), which isabout 110
percent of the amount withdrawn in 1997. If the upper
withdrawal limit isincreased to 200 percent of the 1997
withdrawal rate (scenario 3; fig. 9), the sustainable
yield from ground water for the entire model areais
110.2 Mft3/d (table 3), which is about 150 percent of
the amount withdrawn in 1997.

Sustainable yields from the Arkansas River and
Bayou Bartholomew are much larger than those from
ground water. Total sustainable yield from the Arkan-
sas River and Bayou Bartholomew is about 4,900 Mft3/
d for scenarios 1, 2, and 3 (table 4) or about 6,700 per-
cent of theamount of ground-water withdrawnin 1997.
These large sustainable yields represent a potential
source of water that could supplement ground water
and meet total water demand, but to do so will require
the construction of withdrawal and distribution facili-
ties, which will have legal, political, economic, and
socia consequences.

Conjunctive-Use Optimization 15
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Table 3. Sustainable yield and unmet demand by county or parish for different upper limits on withdrawals and different demand rates
[Negative unmet demand values indicate surplus water availability; Mft3/d, million cubic feet per day]

Unmet demand (Mft%/d) based on
sustainable yields from scenarios
1,2, and 3, respectively, and a

Unmet demand (Mft3/d) based
on 1997 demand and a
sustainable yield from:

Sustainable yield (Mft3/d) based on
an upper withdrawal limit of:

demand of:
100 percent 150 percent 200 percent
1997 of 1997 of 1997 of 1997 100 percent 150 percent 200 percent
County withdrawal withdrawal withdrawal withdrawal of 1997 of 1997 of 1997
or rate rate rate rate withdrawal withdrawal withdrawal
parish State (Mft3/d) (scenario 1) (scenario 2) (scenario 3) Scenario 1 Scenario 2 Scenario 3 rate rate rate
Ashley Arkansas 10.1 8.7 12.1 15.5 15 -2.0 -54 15 3.0 4.7
Chicot Arkansas 7.9 7.9 118 15.7 0.0 -3.9 -7.9 0.0 0.0 0.0
Desha Arkansas 209 19.6 22.2 221 13 -1.3 -1.2 13 9.1 19.7
Drew Arkansas 6.8 6.8 9.7 11.9 0.0 -2.9 -5.1 0.0 05 17
Jefferson Arkansas 8.6 8.2 12.3 16.5 0.3 -3.8 -7.9 0.3 05 0.7
Lincoln Arkansas 16.1 15.9 7.7 22.1 0.2 8.4 -6.0 0.2 16.5 10.2
East Carroll Louisiana 0.7 0.7 11 15 0.0 -0.4 -0.7 0.0 0.0 0.0
Morehouse Louisiana 18 18 2.7 3.6 0.0 -0.9 -1.8 0.0 0.0 0.0
Union Louisiana 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
West Carroll  Louisiana 0.6 0.6 0.9 12 0.0 -0.3 -0.6 0.0 0.0 0.0
| ssaquena Mississippi 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Total 735 70.3 80.6 110.2 33 -7.1 -36.6 33 29.7 36.9
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Table 4. Optimized streamflow withdrawal

Optimized streamflow withdrawal
(million cubic feet per day)

100 percent 150 percent 200 percent
of 1997 of 1997 of 1997

withdrawal withdrawal withdrawal
rate rate rate

River name (scenario 1)  (scenario 2)  (scenario 3)
Arkansas River 4,879.4 4,879.8 4,871.4
Bayou Bartholomew 38.9 40.7 30.7
Total 4,918.3 4,920.5 4,902.1

Unmet Demand

Unmet demand isdefined in thisreport asthe dif-
ference between the sustainable yield of ground water
(or optimized withdrawal rate), and the anticipated
demand:

U=D-§ )

where U isthe unmet demand, in cubic feet per day;

D isthe demand, in cubic feet per day; and

S isthe sustainable yield, in cubic feet per day.
For example, if thedemandis73.5M ft3/d (the amount
withdrawn in 1997), and the sustainable yield is calcu-
lated to be 70 Mft3/d, the unmet demand is the differ-
ence of thesetwo values, or 3.5 Mft3/d. Because, unmet
demand isnot solely afunction of the sustainableyield,
unmet demand calculations are provided for different
values of anticipated demand. Anticipated demand is
specified as being either 100-, 150-, or 200-percent of
the 1997 withdrawal rate for the entire model area
(table 3).

