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INTROBUCTION

Many poseible alternative sustained groundwater withdrawal
strategies exist for any aquifer syatem. With time.
implementation of each strategy results in the eveolution o0f a
different steady state potentiometric surface. Peralta and
Peralta (1984b) describe the physical and legal feagibility of
implementing a sustained groundwater withdrawal strategy in a
critical groundwater region within Arkansas. Yazdanian and
Peralta (1898%) demonstrate how gquadratic goal programming can be

used to develop a regional sustained yield strategy that will

maintain a potentiometric surface as c¢lose to preselected
glevations ag possgible. Peralta and Killian (1885) demonstrate
hocw a least cost regional conjunctive water use/sustained

groundwater yield strategy can be developed. Each of these papers
degscribe the development of strategies for the Grand Prairie
region of Arkansas (Figure 1), an important rice, soybean and
aqgquacul tural producing ares.

Historically: most of the region’s water requiremenis have
been obtained from a Quasternary aquifer, part of the Mississippi
Plain alluvial aquifer. Groundwater levels have been dropping in
the Grand Prairie for most of this century. Peralta et al (1985)
predict continued declines and an increasing area in which
gsaturated thicknesses will be so =small that groundwater yields
may be inadequate. Groundwater levels are declining in other
pertions of the same aguifer as well, but in no other region is
the problem as severe as in the Grand Prairie. Since the Grand

Prairie problem is representative of situations that will goon
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Figure 1l: The Grand Prairie Study Area.



exigt for other parts of eastern Arkansas. the effect of water
policy on how the Grand Prairie water problem can be solved is of
widespread intersst.

As concern for the worsening c¢risis increases. three
guestions are commonly_asked by water users, water managers and
those involved in the water policy formation process. The first
ig:t what acroas-the-board percentage reduction in current
groundwater use 1is necessary in order to achieve a sustained
yield? This question arises becausge an owner of land overlying
groundwater in Arkansas has the right to use the water to the
"full extent of his needs if the common supply is sufficient, and
to the extent of a reasonable share therecf. if the supply is so

scant that +the wuse by one will affect the supply o0f other

overlying users" {(Jones v. OZ-ABRK-VAL Poultry Co., 228 Ark. 76,
3068 5.V. 2nd 111 (18957).) In times of scarcity, the California
correlative rights doctrine governs, allowing each overlying

landowner a proportionate or pro-rated share of the available

supply {Hudgon wv. Dailey., 156 Cal. 617, 125 (19@9) . As
groundwater continues to become less accessible. an across—the-
board percent reduction 1in groundwater withdrawal could

conceivably be mandated by court order under the correlative
rights doctrine (Peralta and Peralta, 1884a).

The second guestion ig whether the implementation of on—farm
conservation measures can cauge sufficient reduction in demand to
assure the sgustained availability of groundwater in the Grand
Prairie without other, more drastic. measures. Among the
additional actions that are posgible is the diversion of river

water to non—-riparian lands. Agriculture, including agquaculture.,



usesg 99 percent of the Quaternary groundwater withdrawn in that
region. Since rice and aguaculture producers generally use 2 and
7 ac-ft of water per acre regpectively, Grand Prairie
agriculturs, like agriculture elsewhere. is occasionally
criticized because of its high consumptive water use. Whether
improving presumedly wagsteful on—-farm practices can., by itself,
agsure a gustained yield is8 a question that needs answering.
Policy decisions concerning how to address the Grand Prairie
water gupply problem, and how to fund the solution,. may pivot on
the ansuer.

The third question arises from the recent formation ef the
first irrigation district in Arkansas and its authorization to
distribute diverted river water to the region. At this time.
both approval for diversion of the necessary flowrate ar
cumulative volume and funding for the necessary works mugst be
obtained. Assuming that adequate surface water can be diverted to
replace current groundwater use in the cells to which it can be
delivered, can all current regional water demand be gatisfied on
the long—term? In other words, can z sustained yield gtrategy be
developed that replaces all current groundwater use with =a
combination of groundwater use and diverted river water use., and,
if necessary. on—farm water conservation measures?

Each of these guestions can be answered by formulating an
appropriate optimization problem and incorporating the problem
statement in a sustained yield simulation model similar to those
previously mentioned. The results of using such models are

regional water allocation strategies. Before such strategies can



be properly evaluated. the economic consequences of their
implementation must be determined. Presentation of the hydrologic
and economic consequences of implementing any of the sustained
vield strategies is the a priori demonstration of the effect of
implementing certain policy decisions.

