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[NTRODUCTION

Assuring the sustained avaiiability of water of adequate quality and
quantity in a ostream—aquifer hydrologic eystem frequently requires
coordinating the use of groundwater and surface water. Sinces, without the use
of reservoirs, it is difficult to assure that available river water will be
adequate at a particular time and places providing an assured supply requires
reliance on groundwater.

Regional austained yield groundwater withdrawal strategies can be
caloulated using epecialized computer programeg. Each such strategy consists of
a set of volumes that can be withdrawn from different portions of an aquifer
systems year after year. without caueing undesirabla changes in grounduater
levels (the potentiometric or piezometric surface). In fact. pumping in
compliance with such a ‘’'safe yield' strategy will aventually cause the
evolution of a particular, unique, 8steady-state potentiometric surfaca. The
first objective of this report is to provide a brief overview of methods for
designing desirable or optimal regional steady-state potentiometric surfaces.
Examples are presented of how a stable potentiometric surface can be modified
to: (1) assure adequate groundwater availability for time of drought and (2)
prevent the unacceptable spread of grounduatér contamination.

Conjunctive water management refers to coordinating the use ot
groundwater and surface water resources that may or may not be in hydraulic
connection. Causing the evolution and maintenance of a degirable
potentiometric -surface by systematic water uge is an appropriate planning
approach for either gsituation.The second cbjective of- this paper 1is to
describe applications for each case. The first application develops sustained
yield strategiee that maintain 1legal . in—-stream water requirements by

controlling the potentiometric surface elevations and hydraulic gradient in



the vicinity of the streams. This example also illustrates the usefulﬁeas of
the approach in maintaining necessary grouﬁduafer flow across legal or
institutional boundaries. The second éﬁplication determines the time-varying
requirement for diverted river water to supplement sustainable groundwater
uge. It illustrates how sustained yield strategies can be used in planning the
diversion of water to nonriparian landa. ~

Assessment of the chances of implementing a sustained vyield-conjunctive
uese atrategy_in Arkansas requires coneideration of existing water laws. The
legal feasibility of maintaining a 'target’ potentiometric surface in
Arkangas» without considering conjunctive use or gtream-aquifer interaction.
has been previously analyzed in detail as a Special Raport in the Arkansas
State Water Plan (Peralta and Paralta, 1884b). The third objective is to
present the salient fsatures of that analysis and to discuss poasibie stéps
toward utilization of the target 1level approach for conjunctive uafer
management.

Inplementation of a sustairied yield-conjunctié@ use strategy. in an araa'
in which groundwater problems are arising because of intengive ruse- will
require gome change in practice by individuval water userms. The final objective
is to demonstrate how an individual water user may use water or change water

uge following implementation of a district-wide sustained yield strategy.
LITERATURE REVIEW OF REGIONAL STEADY-STATE POTENTICMETRIC SURFACE DESIGN

1t should bhe mentiuned-that there are many theoretical models for using
optimization in groundwater management. although actual apﬁlications to large
systems are scarce. Gorelick (1983) provides an excellent review of reported
efforts. One of these methoda. the embedding abproach. consists of wusing
oﬁtimization with embedded steady or unsteady-sate flow equations. Aguado et

als (1974) pioneered this approach in demonstrating how to minimize the cost

3



methods are discuased in more detail below. Also, application of the
Surrogate Worth Trade-off Method (Haimes and Hall. 1974) for aiding a group of
decision makers to sslect a 'compromise’ strategy from a pareto optimum in a
multiobjective situation has been demonstrated (Datta and Peralta. 18986). In
summary. 8 fairly comprehensive group of techniques are available for
designing desirable regional potentiometric surfaces and sustained yisld
groundwater withdrawal stratagies. They are applicable for conjunctive water
management- in stream—aquifer systems.