Unmet demand was cal culated using different
demand rates based on multiples of the 1997 with-
drawal rate. From a management perspective, it is use-
ful to calculate the unmet demand under different
anticipated demands and sustainable-yield estimates
based on different limits on withdrawals. If the demand
is specified as the 1997 withdrawal rate for the entire
model area, and the sustainable-yield estimates for sce-
narios 1, 2, and 3 are used to calculate unmet demand,
then the resulting unmet demand for the entire model
areais 3.3, -7.1, and -36.6 Mft%/d, respectively. Note
that a negative value of unmet demand indicates sur-
plus water availability. Whereas, if the demand is spec-
ified as 100-, 150-, and 200-percent of the 1997
withdrawal rate, and the sustainable-yield estimatesfor

scenarios 1, 2, and 3 are used to calculate unmet
demand, then the resulting unmet demand for theentire
model areais 3.3, 29.7, and 36.9 Mft3/d, respectively.

Hydraulic-head constraints restrict where and
how much ground water and surface water can be
extracted. Thered trianglesin figures 7-9 show the
locations where the simulated value of hydraulic head,
derived from the optimization model, reached thelower
limits of the hydraulic-head constraint (known as a
binding constraint). The ring of active pumping cells
surrounding the binding constraint lower the potentio-
metric surface. These pumping cells are effectivein
reducing the flow toward the center of the model, and
dropping the potentiometric surface as aresult. If the
hydraulic head at the binding constraint is relaxed or
lowered, then more withdrawal cells would become
active.

Pumping cellsin the north-central part of the
model, for which an optimized rate of zero was calcu-
lated, lie mostly between the Arkansas River and
Bayou Bartholomew (figs. 7-9). An additional set of
zero-pumping cells occurs to the west of Bayou Bar-
tholomew. Both sets of zero-pumping cellsare adjacent
to points at which the hydraulic-head constraint (red
trianglesinfigs. 7-9) prevented further withdrawalsfor
all three scenarios.

Optimal Simulated Hydraulic-Head Altitude

Substantial differences occur between simulated
hydraulic-head altitudes (or water-level altitudes) for
steady-state flow-model simulations using 1997 with-
drawal rates and for steady-state simulations using
optimal withdrawal rates (sustainable yield) from sce-
nario 1 (fig. 10). Because the 1997 withdrawal ratesare
unsustainable, some cells of the model are dry, particu-
larly inthe areabetween the Arkansas River and Bayou
Bartholomew. In contrast, the optimal hydraulic-head
atitude using sustainable yield from scenario 1 shows
no dry cells.

Thespatial distribution of the difference between
simulated hydraulic-head atitude using optimized
withdrawal rates from scenario 1 and the altitude corre-
sponding to the half-aquifer-thickness hydraulic-head
constraint isshown in figure 11. Over the vast majority
of the model area, simulated hydraulic head is at or
above the altitude of the constraint.
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aquifer-thickness hydraulic-head constraint.
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Nonlinear Effects

Because sustainable yield is obtained with the
assumption that the model behaveslinearly (that is, the
change in hydraulic head is a constant multiple of the
changeinwithdrawal rate, regardless of thewithdrawal
rate), it isimportant to compare the resulting simul ated
hydraulic-head altitudes from the flow model derived
using sustainableyield to the altitudes corresponding to
the hydraulic-head constraints specified in the optimi-
zation model. Thisis done by using the sustainable
yield from scenario 1 (upper limit of withdrawals set to
100 percent of the 1997 rates) in the flow model and
simulating hydraulic-head atitudes at steady-state con-
ditions. Lessthan 1.4 percent of the 3,826 hydraulic-
head constraint points (that is, al of the active model
cells) had flow-model derived values of hydraulic head
that was below the hydraulic head constraint (fig.12).
The optimized pumping distribution is agood approxi-
mation of sustainableyield, despite nonlinear behavior
inherent in the model.