The purposes of this paper are to describe the methodology
used to answer the stated guegtions. and to present the results
of itse application. In doing so0!» we tegt six alternative policy
gcenarios. Optimal sustained groundwater yield strategiez and
the annual economic consequences for the period immediately
following strategy implementation are presented for each
scenario. The three objective functions that are uged include
minimization of unsatisfied water demand, minimization of
regional ecost and minimization of the common percentage of
reduction in groundwatar use necessary to achieve a sustained
yield. Also considered are the reduction in water needs achieved
through on—-farm water conservation measures and the use of
diverted river water. The economic evaluation is of necessity.
gimple. and provides merely a means of comparing the relative
annual economic impacts of implementing one strategy as opposed
to another.

At some time in the future voters will decide whether they
wish to pay the price needed to assure the sustained availability
of groundwater, or whether they prefer to risk the more uncertain
future of continued aquifer mining. In addition. they will have a
voice in determining water policies that in turn affect what
sugstained yield strategies are institutionslly feasible. This

study was undertaken in order to provide information pertinent



for those decisions.

THEORY AND MODEL FORMULATIONS

Governing Egquations

Development of a regional steady—state s=set of target
grounduwater levels requires the use of a steady-state equation
for each cell. The following has been developed for two-
dimensional gteady flow in a heterogeneous isotropic aquiifer
from both the linearized Boussinesg equation (Pinder and
Bredehoeft., 1968; Illéngasekare et al, 1984) and the Darcy

equation (Peralta and Peralta. 1984a):

a = - t =] - t =]
ir] i=1/2+]3 i=1.] i+l/7243 i+1s]
+ [t + t + t + t 1 s
i-1/72+j i+1/2.] iej-1/2 i.j+1/2 iv]
-t =] -t = S |
isj—-1/2 i.3-1 i.3+1/72 isj+1
where q ig the net volume £flux rate of groundwater moving
is]

inte or out of the aguifer in cell (i,j). It is

positive wyhen flow is out of the aquifer.,
3
negative when flow is into the agquifer, (L /T).

= ig the vertical digtance betwesn a horizontal datum
i3
located above the ground surface. and

the potentiometrie suriface. In this paper s is

l!j
a steady state drawdown. (L).

t iz the geometric average of the transmissi?ities
i-1/2.3



2.
of cells (i,j) and {(i-1,j), (L /T).

To express this equation in matrix form for a groundwater system.
the row—column notation i= replaced with sgingle integer
identification o0f sach cell. Thus for a groundwater flow system

of n cells:

() = [TI(S) T T T T Y

where (R) ig an n %2 1 column vector of net steady—-state volume
flux values., (LBIT).
[T] is an n #x n symmetric diagonal matrix of finite
difference transmiesivities., (L2/T).

(5) iz a column vector of steady—-state drawdowns, (L),

In applying this equation to the Grand Prairie. one
considers the peripheral cells as constant—head cells. Validation
of an unsteady state groundwater simulation model AQUISIN,
developed by Verdin et al (188l), demonstrated that the study
area can be treated as 3 groundwater 8Bystem surrounded by
constant—head cells (Peralta et al, 1985). In the validation, the
groundwater level in each constant—-head cell equalled the average
of ten years of observed springtime groundwater levels in that
cell.

The value in (Q) corresponding to a constant-head cell is
the annual volume of water entering (-) or leaving (+) the

agquifer at that cell. Since no groundwater withdrawal by wells iz



congidered at constant-head cells, for thoee cells the value in
(@) represents the annual volume of water moving between the
aquifer and either the surrounding squifer system or a stream
located within the cell.

Vertical recharge of the aquifer in the Grand Prairie is
negligible for interior cells {(non—congtant—head cells).
Therefore, the net annual vertical volume flux for each interior
cell equals its groundwater pumping volume, p: and the value in
the (R) vector corresponding to an interigor cell is nonnegative.
' The following equation describes the range of acceptable £flux

values that are in harmony with a regional aguifer volume

balance.
(L ) < (R = [TI(S) < (U P
a - - q
where (L ) and (U )} are n x ! column vectors whose elements
q - g
regpectively are the lower and upper bounds on
3
volume flux in all cells in the system, (L /T).

The appropriate range of potentiometric surface values is

described by:

(L ) < (5 1) < (0 crvraadh

where (L ) and (U ) are m x 1 column vectars of the 1lower and
=) =]
upper bounds,. respectively,. on the optimal steady-

state drawdowns in the m internal cells, (LY.

(S ) is an m x 1 vector of optimal drawdowns, (L).



