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GROUNDWATER MANAGEMENT AND SALINITY CONTROL:
A CASE STUDY IN NORTHWEST MEXICO*

James W.)McFarland

I. Introduction

The -effect of increased levels of soil salinity on

the growth of different crops has received considerable

attention in the literature (see, e.g., [2], [14], [15],
[23]). Factors which contribute to the buildup in soil
salinity have likewise been recognized, and management
techniques and policies, which relate primérily to the
gquality of the irrigation water,!irrigationbpractices
and drainage conditions, have been suggested (see, e.g.,
{31, [171, [23]1). The work by economists has built on
previous work by bioclogical and physical scientists.
Most of this work by economists has been in terms of
intra-seasonal problems asscciated with the specifica-
tion and estimation of production relaticnships, the
evaluation of different levels of water gquality, and the
optimal timing and guantity of irrigation water (see,

e.g., [41, [191, [20], [21], {251, [26], [281).7

*James W. McFarland is assistant professor of Resource

Economics at the University of Rhode Island.
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~Long-run problems associated with the effect of the
accumulation of salts in soils on irrigated agricultural
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lands havé received less attention. Yaron and Olian
examine the implications of varying water quality on salt
accumulations and leachingwater applications in a dynamic
model for a single perennial érop. Yaron [25] indicates
a possible approach for a long-run analysis of a multi-
product farm which faces salinity problems. More receﬁtly,-
Cummings and McFarland [12]hggzelopdg a discrete time
control model for the conjunctive management of a ground-
water aquifer and soil salinity.‘

The thrust of this paper is in the same vein as
these latter studies. It draws heavily on the framewbrk
presented ih Cummings and McFarland. Both'long—fun pro-
biems associated witﬁ the accumulafion of salts in agri-.
cultural soils and the intertemporai managemenﬁ of a
coastal aquifer are of concérn.

The purpose of this paper is to address selected
policy issues encountered in a coastal irrigation area.
~To aid in this decision making with regard to these policy:
issues, an operational format for én intertemporal manage-
ment.model is presented. This model is then applied to
the study area and the results are used tolgéin insights

as to alternative policies regarding the control of water



use and soil salinify.

| - Section two contains a discussion of the study‘area
}and current problems and questions whiCh‘are‘of interest.
A statemeht of a management model which focuses on this
‘set of problems is presented in section three. }Empiri-
cal reéults from application of the model with associated

policy implications are given in section four.

*II. The Decision Environment

The Sahuaralirrigation district, located approxi-
mately 200 miles south of the Arizona—Mexiéo border, has
been utilized for irrigated agriculture for nearly two
decades. The development of the Sahuaral district has
been related to recent developments in the neérby Costa
de Hermosillo irrigatién district, some 30 miles to the
north. Irrigation water in the Sahuaral comes entirely
from groundwater sources.

There are several interrelated problems facing the
Sahuarai that this study specifically addressgs. The
first»Qf these relates to the intertemporal>rate of use
of the groundwater stock, a common property resource.
Estimated storage of water in the aquifer is sbme two .
billion cubic meters; in recent years, this stock has

been mined at a relatively rapid rate. During the period



1970—1973 somé.124vmillion cubic meters of water were
v‘ppmped-per‘year with natural recharge estimated ét‘20
million cubic meters per year. The annual mining‘of'l04,‘
million cubic meters has resulted in the water table
”félling at‘a'rate of abou£ 1.8 metefs per year [22].

An obvious policy issue of cbnsideréblé pribrity
then is that bf determining the optimalvintertemporal
raﬁe for the exploitation of the aquifer stock,.'This ot
boiicy,AOf coufse, must,reflect preéent and future bene-v:
fits and éosts; as well aé those éssociatedeith
_Vsaltﬁater‘intrusibn'discussed below. |