It should be noted that moat of the procedures mentioned above utilize
steady-state flow equations to derive annual groundwater withdrawal rates. As
a result they do¢ not consider the additional capture of water that may be
caused by time-varying pumping. Thus. actually sustainable time varying
groundwater withdrawala along recharge sources may be scomewhat greater than
sustainable groundwater pumping calculated by steady-state approaches. The

game innacuracy exists for the applicationz mentionad helow.
SPECIAL APPLICATIONS OF TARGET SURFACE APPROACHES TO GROUNDWATER MANAGEMENT

One study was performed to determine the minimum springtime saturated
thickness needed in 8 particular cell in order to assure that existing wells
would be able to function even during a droughty growing season (Peralta et
al.» 1986). (The wells in this particular cell are shown in Figure 1l.) To
accomplish this, fairly accurate information was comﬁilad concerning the
elavatioﬁs of the base of the aquifer. A survey ol well-owners was conducted
to determine the rice acreages aupportad-by groundwater (Table 1). Irrigation
gchedules were developed for these acreagss for the climatic conditions of
four representative years. Then, an iterative gimulation procedure was used to

determine the springtime saturated thickness that would be necessary in order
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Fig. 1. Well locations in cell,

TABLE 1. MWell aners“Questionnafra Results

Acres - Acres
Well # Yield Diameter Normally Irrigated
{GPM)- (fn.} Irrigated in Drought

1 600 8 bl 85

2 500 8 v 95

3 900 24 * 160

4 700 24 80 a0

5 500 8 50 50

[ 350 10 30 30

7 400 12 40 40

= Used only as supplementary irrigation wells in normal seasens.

TABLE []. Nece@sary [nitial Saturated Thickne=o

Saturated Thickneea (ft)

Vell 7 Center of Critical Call

Hinjmum (1975} 15 g
Hean (1973} 15 g
Haximum (1978} 16 18
Drought (19B82) 19 13



that each well have adequate saturated thickness throughout each pumping
season. Table [l shows the resulting minimum acceptable saturated thickness
for well 7 (near the center of the cell) and for the cell center. It can be
seen that a year with minimum irrigation requirements {(1975) requires less
initial maturated thickness than an extremely dry year (i98@). The reaults of
this study were then uased to tailor a regional sustained yield strategy in
order to cause the evaolution of a springtime water table that would provide
water users with some protection from drought.

Another study was performed in order to determine how to modify a stable
water table at a cell so that future salt cqncentrations in the groundwster at
that cell would not exceed a certain value (Datta and Peralta. 1987). The
study was performed on the hypothetical area shown in Figurs é. Assume that
the water table elevations in.the area are as shown and that they represent an
economically optimal steady-state potentiometric surface for the region. The
groundwater use strategy that maintains that surface was developed without
considering water quality as a constraint. Assume that a water management
agency is considering construction of a canal along the right edge of the
area. The canal will convey water containing 1900 ppm (parts per million) of
galt and will be in hydraulic connection with the aquifer.

The water table contours of Figure 2 indicate that contaminated water
will move from the right edge toward the center of the area. Using a water
quality simulation model, it was determined that after 200 years, ‘the
groundwater coﬂcantrationa shown in Figure 3 would result. Assume that 235 ppm
ig the maximum acceptable future concentration for the shaded cell. This is
lese than the 262 ppm that is predicted. The use of an innovative procedure
deterﬁinad that appropriate changes in pumping at three cells would cause =2
.3 m decrease in water table elevation at that cell and would reduce the

future concentration to 233 ppm. Thus the water quality congtraint could be
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Aquifer underlies all shaded. areas.
Strategies have been developed for
Area A (Bayou Bartholomew Basin) &
Area B (Grand Prairie Region).

e [1]. Haximuam Suataineble Annual Groundwater

Bartholomew Bamin, {(ocubic decameters/yr)

Pumping in tha

Bayou

{Upper Limit on Aquifer

Rech
Flow

Upper Limit on Lowmr Limit on
Grounduater Fiow Groundwater flow
iros Louimiamna to Louimimna

{cubic decameters/yr)

arge from Straswma
ing to Louisiana.