Both Equations 3 and 4 are used as caonstraints within the models
discussed below. In the discussions, the policy scenarios for
which each model is used are also referenced. Optimization within
the models was accomplished using the QPTHOR subroutine (Lieffson

et al, 1881).

Maximizing X (Sgenarioc 1)

A common question is: by what percentage do all groundwater
usersg need to reduce their current withdrawals in order to
achiave a sustained yield? The management model of Scenario 1.
addresses thig guestion indireﬁtly by maximizing the common
proportion X, of their current groundwater withdrawals. that all
caells can pump in a sugtained yield setting. The result is =a
gingle value of X for all cellis. One minug X is the angwer to the
stated guestion. Assuming that current groundwater withdrawal
repregents the upper limit on pumping in any cell. the model feor

determining X is:
max X I

subject to Equations 3, 4, 6 and 7:

(tu ) X = (P _ «...B
gi *1i

2.9 < X < 1.9 I

where X is the maximum common proportion of current pumping that



all cells may continue to pump in a sustained yield

setting, (%/100).

(U ) is the m ® 1 column vector of upper limits on pumping
qi 3
in internal cell=, (L /T).
(P ) ig the vector of optimal pumping values for the
*®1i 3

internal cells, (L /T).

Minimizing Unsatisfied Demand (Scenarigs 11-1V)

In cells in which no diverted surface water is available.,
only greoundwater is uged. Minimizing unsatisfied water needs for
such cellé is accomplished by maximizing groundwater usage in
those cells. The linear objective function used to maximize
regional groundwater pumping is similar to formulations used by
Aguado et al (1974). Alley et al (1975) and Elange and Houve
(198@) for gmall gystems:

mm
max z = Y1 p(id a8
’ i=1
subject to Equéticns 3 and 4,
where =z is the total volume o0f groundwater annually pumped from

mm cells.

In Scenariog [] and Il no diverted surface water ig avazilable

and mm equals the number oifi internal cells: m. In Scenarios [V-VI
surface water is available in mc cells. The number of cells
without the alternative sourcer mm. eqguals m—-mc. As previocusly

stated, it is assumed that divertable water supplies are adeguate

1@



to s=satisfy water needs in those cells to which the water can be

delivered.

Minimizing Regional Cost of Conjunctive Water Supply (Scenaric V3

In this papers we make use of a guadratic optimization model
{Peralta and Killian, 1985) that minimizes the total cost of
attempting to satisfy regional demand £from conjunctive water
resources. The meodel uses the cvosts of groundwater and diverted
surface water in cells in which diverted water is available. It
uses the cost of groundwater and the opportunity cost of
ungatisfied water needs in cella in which diverted water is
unavailable. A simple statement of the model is:

min y = c (i) pti) £(s{(i)) + c (i) pl(i) + ¢ (i} p (i) R =

1 = m a a

W M5

subject to Egquations 3 and 4.,

Where=
y = the total annual cost of the water supply and the
opportunity costs of inadequate supply. (H/yr).
¢ (i) = the pumping plant energy. }epair and lubrication costs
° associated with raising a volume of groundwater one unit
digstance., ($/L4).
f(=z(i)) = a linear function of gteady 2tate drawdown which
describes the total dynamic hegad at cell i, (L).
¢ (i) = the pump maintenance cost of pumping a unit volume of
m 3

grounduwater, (&/L ).

11



¢ (i) = either the cost per unit volume of river water used in

> cell i to which water can be diverted, or, the opportunity’
cost aggociated with each unit volume of unmet needs
in that cell., ($/L3).
p (i) = esither the annual volume of diverted water or the
a 3

annual volume of unsatisfied demand in cell ji. (L /yr).

Biobjective Optimi=zation between Minimizing Cost and Minimi=ing

Ungsatigfied Water Neaedg (Scenario VI)

The constraint method of multiobjective optimization
(Haimes, 1873) is commonly used to develop the pareto optimum for
the simultanecus consgideration of multiple objectives. Datta and
Peralta (1885) and Killian and Peralta (1885) both describe
different ways of applying this method to the bicriterion problem
of minimizing cost and maximizing groundwater withdrawail. The
procedure described by Killian and Peralta {(1898D) was used in
this paper to address the problem of minimizing cost while
minimizing unsatisfied water demand (maximizing pumping in those
cells to which diverted surface water is not available). To avoid
having nenlinear constraints in the optimization formulation. the
linear maximum pumping function (Equation B) is wused a8 the
congtrained objective and the quadratic least-cost objective

function (Equation 7) is the primary function.