In addition to problemé aSéociated with falling
-water'ﬁables which reSult.fromvhigh withdfaWa1 ratesgin'>
 éxcess'of‘rechérge (higher’pumping1COsté),'the Sahuaral
is experiencing difficulties due to éaltwatérvintrusion.3
As thevgrdundwatersstock is mined énd the water level
in the‘aquifer falié, éalﬁwatér ﬁoves'in'from'the sea;r
“ward side bf the aquifervwitﬁ saltwatét replécing freéhé
water; The salt content of the watér where int:uSi0n  
occurs iS-generally'too high to be'efféctivély used in
agriéﬁltural production. in the area wheré intruéion:hés'
ocdurred, pumps have ceased to-bé operafédvdue t§ tﬁe
| high salinity concentration of the‘watér. 'In fhe'l970-,

73 period, the number of pumps in the region declined



from 69 to 64. In the calculation of costs associated
with mining the aquifer, the effects of saltwater intru-
sion requiré consideration. |

Based on data from the Mexican Ministry of Water
Resources (Secretaria de Recursos Hidraulicos, SRH) the
average salinity concentration of the‘aquifer (where in-
trusion has not occurred) is between 1000 and 1600 parts
per'millioh. Using water of this quality for irrigated‘
agricultural production requires special ménagement:prac—
‘tices. As.Water with a high salt concentration is uti-
lized, salts build up in the soil resulting in saline
\ soils. (Theée soil conditions are common to many arid and
semiarid regions [25].) It is, however, possible to- ‘_'
control the level of soil salinity. ' These control measures
relate primarily to the application of additional quanti-
‘ties of water to carry the salts out of the root zone, iie.,
1eachin§, and the maihtenance of adequate_draihage condi-
tions. The interrelatiohship between the ménaéement of
soil salinity throughbleaching and the management of the
"~ water stock is, of course, obvious. |

A decision clbsely reléted’to the control of soil
salinity concerns the selection of the cropping“pattefn.
CrdPS‘have‘diffetent tolerances to soil salinity [2, 14,
15, 23], and in instances wherevconditions exist which

contribute to saline soils ". . . the judicious selection



of crops that can»produce satisfactory yields under saline
cbnditions and-ﬁhe use of special management practices to
minimize salinity méy make the difference between success
and failure [23, p. 651;"  Determining thevcropping pai-
tern (patterns) which'results‘in the greatest benefits to
the region entails an examination of the returns and coSts
iﬁvolved with each crop.and the relative éalt tolerances
‘of eéch érop under varying soil’salinityvcondiﬁions. of’
course, in making the érop selectionvthe calculations
should include thevcoét of salinity cohfrol polidies with
attention given to the scarcity value of the water fesource.

 The principal'crops in the Sahuaral in 1972—73 by
percentage of total hectares cultiVated Wérebwheat-—45%,
cotton?—29%, Seéame--lB%, and.other (ingluding sorgum |
and soybeans)—-é% [22],\ A plah deVelopedvby the SRH'for
1973—74 speéifiesbthé,introduction of another cr¢p, gar-
banza beans. (The garbanza bean, which is primarily
- exported to Spain, is a major crop in the nearby Costa
de Hermoéillo.) Both cotton and wheat are relatively salt
tolerant crops; whéreaé; garbanza"beansvare'moré salt
sensitive as are somevof the other field crcps presently
grown in the region.

Given the above discussion of some current problems

facing the region, the inextricably'interrelated issues



of concern in this study are these::‘What is the optimal
rate of exploitation of the scarce’groundwatef resource
for use in irrigation when consideration‘is éiven to
present‘and future benefits and costs, including.the
impact bf saltwater intrusion? Given'relatively séarce
water supplies and associated high‘séarcity values for
watér, to whét extent should‘thié scarce resource be
used for léaching,purposes in order to control soil | ’
‘salinity over time? What are optimal cropping-patterns
in time?

Some interésting insightsAinto these key policy is-
sues may be obtained from the manipulation'of the decision

model which is presented in the following section.

" III. The Management Model

7o give operational form to'thé décision'envifonment
déscribed‘abdve, consider a finite planning horizon of T
years‘(t=l, ..., T) where a vear t is a prpduction vear
dichotomized into dormant and growing seasons.’ The prb—,_
dudtién yeér is definéd,so.that'the‘dérmantéeasOnvis p#iorf
to the growing,seésdn; | \
. The.grpundwater stock at the beginnihg'of.year't'isi_.

is measured in cubic meters. Water

denote‘d:byXt.‘,__X_t
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for production during the growing season and Yy is

use is divided into tWO'eomponents; w_ is water applied
leaching water applied during dormant periods.