Thevalues of sustainable yield should be consid-
ered maximum rates, in that hydraulic-head constraints
areviolated in some areas because of nonlinear

responses in hydraulic head to incremental changesin
withdrawal rates within the flow model. When the sus-
tainable yield rates are used in the flow model, afew
cellshave hydraulic heads at steady state that are bel ow
the hydraulic-head constraints, which could have been
corrected by reducing withdrawal rates further. This
was not done, however, because of the few points
affected.

Limitations

Sustainable yield results from the optimization
model should be used cautiously, mindful that the
model represents asimplification of acomplex system.
The assumption that the flow system behaves linearly
islikely thelargest discrepancy from actual conditions.
Nonethel ess, the optimization model does provide esti-
mates of sustainable yield from both the ground-water
and surface-water sources that result in hydraulic-head
valuesremaining at or above an atitude corresponding
to half the thickness of the aquifer throughout the bulk
of the model area, and maintaining streamflows at or
above specified minimum amounts.
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Figure 12. Cumulative percentage of hydraulic-head constraint points less than or equal to the difference between simulated
hydraulic head and the altitude corresponding to half the aquifer thickness.
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SUMMARY

TheMississippi River Valley alluvial aquiferisa
water-bearing assemblage of gravels and sands that
underlies about 32,000 mi? of Missouri, Kentucky,
Tennessee, Mississippi, Louisiana, and Arkansas. The
Mississippi River Valley alluvial aquifer supplieslarge
volumes of water for agriculturein Arkansas. Because
of the heavy demands placed on the aquifer, severa
large cones of depression have formed in the potentio-
metric surface, resulting in lower well yields and
degraded water quality in some areas. Several counties,
which arewithin the extent of the alluvia aquifer, have
been designated Critical Ground-Water Areas by the
Arkansas Soil and Water Conservation Commission
(ASWCC). Thesecriteriastate that if water levelsdrop
below half the original saturated thickness of the for-
mation, then a*“ critical ground-water ared” may be des-
ignated.

A ground-water flow model of the alluvia aqui-
fer was developed for an area covering 3,826 mi?,
extending south from the Arkansas River into the
southeastern corner of Arkansas, northeast Louisiana,
and Mississippi. The flow model showed that contin-
ued ground-water withdrawal s at rates commensurate
with those of 1997 could not be sustained indefinitely
without causing water levels to decline below half the
original saturated thickness of the formation. To
devel op estimates of withdrawal ratesthat could be sus-
tained relative to the constraints of critical ground-
water area designation, the U.S. Geological Survey, in
cooperation with the Arkansas Soil and Water Conser-
vation Commission, and Vicksburg District of the U.S.
Army Corps of Engineers, applied conjunctive-use
optimization modeling to the flow model of the Missis-
sippi River Valey aluvia aguifer in southeastern
Arkansas. Conjunctive-use optimization modeling isa
technique that can be used to simulate maximum with-
drawal rates from both surface water and ground water
while honoring constraints with respect to water levels
and streamflow. These withdrawal rates form the basis
for estimates of sustainable yield from the alluvia
aquifer and from rivers specified within the alluvial
aquifer model.

The purpose of this report is to describe the
application and evaluation of a conjunctive-use optimi-
zation model of the Mississippi River Valley aluvia
aquifer. A management problem wasformulated as one
of maximizing the sustainable yield from all ground-
water and surface-water withdrawal cellswithin limits
imposed by plausible withdrawal rates, and within

specified constraints involving hydraulic head and
streamflow. Steady-state conditions were selected
because the maximized withdrawals are intended to
represent sustainable yield of the system. The optimi-
zation model was used to generate response coeffi-
cients for each specified withdrawal cell in the model.
After all the response coefficientswere cal culated, they
were combined to form a data-input set along with
hydraulic-head and streamflow constraints, and formu-
lated as alinear program. Optimal sustainable yield
values were obtained by running the linear program
under MINOS.