APPLICATION AND RESULTS

Hvdrologic Agssumptions and Constraints

Aquifer characteristics within the study area are relatively

12



well known. Finite difference models of the Quaternary aguifer
underlying the Grand Prairie have been sgsuccessiully utilized by
Griffis (1972) and Peralta et al (188%5). The models employed a
hydraulic conductivity of 267 and 279 ft/day respectively and an
effective porosity of &.3 (Engler et al. 1945). A  hydraulic
conductivity of 279 ft/day was used in this study. Estimates of
the elevation of the top and bottom of the aquifer in the center

of each cell were determined by kriging f£from records of water

well construction. Estimates of the water table elevation in the
center of each cell were made by kriging frem U.S5. Geological
Survey records (Edds., 1882). Cell by cell trangsmissivities were

calculated from spring 1882 gaturated thicknesses and the assumed
hydraulic conductivity.

The acreages of rice. soybeans and aguacultural production
existing in each ¢ell in 1882 were estimated using a procedure
reported by Peralta 2t al (1983). The water needs for these crops

and municipalities were estimated for average climatic conditions

for each cell. Then. the portion of these needs that was being
withdraun from the Quaternary aquifer in each cell wvere
egtimated, baged on U.S5. Geological Survey studies <{(Halberg.

1977: Holland and Ludwig. 1981). These resulting cell by cell
volumes are the water neede that the models attempt to satisfy in
Scenarios I and II. The total gf the water needs for all the
cells is 288,000 ac—ft.

A second set of water needs represent the volumes that the
models attempt to satisfy if simple on—farm water conservation

meagures are implemented for each of the major crops. Through a

13



survey of literature and water users, Harper (1983) concluded
that regional water needs for rice and soybeans can be reduced.
without reducing yields or increasing production expense. For
example., 19.7 percent o¢f the rice acreages in the region are
maintained at a flood depth of 6-8 inchss. On those acreages: 6
inches per year can be saved without adversely affecting yields
by changing to a 2-4 inch flood depth (Ferguson. 1970).

Harper also reported that 20.5 percent of the soybean
screage was furrow irrigated. He egtimated that a 3% percent
reduction in water wuse can be obtainad for those acreg2 Dby
irrigating only alternate furrows, instead of every furrow.

For this paper, we arbitrarily assumed that aguacultural
consumptive use can be reduced by 20 percent from 7 feet per year
to 5.6 feet per year. Asgssuming that these three conservation
measures ¢an be implemented., at no cost and without reduction in
production., for the acreages supported by groundwater. the
regional groundwater needs can be reduced by 29,000 ac-—-it per
year to 259,000 ac—ft. Apportiaoning this value appropriately to
all cells in accordance with their acreages. a new et of cell by
cell water needs isg calculated. These are used in Scenarios [11-
Vi.

The models attempt to satisfy the water needs described
above, either from groundwater alone {(Scenariog 1-3) or from
groundwater and diverted surface water (Scenarios 4-56}. Dixon and
Paeralta (1984) demonstrate that there are significant divertable
water resources available in the Arkansas River and White River
for this purpose. U. B5. Army Corps of Engineers (1884a. 1984b)

investigations indicate the cells to which surface water gcan be

14
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realistically diverted. For this paper it 1is agsumed that
adequate surface water is available to completely replace
groundwater wuse in each c¢ell to which river water can be
diverted. In all scenarios. any current groundwater use that
cannot be replaced by a combination gf groundwater and surface
water is considered to be unsatisfied demand.

Through the use of constraintss, Eguation 3, the models
assure that only physically and institutionally satisfactory
recharge and discharge valuga can occur in any cell. The greatest
annual recharge that is permitted to occur in any of the
peripheral c¢onstant head cgells i= the greatest value that was
calculated to occur based on the springtime hydraulic gradients
of the years 1972-1983. The lower limit on groundwater withdrawal
in any internal cell is zero. The upper 1imit on groundwater
withdrawal iz the water need of the specific strategy.

Satisfactory grounduwster table elevations and saturated
thicknesses are asgsured to result from all optimizations by
appropriately bounding the steady state drawdowns via Equation 4.
In 2ach cell, the optimal water level is constrained such that it
never exceeds the ground surface elevation. In addition. the
optimal saturated thickness is8 constrained to be at least 20 .
feet. Peralta et al (1985) determined 20 fest to be the minimum
saturated thickness needed for a representative 580 gpm well
irrigating 5@ acreg of rice to remain operable throughout the
pumping season. They assumed a zero hydraulic gradient existing

initially across the site of the well.