The‘groundwater stock'changes from Yearvt to t+l as
described by the transitioneequatioh:'

(1) X =x ;‘r

t+l - Tt £ - (We +y.), Xi > 0 given.

&

The:groundwater stock ar.fhe begiﬁning of period't+1;
.equals the steek at the beginning of t, Xt; plue recharge,
rt,4 1ese,teta1'water use”dUring t, w£ + Yo The initial
 ‘ groundwater stock is assumed to be known. JThe,relaﬁion-
sﬁip‘berweengthe,grbundwater srock and saltwater_intrue
sion is discﬁsSed’below._ | |

A ratheresimplified;epproach'Was‘takenvin the speci-
Afieiationrof,SOil salinity in the}model.S.FAbsingle srate-
_varlable, er is used to reflect averege soi1 seliﬁiﬁy )
in a representative hectare under productlon at the be—
ginning'of year t. s represents the level of soil salin-
ity in the top 120 centimeters of the soil profile and

is measured in millimhos per centlmeter (mmhos /cm...‘

’(See [23] for a discussion and deflnltlon relatlng to

. saline soils.)
Using a modified'version of the trahsition-equation

~given by Bresler [3] and applied in the Yaron and'Olian

n
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Additions of salt attributable to w

paper [27], the transition equation for S is:

(2) Sy, = [I(V-.5 _(yt/At-E‘) 1/V*. 5y /A -E) ]ISy

+

c(yt/A )/(V +. 5(yt/A -E)) + cwt/(V A
for yt/At-E < 2Vy, Sl‘Z'O given.

= c(Yt/At)/(yt/A -E) + cwt/( t),
for yt/At—E > 2Vy.

In (2), c is the salt conceﬂtration (mﬁhoé,/cm.) of‘
tﬁe water and Vy‘and Vi aré the moisture cqntent (in
meters) of the soil after leaching and irrigation, re-
spectively, at the time of extraction for.salt analyses.
E is the soil moisture'deficiéncy up to field capacity
when léaching water is appliedv(in‘meters). Ai'is the
acteage in cultivation measured in square meters.

The_level of soil salinity at the beginning of t+l"
equals the level at the beginning of t, adjﬁsted by a
fraction which indicates the effect of leaching water,
plus the_salt additions due to leaching and irrigation.

‘ L are indepéndeht of‘
the level of yt_given the assumed timing of applications;,

i.e., Ye is applied during the dormant season which is

pridr to the growing season during which wt'is applied.
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'~ When suffieient 1eachingbwater ls}applied i.e.,

'eyt/A -E > 2Vy, then the concentratlon of salts in the
v501l essentlally equals the toncentratlon of the leach-
llng water, plus salt additions resulting from w; thlS |
“is the second express1on for S

t+1°

depth of leaching:water does not exceed the soil mois-

In cases where the

':ture.deficiency, i. e"'yt/At ivE,'then no'leachihgleccurs:
and ¥./A.~E is set equal to zero. !

' To obtain (2) from Bresler's paper [3], a singlea
SOililayer is used and hie equatiens‘are‘applied twice
'v‘w1th the follow1ng assumptions made, w£fisfused iny -
hfor 1rrlgatlon and does not leach salts. (With minor
' changes, it.is possiblelthat.affixed'qﬁantity is leached.)
w, is the_sﬁm'ef_the‘intra—period“applieationsbof irrie'
igation water; ittis,assumed‘that»vw is eonstant'thrOugh—e
6ut~the growing season. Rainfall is sparse in the region;'
and it~is'aesumed that it does not have a leachihg effect.
Leachlng water 1s assumed to be. applled 1n 51ngle appll—

lcatlons prlor to the grow1ngseasons._‘Further it 1s‘
~Z‘assumed that there,lsvunlform areal‘applicatien‘of the
7,lrrigation:Water; that there is no removal of salt in
thgeharvested erep, and that'there‘isbnebprecipitation

of soluble constituents in the soil [23, p. 37].