(cubic decammters/yri! #
6,800 3. 700
85, 820 192,308 181.503
15, 480 199,822 187, 100

Thees atramme include the Bayou Bartholomaw, Boeui Tensas River and
Bayou Hacon. Recharge from the Arkansem River and Niamissippi River
ie not included.



satisfied by modifying the sustained yield pumping strategy and the asteady-
state water table. The adverse consequence of those changes wyould be an
incraage in regional cost of $ 3,800 per year. Thie is an example of how an
optimal regional strategy and steady-state surface can be refined to bettar
consider matters not initially considered explicitly within the optimization

model.
APPLICATIONS OF TARGET SURFACE APPROACHES TO CONJUNCTIVE VWATER MANAGEMENT

Maintaining appropriate streamflow in a stream-aquifer system is an
important capability of any conjunctive uatar management methoedology. For
example, streams in the 8285 aq. km. (3200 sq. mi.) Bayou Bartholomew Baasin
(Area A in Fig. 4) flow from Arkansas into Louisiana. Vater management
atrategies developed for that area must assure that reasonable streamflow will
continue. EStrategies developed using an optimization model can be formed to
comply with such a requirement. When developing a strategy for the Bayou
Bartholomew Basin using the SSTAR model (Peralta et al.. 1885), a limit on
recharge to the aquifer from esach stream is imposed. Assuming average inflow
to the stream and average diversion by riparian users, implementation of a
sustained yield strategy that causea no more than average recharge to the
aquifer will assure at leaet average streamflow.

Table 111 shows maximum sustainable groundwater pumping for four
scenarioss. Theee differ in a) how much annual recharge to the aguifer from the
Streams is acceptables and b) the direction and volume of annual groundwater
movaﬁent between Arkangas and Louisiana. Clearly. as one permits less recharge
and more streamflow from streams. sustainable groundwater pumping decreases.
Similarly: & hypothetical interstate agreement to maintain at Ileast 3700
cubic decameters {3000 ac-ft) of annual groundwater flow to Louisiana would

reduce sustainable groundwater pumping from that achievable if up to 6809
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cubic decameters (5500 ac-ft) could enter from Louisiana .

The éhility to evaluate the temporally and spatially varying nsed for
water from differsnt sourcea is also important for conjunctive water planning.
In one project, an agency needsd to know when, where and how much river water
would need to be diverted to supplement available groundwater if irrigated
crop production were maximized for the 4669 ag. km. (1800 Bq. mi.}! Arkansas
Grand Prairie (Figure 4) (Yar et al.,» 1985). It was assumed that a sustained
yield pumping strategy would be implemented which would assure at least 6 m
{20 ft) of saturated thickness in all cells while approximately maintaining
current groundwater levels. The resulting conjunctive use strategy is
summarized in Table IV.

The first step in strategy development was to determine for each cell.
the maximum potential annual and monthly irrigation water requirement based
on 8oil types suitable crops.irrigation scheduling, snd average climatic
conditions. These annual water requirements were considered to be upper bounds
on acceptable annual ground-water withdrawal in the celle. They were used in
SSTAR to calculate the desired annqal sustained yield puamping strategy. Simple
gubtraction of annual groundwater availability from snnual water need provides
annual need for diverted river water in each cell.

The second step involved coneideration of the monthly variation in water
uge Ifrom the two sources. This was accompiished by assuming that one would
want to minimize surface water use during periods of low river flow. Singe
streamflow diminishes between April and August. aﬁd crop water needs are
greatest and most c¢ritical during August. it was reasonable to plan to usé as
much groundwater as possgible during August. The monthly potential nased for
diverted river water was estimated by assuming that as much of the annual

allotment of groundwater as poesible would be used in August. If annual

s



Table IV. HNonthly Percantages of Potential Crop Vater Needs and tha Need for
Groundvater and Diverted River Water in the Grend Prairie
HNonth Monthly Farcentage Parcantags
Farcentege of Potentinsl of Potential
of Potentisl Hawde ¥hich Naeds Yhich
Ssmsonal Can Ba Het By ¥ill Raguire
Yater Nesds Grounduater Supface Yater
April 5 i 99
Hay 7 1 a9
June 29 2 28
July 25 4 26
August 32 38 64
Septenber 2 1 ag
Entire Ssamon - 14 B6

Tebla V. Anticipated Annual Reamonabls Usa. Naosssary Reduction i{n Usa., and
Additional Available VWater Hesulting from [aplemsntation of =
Sustained YTield Strategy in = Developad Aquifer. {(Quantitiss refer
to thome for an individual waier umer.)
TH (= GA SA >d Se > G TN »= GU 5U BIF X6 ) ¢
GA + EA
(1} t2) i {4} {5) {8) (7} 8} §-H
B, yasE yam yam no TN a @ GA - TN 54
b, yas no — no ™ [} -] GA - TN 2
o. y/n yas no no TH - BA 5A @ GA -~ TN g
(1imit + Sk
SU <= TN}
d. no yan you no GA TH - GA ‘o 2 SA - TH
+ GA
a: g yeas yin yas GA SA TH - GA Q [-]
= SA
f. no no e yas GA ] TH = GA 2 @
NOTE?