Economic Aggumptitions

15



The annual econcemic conseguence in the period immediately
following implementation of a particular strategy is demonstrated
by estimating the change in net economic return for the strategy
from that assumed for a base agricultural production and water
use gtrategy. The base net return is calculated considering only
those acreages supported by Quaternary groundwater in 1962. It is
assumed that acreages currently sgupported £from other water
sources Will continue to be supported by those sources. It should
be emphasgized that the calculated change in n=st economic return
regsulting from implementation of a particular strategy is the sum
of the changes for all the acres auppofted by _Quaternary
groundwater in 1982, and relates only to those acres. Both the
base economic return and the changes in net return are calculated
uging & modified version of a post—-proceseing program written by
W. D. Dixon. -

The factors included in esgtimating the base net econoemic
return include yields. market prices. water demand. fixed and
variable costs exclusive of the water supply and variable costs
of the water supply. Economic factors for aguaculture are derivgd
from an unpublished budget for catfish production in Alabama.
Factors for rice and gsoybeans are obtained from publighed c¢crop
budgets (respectively, Smith et al. 19835 and Stuart et al.,
1883},

Agssumed yields are 11128 1b of fish per acre, 4410 1b of rice
per acre and 49 bu/ac for irrigated soybeans. Asgumed market
prices are 1.12 $/1b of fish, @.1056 %/1b of rice and B6.25% $%/bu

of soybeans. The gupplemental water requirements are 7 ac—ft/ac

16



for a=aguaculture, 2 ac~ft/ac for rice and 0.4 ac-ft/ac for
irrigated soybeans. Fixed cgosts are 227.23 $/ac for aguaculturs,
117.7%5 %/ac  for rice and 119.28 #%/ac for irrigated soybeans.
Variable costs. not including the variable cost of supplied
water,. are 604.37 $/ac for aguaculture, 245.57 $/ac for rice and
171.56 $/ac for irrigated soybeans. The variable cost of
groundwater in each cell for the base strategy is a function of
the total dynamic head estimated for the saturated thickness and

the 1982 groundwater levels at the center of the cell (Peralta et

al, iS85). The function makes use of the cost coefficients c (i}
=)
and ¢ (i) values., 06.18 $£/ac—-ft—-ft and 1.65 $/ac—-£ft respectively,
m
found in Equation 7. The f(s(i)) describing total dynamic head as

a functien of static 1lift is discugsed by Peralta and Killian
(1935).

The estimated net economic return for the base strategy is
$9,030,000. It should be recognized that this value 1is an
egstimate based on the specified costs in the crop budgets; The
cost of land, the value of the labor of the farmer and his family
and general farm cverhead are not included in these costs.

[£. in accordance with a particular sustained vyield
strategy. there is inadegquatie water in a cell to satisfy demand.
it is® assumed that nonirrigated soybeans will replace agquaculture
or an irrigated crop. In this paper it iz agsumed that irrigated

goybean acreages would be the first to be switched to dryland

soybeans., followed by aquacul tural anad rice acreages
respectively. It is assumed that the equipment for the original
crop is adequate to produce unirrigated soybeans, and

17



therefors. that the fixed expenses for the original crop will
continue for a few years, even aifter a c¢crop chsnge. is
implemented. Therefore. when the crop switch is made: the fixed
production costs of the original c¢rop are used for the
replacement crop.

The net return of a particular sustained yield girategy is
calculated based on the crop acresges that the strategy can
support with water plus any unirrigated soybean acreages made
necessary by inadequate water supply. In calculating thig return,
a 27 hu/ac yield and a variable cost (exclumive o0f sSupplying
water) of 165.96 $/ac is agsumed for nonirrigated soybeans. As
stated above, when a crop switch iz made., the fixed costs
associated with the original crop are assumed to carry over to
the vunirrigated soybeans in the first years after the switch is
made. The actual fixed costs of unirrigated soybeans is 90.43
%$/ac» about 40 percent that of agquaculture and 75 percent that of
rice or irrigated soybeans. Therefore, during the yearg until the
fixed costs of the original crop are paid for, there is some
penalty agssociagted with making the crop switch,. It ig for thié
period of time that our "short-term" economic analysis is valid.

The next two paragraphs in this section discuss how the ¢
values used in Equation 7 and Scenarios V and VI are estimated?
The values= are shown on a cell by cell basis in Figure 2.