Oné problem that arises due to‘this-specification
bf the transition equation fbrvsoil salihity is With re- |
spect £o acreagé. ‘Acreagevwould‘be expected<td depend
on thevcontrois and statevvariables in the model. For
“this formulatiqn to'reaéonably approximéte average salinity
,conditions; aéreage in‘production would have to decrease
over time. ‘Rather than ihtroduce an additional state |
variabie tq-account.for acreagé,‘iteratiye techniques
are used so that At‘ih thé salinitykequation closely
‘approximates acreages implied by water levels in the
optimal solution.

A dyhamicvprogrémming'[l] format'iSFQSéd in-stating 
the management modei aﬁd_és a'Solutidn‘algorithm,jxln |
the»lel¢wing (see Téble_l), there are 12 diébreté‘valueS>A
permitted for sa:lini_t'y» (3, =1, 2, ..., 12), 201 discrete

:'valueé'are permittea for groundwater sﬁorage~(xi, i=1,
2, ey 201); w and y are permitted 14 and 5 discrete
vaers,'respéctiVely, (wk, k=1, 2, ...; 14; ym, m=1, 2,
v§;.)f5). To simpiify the exposition, supérscripts are
used on staté and control variéblesvonly when they are
neceséary for purposeé'of CIérity;_ The generalfrecursive

relationéhip is:
(3)° v, (5,X) = max {blw, v, §, X) - Cly, X)

+ B:vn_'l[F(w, ¥, 8), X+ 1 -w -yl
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. TABLE 1

DISCRETE VALUES CHOSEN FOR STATES AND CONTROLS

X S W y

(10° million m°)  (mmhos./cm.)  (10° million m3)  (10° million m3)

0 2 0 0
10 4 . 10 N 10
20 6 20 20

2000 24 130 40



'vn(S)X) may be‘interpreted as the‘maximization,iwith re-
gard to water use at stage n, of’immediate_net benefits
splUs-the‘disceunted value of net benefits in the remain-

ving’(n~l) stages,~given that an optimal'policy is7fol—

h.‘lowed ln the remalnlng (n-l) stages. F represents the

tran51t10n for s from stage n to n-l and is glven expllc-'
' 1tly by equatlon (2). b(w, vy, S, X)-lg(Zérient net bene- -
flts,correspondrng to water use rates w and y given 301lvc
’salinity}and groundweter'stCCks S and X. ’B'is the.dis—>‘7
ccunt‘ factor} fB l/(l+1), where i 1s the dlscount
‘rate. n is the number of dec1s1on stages remalnlng in
the plann;ng horizon. n;v  _‘ _"h:v _h _“ .‘ ,
| Net henefits; ' :.:‘ except for dormant perlod
pumping costs, weregenerated‘u31ng parametrlc llnear |
programmlng,6 »-Netvfarm-lncome was used‘asea’measure
of benefits from weter use. |
| The objective function-in the iinear prcgramming |
‘model involved. the maximization of net returns from seVen
'annual crops. Yleld curves for each crop were estlmated}
as functions of'the level Of“SOll sallnlty" These yleld:
curves with prices,and producticnbccsts were then used -
vto*obtain net’returnvper hectare_for.each crcp.f:Produc;v'
| tion actirities’and'COSts,'of*COurse; vary:amongbcrcps}

however, costs such as. land preparation,.seed, Cultiva—,'



tion, fertiliéér,.insecticides, pumping costs (fér W),
and harveéting are included. Relative prices and costs
bwere assumed constant throughout the planning horizon.
Constraints in the model included restrictions on pumping
capacity, land and total water usage. | |

The impact of saltwater intrusion is reflected in
the model through pumping»restrictions imposed on Wéter
use. It is assumed that as saltwéter inﬁrusion occurs,"
due to a declining groundwater stock,‘that saltwatef
simply replaces freshwater in the aquifer and that there
is no mixing at the interface between salt and freshwater.
Pumping capacity is then treated as a function of the |
groundwater stock. '

The groundwater stock enters parametrically in the
generation of benefits in two ways. Pumping costs are
a function of thé stock.8 As the groundwater stock de-
clines, pumping costs increase. Pumping>capacities>arei
abfunction of the groundwaﬁer stock (to reflect the im-
‘ pact of saltwater intiusion); as the stock declines,
pumping capacity is reduced.