Optimal sustainable-yield values are affected by
the rate of recharge and limits to potential withdrawals
assigned within the optimization model. Limits were
assigned to ground-water withdrawals at individual
model cellsat multiplesof 100, 150, and 200 percent of
1997 withdrawal rates. If no limit is placed on with-
drawals, the mgjority of water production will be from
wells proximal to model water sources such asrivers,
depriving wells of water that are distant from these
sources of water. No limit on withdrawals led to unre-
alistic optimal withdrawal from wells adjacent to rivers
and most interior withdrawal cells had no withdrawal.

One point along the Arkansas River and one
point along Bayou Bartholomew were specified for
obtaining surface-water sustainable-yield estimates
within the optimization model. Streamflow constraints
were specified at two river cellsbased on average 7-day
low flows with 10-year recurrence intervals.

Surface-water diversion rates that occurred in
2000 were subtracted from specified overland flow at
the appropriate river cells. Diversionstotaling
1,787,103 ft3/d were subtracted from Bayou Bartho-
lomew, whereas no diversionsfrom the Arkansas River
were accounted for in this model.

Sustainable-yield estimates for ground water are
affected by the allowable upper limit on withdrawals
from wells specified in the optimization model.
Ground-water withdrawal rates were allowed to
increase to 200 percent of the withdrawal ratein 1997.
Asthe overall upper limit isincreased, the sustainable
yield generally increases. Tests with the optimization
model show that without limits on pumping, wells adja
cent to sources of water would have optimized with-
drawal ratesthat were orders of magnitude larger than
1997 withdrawal rates. Not only isit physically
unlikely that individual wells could pump that much
more water, but construction of sufficient additional
wellsin the one-square mile cells also is unlikely.
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Specifying an upper withdrawal limit of 100 per-
cent of the 1997 withdrawal rate, the sustainable yield
from ground water for the entire study areais 70.3
Mft3/d, whichis96 percent of the amount withdrawnin
1997 (73.5 Mft3/d). If the upper withdrawal limit is
increased to 150 percent of the 1997 withdrawal rate,
the sustainable yield from ground water for the entire
study areais80.6 Mft3/d, which isabout 110 percent of
the amount withdrawn in 1997. If the upper withdrawal
limitisincreased to 200 percent of the 1997 withdrawal
rate, the sustainable yield from ground water for the
entire study areais 110.2 Mft%/d, which is about 150
percent of the amount withdrawn in 1997.

Sustainable yields from the Arkansas River and
Bayou Bartholomew are much larger than that from
ground water. Total sustainable yield from the Arkan-
sas River and Bayou Bartholomew is about 4,900
Mft3/d or about 6,700 percent of the amount of ground
water withdrawn in 1997. These large sustainable
yields represent a potential source of water that could
supplement ground water and meet the total water
demand, but to do so will require the construction of
withdrawal and distribution facilities, which will have
legal, political, economic, and social consequences.

Unmet demand (defined as the difference
between the optimized ground-water withdrawal rate
or sustainable yield, and the anticipated demand) was
calculated using different demand rates based on mul-
tiples of the 1997-withdrawal rate. Assuming that
demand is the 1997 withdrawal rate, and that sustain-
able-yield estimates are those obtained using upper
limits of withdrawal rates of 100-, 150-, and 200-per-
cent of 1997 withdrawal rates, then the resulting unmet
demand for the entire model areais 3.3, -7.1, and -36.6
Mft3/d, respectively. Whereas, if the demand i's speci-
fied as 100-, 150-, and 200-percent of the 1997 with-
drawal rate, and the sustainable-yield estimates remain
the same, then the resulting unmet demand for the
entire model areais 3.3, 29.7, and 36.9 Mft%/d. A neg-
ative value of unmet demand indicates surplus water
availability.

A check of sustainable-yield rates was per-
formed by applying theseratesin the flow model runto
steady state and comparing simulated hydraulic-head
altitude to hydraulic-head constraints. Application of
the sustainable-yield rates resulted in hydraulic-head
values that were above 98.6 percent of the constraint
values. At those points where hydraulic head is below
the constraint, deviation from linear model response
(that is, aunit incremental change in withdrawal rate

resultsin aunit incremental change in hydraulic head)
IS suspected.
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