Based on the retiturns and variable cost= of production at a

representative cell in 1882, the decrease in net economic return
{opportunity cost) of switching from agquaculture to dryland
soybeans is 79 $/ac—ft. Figure 2 shows this value in cells for

which aguaculture is the dominant water user and diverted river
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water is not available. The opportunity cost of switching £from
rice to dryland soybeans is 83 $/ac-ft. In Figure 2 this wvalue
identifies theose cells in which rice is the dominant user and
diverted river watser is not available. It is recognized that the
opportunity cost of a cerop sSswitch c¢an more accurately be
performed on a cell by cell basis., since the variable cogt of
groundwater varies with cell depending on the depth to water and
saturated thickness. This level of refinement is not used while
performing the optimization. Instead, after a particular
sustained yield strategy is developed and its target water levels
are detsrmined. the economic post—-processing program mantioned
above 1is uged to determine the cell by cell and total change in
net sconomic return'resulting from the crop switches required for
that strategy.

The value of ¢ for cells in which diverted river water i=
potentially availab?e iz the cost of delivering that water to
fieldsg in those cells. Reconnaissance level gtudies by the U. S.
Army Corps 0: Engineers estimate costs -df ‘14 $/ac—ft for
diverting Arkansas River water through the Bayou Metc and 28
$/ac—ft for digtributing White River water through a canal system
{respectively. U.5. Army Corps of Engineers, 18984aj; and perscnal
communication Dwight Smith!. For thig paper we assume an
additional 3 #%/ac—-ft expense to move the water from a waterway to
the field. Figure 2 shawg the resultiﬁg costs of 17 #/ac—ft and
31 $/ac—ft in those cells to which Arkansas River water and White
River water may be diverted. No economy of scale ig considered in

the priceg of diverted water.
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Peralta and Killian (1985) describe the simulated evolution
of water levels in the Grand Prairie from 13882 elevations to an
optimal set of target levels. In the current paper. the fact that
water levels must evolve from current levels to the appropriate
steady—state levels 1ig ignored when emtimating the change in
economic return resulting from strategy implementation. In
actuality, all the target stesady-state water table elevations are

higher than the 1882 1lsvels. Therefore, during the first years

after strategy implementation, the actual costs of grounduwater
wiil be s8lightly greater than the wvaluas agssumed in the
optimization. This underestimation in developing optimal

strategies however: i3 somewhat counteracted by the fact that the
fixed costs associated with an initial crop will be gradually
replaced with the lesser fixed cost o0f unirrigated soybeans

during the same initial period after strategy implementation.

Alternative policy sScenariog and results

Table | cgontains a summary of the s8ix sustained vyield
strategies that are developed. As an aid in recalling the
characteristics of a particular scenario, one can inspect the

valuesg in the first and third rows., The firsgt row values indicate
whether a particular strategy attempts to @=satisfy current
groundwater needs or groundwater needs reduced by conservation
measures. A value of zero in the third row indicates that no
surface water is available for diversion in that strategy. The
following is a discussion of Table 1.

In Scenario | we assumé: that no improvement in water

congervation is practiced, that river water is not available for

20



Table 1: Short term annual consequences of strategy implementation

STRATEGIES
CURRENT
GROUNDWVATER [ 11 [1t v v vl
USE

WATER NEEDS 288 288 288 259 259 259 259
(180€@ AC-FT)
GROUNDVATER USE 288 4g 119 118 B3 g2 86
(1208 AC-FT) "
SURFACE WATER USE ] %] ] 2 164 134 140
(190@ AC-FT?
UNMET WATER NEEDS 2 248 168 141 )| 33 32
(1800 AC-FT)
CHANGE IN NET
ECONOHIC RETURN
FROM CURRENT NA  -8.3%9 -5,877 -4,416 -3,819 -2,792 -2,8@3

GROUNDWATER USE #
(1202 DOLLARS)

# Based on published crop

budgets and including enly specified costs.

[



diversion to the area., and that the policy is to be =absolutely
egalitarian from a pergentage pergpective. Accordingly., only
49,900 ac—-£ft can be withdrawn per year £from the agquifer: 14
percent of the base strategy withdrawal rata. Thus. X. the
parcent reduction in current pumping or the percent of
ungatisfied demand. i=2 86 percent. The conseguence of reducing
production to that extent is an annual reduction in net economic
return of %38.,359,90008. This iz 93 percent of the agsumed return
for the base strategy: $9,930.,0020. A policy incorporating this
objective, represgenting one possible appliéation of the
correlative rights doctrines would have a serious impact on the
region.

In Scenario Il we again assume no significant increase over
current water conservation measures and that river water is not
available for diversion. The objective of this policy however. 1is
to minimize un=satisfied demand. With this goal. 119,900 ac—-ft of
groundwater can be withdrawn: regulting in 169,000 ac-ft of
ungatisfiad demand. The reduction in economic return is
$5, 277,000, 56 percent of the base strategy and =a sgignificant
improvement over the $8,359,.00¢ of Scenario I. Although neither
gstrategy offers a satisfactory solutiﬁn to the Grand Prairie
problem, comparison between these two scenarios indicates clearly
that the selection of an appropriate policy objective is
important for voters and/or decision—-makers.