TH = Total snnual Nesd for water (pusped from the squifar or diverted
from & river)s

(volume)

GA = Ground uatar Availability., sustainsble., (volume)}
SA = Surface weter Availability, currant year. (voluse);

%G = unit cost of Groundwater. (8/unit volume}’

95 = uynit cost of Surface watar., (#/unit volume)s

G = Ground ustsr Uss, (volusel}

SU = Surface water Use. {(volumal}

DIF = DIFference batuaen uater need, TN, and utilized water (GO + SU).
XG = eXtra Groundwater avaeilable for umse, {(volumali

XS = aXtra Surface uatsr available for uee, (volums}.

11.5

fvol.}t



groundwater availability exceeded the August water requirements of a cell, the
remaining available grounduater was utilized consecutively in July, June. May»
April and lastly in September.

Clearly, river water would need to be the dominant source of sgsupply.
Available groundwater is inadequate to support potential irrigated acreagee
over the long-term. This analysis does not address the potential availability
of 8surface water. It surface water availability is insufficient, then the

assumed potential irrigated acreages are not sustainable.

LEGAL FEASIBILITY AND NEEDED LEGAL CHANGES FOR IMPLEMENTING A SUSTAINED

YIELD/CONJUNCTIVE WATER USE STRATEGY IN ARKANSAS. A REASONABLE USE STATE.

Conjunctive uses for the purposes of this discussion. includes both
,étream/aquifer interaction and the coordination of surface and groundwater use
to meet water requirements. The examples presented have outlined the utilitf
of some of the technical tools available for achieving conjunctive use. The
guestion, then, is ;hathar the legal meéns to apply these tools is available
in the state of Arkansas. Minimum legal requirements for achieving conjunctive
use goals must included (1) a single legal system governing both ground and
surface water use; (2) legislative and judicial willingness to adapt the basic
riparian righta doctrine to accomodate changing needsi: (3) the ability of
riparians and non-riparians to use surplus surface water transfered from other
basine; and (4) coordinated state agency oversight. A brief overview of
pertinent Arkansas water law and analysis faollow.

Arkaneas, like most of her eastern neighbors, is a riparian rights state.
The riparian rights doctrine, based on thé old English common law. has long
been recognized as the governing doctrine for the legal use of water in
Arkansas.(a) Under the riparian rights doctrine, the right to use suriface

water is incident to ownership of "riparian™ land -- land abutting surface’
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water. The right +to use groundwater is incident to the ownership of 1land
overlying groundwater.

In Arkansas,» the riparian rights doctrine has been modified to allow
*reasonable use” of the ground and surfsce waters of the state by overlying
and riparian land owners. (b} In Harris v. Brooks, the landmark case for

reasonable use case in Arkansass the Arkansas Supreme Court ruled that:

"the purpose of the law is to secure to each riparian ouwner
equality in the use of water as near as may be by requiring
each to excercise his right reasonably and with due regard

to the rights of othera mimilarly situated."(c)

In Jones v. QZ-ARK-VAL Poultry Co.. the court stated that tha reassonable
vge rule applied to all underground waters, in addition to surface waters,
whether a "true subterranean stream® or "subterranean percolating waters."”(d)
The Arkansas high court further favorably recognized the California
correlative rights docirine as set forth in Hudsgn v. Dailey.({e) Under
correlative rights, the resagsonable use rule is modified in times of scarcity
to allow each overlying land owner a proportionate or-prorated ghare of the
supply. The court ruled that an overlying groundwater user has the right to
uge the water "to the full extent of his needs if the common Buﬁply is
sufficient, and to the sxtent of a3 reasonable share thereof. if the supply is
so scant that the use by one will affect the supply of other overlying
ugers."(f)