Scenario 111 differs from Scenarioc Il in that we assume the
implementation of the described conservation measures for rice,

soybheans and agquacul ture. Once again, no diversion water is
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available and the policy objective is to minimize unesatisfied
demand. Neote that groundwater use is 1,000 ac—ft less than in the
previous strategys but gince water needs are reduced by 29,000
ac—ft, unsatisfied water needs are 28,000 ac—ft less. The
reduction in net return from the base strategy: 49 percent or
54,416,000, is $661,9200 less than the previous gtrategy in which
no new conservation measures are implemented. Dividing $6E51.000
by 29,000 ac-Ift. we find an improvement of $22.7% $ for each ac-—-
ft o0of reduced water demand. (The average variable oost of
groundwater in the base strategy is $22.19.) Thus there are
;eductions both in unsatigiied demand and in regional expense if
reasonable conservation measures are implemented.

Scenario [V differs from Scenario III in that river water is
available for diversion. Ag a result, groundwater use is cut
almost in half and 164,000 ac—ft of surface water are used each
year. Unsatisfied demand drops from 141,069 ac-ft to 31,000 ac-—
ft. The reduction in net return from the base sgstrategy is=s
$3,0139,000, 33 percent of the bage net return. The wuse of
diverted river water c¢an have a gignificant effegt on the
regional economy in a sustained yield scenario.

Scenario V differs from Scenaric IV in that the policy

objective is to minimize the regiconal expense of attempting to

satisfy water demand. While achieving a comparable unsatisfied
demand. this gstrategy requires the usge oI significantly more
groundwater and lesg diverted water than BScenario I[V. The

increase in 2,900 ac-ft of unsstisfied demand from that of
Scenario [V results in a $227,802 reduction in regional . expense,

a %113.50 /ac—-iIit tradeoff. The net return of Strategy V is 31
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percent below the base scenario.
Scenariogs IV and V represent policy objectives that conflict
over part of the range of feasible regional strategies. Choosing

one or the other of the strategies may not be as satisfactory as

gelecting a compromise strategy between them. Use of the
constraint method of multiobjective optimizstion mentioned
previougly results in the pareto optimum shown in Figure 3. A

compromise strategy lying on the pareto ocptimum was selected
arbitrarily for purposes of this paper, although rigorogus means
of determining the compromise strategy may be utilized (Haimes
and Hall. 19743 Datta and Perzlta, 1385). Notice +that the
compromige strategyr. Scenario VI, has values lying between those

of Scenariog IV and V for the last four rows of Table |.
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SUMMARY

Ve have demonstrated how sustained yield groundwater
management models c¢an be formulated to gimulate hydrolpgic and
short—term economic response to alternative water resource policy
environments. The methodology was applied in testing Six
potential policy scenarios for the Arkansas Grand Prairie.
Sustained groundwater withdrawal strategies were developed for
each scenario. Before summarizing the resultss it is appropriate
to review the policy characteristics and assumptions under which
the strategies were developed.

The annual water need assumed for the first two gstrategies
iz the volume of groundwater that was used for 1882 production
levels and aversge climatic conditions, 288,000 ac-ft. Annual
water need for the last four scenario=, 253,008 ac—ft, iz the
agsumed demand after the implementation of simple on-farm water
conservation methods.

The first three strategies utilize groundwater solely., while
the 1last three coordinate the use of groundwater and water
diverted from mnearby rivers. In the development of all
strategies, the sustained withdrawal of groundwater ig limited %o
be less than the assumed sustainable recharge to the aguiier. It
ig assumed that historical recharge to the region will continue
and that the water table elevations ovf the peripheral cells will
be maintained.

Implementation of any one of the sustained yield gtrategies
will result in unsatisfied water demand and a corresponding
decrease in acreages that use supplied water. The economic

congequence of the decrease is a reduction in net economic return
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from the 1982 base lavel. The base level. $8,030,000, ig the
aggumed net economie return of the acres gupported by Quatsrnary
groundwater in 1982. This estimated value is based on 1882
pumping 1lifts and published crop budgets asnd includes only
gspecified costs.