What constitutes "unreasonakle use" has been ruled "largely a matter of
the discretion of the court after an evaluation of the conflicting interests
of each of the contestants hefore the court."{(g) The court considers such

factors as the purpose. extent, duration, necessity of ume, the nature and
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and aizg of the water supplys the axtent of injury versus the banéfit accrued
from pumﬁing and any other factors that come to the attention of the court.(h)
The court has recognized two alternatives for dealing with "unreasonabie
users", depending upon "all the facts and circumstances of a particular case™:
(1) declaring the interfesring use "unreasonable and, as such: enjoined™; or
(2) making a "reasonakle and equitable adjustment."(i) (For example, in a
grounduater case. ordering payment to extend affected wellas to greater depths
or limiting the number of hours per day that the interferring well(s)} may
legally be used). ()

Both case and statutory law have _cansistently given domestic use
precedence over other uses of surface water.(k) In harmony with the laus
governing surface vwater use, the court has ruled industrial use of groundwater
which interferes with domestic use to be "unreasonable.”(1) In such casges.
the 1legal utility of an activity which produces harm is weighed against the
legal gravity of the harm on é_case by case basis by the court.

The coﬁrt’s policy of weighing "thé extent of injury versus the benefit
accrued” from the pumping"™ lehds iteelf well to the designation of appropriate
target groundwater levels by the governing water management agency. Target
lavels ére established to protect existing rights by: reducing the incidence
of injury and by assuring the long-term availability of the resource for bene-
ficial use. Indeed. the Arkangas Suprema Court has previously used a sort of
"target level"™ approach to settle water disputes.(m) For example. in Harris
v.Brooks, the court ruled that the appellees should be enjoined from
pumping water out of Horseshoe Lake when the water level reached 189.67
feets and stated: "We make it clear that that this conclusion is not based
on the

fact that 188.67 is the normal level &snd that appellees would

have no right to reduce such level. Our conclusion is based on
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the fact that we think the evidence shows this level happens to
be tha- level below which appellants would be unreasonably
interiered uith.“(n)

in a groundwater case, Lingo v. City of Jacksonwvilla, the court
regtricted pumping by the City of Jacksonville "to the extent that it would
damage the plaintiffs.” Saying that "It is difficult at this time to find with
any confidence the exact amount of water that may be removed without damage to
the landowners.," the court concluded that "the pumpe individually may not be
eparated during any one twenty-four hour period for more than eight hours." (o)
An optimization method like the Target Objective Approach may well be used in
future cases to increase the degree of certainty with which the court can
predict the permissible pumping rates to protect existing legal usages.
Peraltaret al. (1986) demonstrate how a target Ievél'can be designed to
provide a degree of protection from depletion for individual well users in =a
critical cell.

The court has openly stated that "the benefits accruing to society in
general from a maximum utilization of our water rescurces should not be denied
" merely becausa of the difficulties that may arise in its application."(p) The
Arkansas high court has declared that it is "not necessarily adopting all the
interpretations given it by the deciéions of other states."(gq) The Arkansas
Supreme Court has consistently based its decisions onr the best available
hydrologic data, and has not refused to modify the riparian rights doctrine to
accomodate benaficial uses of water in the state. 7

Several proposed water codes have been considered (and rejscted) by the
Arkansags legislature. The rejectiona have not apparently been because of a
lack of committment, but because of an apparent lack of general public support

for sweeping changes in the existing water rights system. The Arkansas General
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Agsembly has modified the riparisn rights deoctrine a number of times. In Act
8f of 1957 the legislature made provisions for the lead state water agency
(Arkansas Soil and Water Conservation Commismion) to allocate surface water in
timeas of shortage. In Act 180 of 1968, the ASWCC was given authority over
registration .of legal diversions from streans. Finallys in 1985, the
leéisiatu?é'ﬁaased Act Act 1051, providing for interbasin transport of waters
under the jurisdiction of the ASWCC. Regulations governing apch transfars are
currently being drafted.

The Arkansas Scil and Water Conservation Commission can provide oversight
for conjunctive vee in the state. Both ground and Burfaqe water matters fall

under the jurisdiction of this single state agency.
EFFECTS OF STRATEGY IMPLEMENTATION ON INDIVIDUAL WATER USERS

If a sustained yield/conjunctive use strategy, as discussed abova., is
implemented at some time in the futurs in Arkansas, what is the impact of such
implementation.on individual water usera? Table V im a logic table approach to
estimating the poesible changes in groundwater and diverted river water use in
a cell following strategy implementation. [t should be mentioned that although
the table describes annual water use. the approach is adaptable to smaller
time steps as well. Variables (defined, .with acronyms. beneath the table)
which are considered include: water need. sustainable groundwater withdrawzl
volume and unit cost, and the volume of divertable surface water and cost. The
impact on water uveerg within a cell for each of the gix situations covered by
Table V are as follow.

a. Total need is less than sustained grpunduater.availability (as calculated
by a sustainead yield planning strategy): and since available surface water
cogts more than groundwater. the district would expect tﬁe uger to meet

total needs with grounduwater. I[f it does not matter to the district whether
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someone uses less groundwater than is available (GA)s then there will be no
charge or rebate for not pumping at least that amount.

b. Total need is less than groundwater availability, and since no surface
water is available, total needs will be met by groundwater.

C» Totai need is leaes than the combined availability of groundwatsr and
surface water. Available surface water does not coet more than grdﬁnduéter.
If the district does not care whether =omeone pumps less than GA» then as
much surface water as is available will be used, as long as it does not
exceed total need.

d. Total need is greater than groundwater availability. but leas than the
sum of gw and surface water availability. The cost of available surface
watar ie greater than cost of groundwater. The maximum sustained
availability of gw will be pumped and the rest of the need will be provided
by su.

8. Total need exceeds total availability, even Fhough both groundwatarAand
surface water are available. All available groundwater and surface water
will be used. There is a nacesaary-reduction in use of water from these two
sources by tha amcunt of shertfall.

f. Total need exceeds availability of groundwater. No surface water is
available. There is a necegsary reduction in water usa.

Table V represente one possible set of outcomes of strategy
implementation. Other outcomes are possible. To =ome extént howaver, Table V
is generally applicable. It assumes that, when offered a choice, users will
préfer to use the most inexpensive source of water. Since ﬁatar management
districts commonly have some control over water prices. taxes and rebates, a
digtrict can influence the use of one source of water in lieu of another

(Paralta, A.. et al, 1985).
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SUMMARY

Groundwater and surface water regional modele can be created to develop
water use sStrategies that maximize achievement of predetermined regional
objasctives. In additions the water use strategies developed by such planning
models cans

- assure the sustained availability of groundwater:

- make best usme of suriface water resources while they are available
for recharge to an aquifer or for divaraion. to riparian or nonriparian
lands; and

- successfully coordinate the use of groundwater and surface water
resoufcae that hydrologically interact with each other.

Implementing a sustained yield grounduater management strategy that can
sustain approximately the same amcunt of pumping year after year at each
pumping location uil} ultimately result in the development of a 'steady-state’
water table» piezometric or potentiometric surtace. Let ’'potentiometric
surface’ refer to the water table or piezometric surface. This optimal steady-
gtate potentiometric Burfa:a iz a 'target' surface thats, when properly
degigned. assureg!

- adequéta saturated thicknesses for existing or planned uells;

- adegquate saturated thickness toc permit additional groundwater pumping

in time of drought:

~ hydraulic gradients which will appropriately restrict groundwater
contaminant movement;

= hydrsulic gradients which will cause appropriate water movement betusen
the aquifer and connected aquifers or streams: and

— hydraulic gradients which will cause appropriate water movement across

legal or institutional boundaries.
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The bad news is that some water users adhering to a particular water
management estrategy may expect to have to change their water uee habits. |If
adequate supplies exist, they may still have the same total annual volume of
water available for use. In lieu of groundwater howaver, users may need to
utilize diverted river uatef when it is available. A water méh;gengntmmagancy
may affect the decision of the water users through economic inc;ﬁfivas and
disincentives.

In summary, water users adhering to an appropriate sustained vyield
groundwater management strategy should enjoy some degree of protection from
successful litigation charging 'unreaaonah}g uge’, Furtharmoré. the use of
diverted surface water can be coordinated with the sustainable use of
groundwater to maximize iha total uee of available water. Fortunately, there
is not now any major legal impediment to conjunctive ground and surface water
use in Arkansas. It i® hoped that future acts of the legislature, courts and

administrative agencies will continue the present trends.
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