The change in annual regional net return during the initial
period after implementation of any one of the sustained vyield
strategies is calculated using: the dynamic pumping lifts

appropriate for the steady state potentiometric surface that

will result from implementation of the strategy. and the same
crops used in the 1982 strategy: as long as adeguate water 1is
available to satisfy their water needs. If water supply is=
inadequate in any cell, water demand in that cell ig reduced by
changing appropriate crop acreages from aguaculture. rice or
irrigated soybeans to dryland soybeans. The calculation of the

net return properly reflects all necesgary crop changes for the
gcenarios described below,. but considers only wvariable production
costs. It is asgsumed that the fixed cost associated with the

initial crop continue to exist after a crop switch is made.

Scenario I represents the situation in which no new
conservation methods are implemented. no river water ig diverted
to the region. and all groundwater users are limited to & common

percentage of their current groundwater use. [t angwerg the first
of the three guestions posed in the Introduction. A reduction of
86 percent of current groundwater use is necessary in every cell
in order to achieve a sustained yisld. subject to the assumed

feasible recharge rates. Implementation of this strategy would
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result in 88 percent of water needs being unsatisfied and annual
net economig return being a staggering 23 percent less than the
base return on the short-term.

Scenario 11 repregents the effort to minimize unsatisfied
demand without improving water conservation or diverting river
water. This is identical to maximizing groundwater use without
changing husbhandry practices or - importing water. Fifty—-nine
percent of water needs are ungatisfied and the reduction in net

return from base value is 56 percent.

Scenario 1l minimizeg unsatigfied demand. after demand is
reduced by the implementation of simple an—farm watar
conservation neasures. No gurface water ima available for

diversion. Forty—-nine percent of the original water needs are
unsatisfied and the reduction in net return is 49 percent of base
value. Thisg angwerse the second of the posed questions. Obviously.
the uge of the assumed on—-farm conservation measures by
themselves cannot reduce water demapd gufficiently to achieve a
sustained yield that will gatisfy the remaining demand.

Scenario v minimizes unsatisfied demand after both
conservation measures are practiced and river water ig diverted
to the area. Eleven percent of the original demand is unsatisfied
and the reduction in net return is 33 percent of the ba=ze value.

Scenario V minimizZes the total expense of attempting to
satizfy the reduced water needs from groundwater and diverted
river water. Eleven percent of the original demand is unamatisfied
and the reduction in net return is 31 percent of the bame value.

Scenario VI is a compromise between the different . regional

objecives of Scenariog IV and V. It is presented merely to
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demonstrate that compromise @8Strategies can be determined and
reaffirms the concept that there are =an infinite numberA of
possible gsustained yield strategies for the region.

Scenariog IV-V! each represent pogsible answers to the third
posed gquestion. Certainly. the "best" conjunctive ume of
groundwater and surface water in the region depends on the
gpecific objectives of ' the water users and decision makers.
Procedures have been developed to aid the process of determining
what this best use may be. Datta and Peralta (1985) describe =
methodology by which a group of decision maksrs can be assisted
in achieving agreement in selecting =2 compromige sirategy.
Killian and Peralta (1985) present a procedure for refining a
compromise regional strategy to better satisfy local (cell)
chiectives. Thu=s. the capability exists to tailor—-make a regional
conjunctive water uge/sustained’ groundwater yield strategy faor
the Grand Prairie.

In conclusion, the predicted increasing unavailability of
Quaternary groundwater (Peralta et al. 1985) is adeqguate.
justification for considering the feasibility of implementing a
sustained yi=ld strategy in the region. Among the tested
strategies., only those that include both the implementation of
conservation measures and diverted surface water can satisfy more
than half of the water requirements. In fact, unless river water
iz diverted to the regian. gver one-guarter of the acreages
currently supported by groundwater will need to switch to dryland
agriculture., if 8 sustained (perennial) yield of gpoundwater ig

to be attained.
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It must be reemphasized that this study was undertaken to
provide a means of comparing the short—term economic impactse of
alternative water policy scenarigs. Prior to actually gelecting a
strategy: a more detailed evaluation of the maximum feasikle
recharge rates along boundaries at which rivers penetrate the
aquifer should be performed. Relaxation of the limits on recharge
imposed in this study could reduce unsatisfied demand and its
attendant reduction in economic return. The resulting increase in
groundwater awvailability is not expected to change the relative
ranking of any of the strategies, since all may improve.somewhat.
Thus. the results of thig study should be used as guides in the
policy development process. rather than as alternative propesed
strategies for implementation.

The additionsl detail work needed to actually s=select and
implement a estrategy will be merited only if the long—term
maintenance of production at levels cloge to current levels is
important enough to achieve (1) voluntary compliance by
groundwater ugers with a sustained yield strategy. and {(2) the
diversion-of adequate river water to the region. The reduction in
water demand by simple water conservation measures is a degirable

facet of an implementation program.
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