»‘Bybparametrically varying the total quantity of ir-

rigatidn>water, the groundwater stock, and the level of
soil saiinity‘at the beginning of the growing season, the

linear programming solutions yield values of net farm in-



come associated with values of'these.variables.»uAfcrop—‘
ping pattern is’implicitvto each point on the benefit
functlon.» |
| - Dormant perlod leachlng water enters the benefit
:function only indirectly through its impact in_reducing
the releVant'level of soil salinity andhvia'the costs
associated with this water, ny; X). The'cost function'-
-on,leaching water is’ihfluenced by the level of the grouhd—
water stock in the same way as pumplng costs for 1rr1ga-
tion water are affected |

| Thus, the llnear program is run for comblnatlons of
w and y w1th selected comblnatlons of X ‘and S and inter-
'polatlons are used.whlch generate a matrlx,of the>form.1n
Table 2. 2 Values}from.this matrix are»then utilized in |
the dynamlc programmlng analyog for the values of
b(w, Y. S, X).

The decision variables:in theudyhamic programming
‘model are restricted to satlsfy the follow1ng COHdlthﬁS‘
at each stage..ﬁ”‘
‘(4‘)."w+y_<_x'+ r
(5) y < DPC(X)

6) 0<w, ¥y

Condltlon (4) constralns total water use at each

stage w+y, so that it does not exceed the groundwater E
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TABLE 2

ILLUSTRATION DEMONSTRATING GENERATION OF BENEFIT FUNCTION

glyl | : 3 _ gly2 - .- B gl2,201
1 | 1 2. - . |
: b(w;,y;,s. ,Xl) »b(w_l,‘y ,Sl,X‘) cee i _ b(wl,yl,Slz,XZOl)
b(wl,y ,Sl,xl) : »b(wlv,yz,sl,xz)v e b(wl,yz,slz,XZOl)
bt y® sty bt y?st Xt Ll bttt 82 %20

9T



17

stock plus rechargé, X+r. Dormant period leaching water
applications;vy, are restricted thréugh an upper bound

on dormant season pumping capacity, DPC(X), hence, con-
dition (5). Pumping capacity restrictions for w are
imposed within the linear programming model. Both controls
are restricted to nonnegative numbers (condition (6)).

Solution of the dynamic prbgramming formulétion
yields optimal use rates for irrigation water and leach-=
‘ing Water throughout the T-year decision making horizon.
The levels of the groundwater stock and sgil salinity
are also determined through time. Given the determina-
tion of the values of the controls for given states,
cr0pping patterns are implied by the benefit functién,
and they can be ébtained from the linear programming
results.

‘Analytical decision rules associated Wiﬁh an almost
identical model for the optimal time paths of the con?
trols have been established elsewhere.lo Irrigation water
at each stage of the process, w, is applied (assuming
w > 0) in such a way as to equate the present value of
.margigal.net benefits associated with an increment in
~w with the marginal user costs of this increment in use.
~ The user costs of this water use at stage n would be the

sum of the marginal benefits which would be foregone in



stages n-1, n-2, ..., 1 as a result of using an addi-
tional unit of thé stock at stage n plus the,user‘costs
associated with ﬁhe impact of an increment in w on soil
salinity in the futufe;bmarginal land salinity qosts} |
(If stage n corresponds to year t, then the opportunity
ACCSt'would_include consideration of the impact on the
‘grqundwater'stock and soil salinity in years t+l1, ...,
T.) The marginal value of the groundwater stock at ]
stage n. reflects both the influence ofbinéreased future
pumping costs and reduced pumping capacity. Similar

conditions hold for V.

" IV, Empirical Results and Policy Ramifications

In the dynamic programming alogrithm the disérete
levels‘of the states ané controls are given above in
Table 1 and recharge, assumed to be constant fhroughoutv
the planning horiéon,ll is assumed to be 20 million
cubic meters;
| The managément model was solved using a discount
rate of 10% and a value for water.quality of 2.0 mmhos./
cm. The model is solved for-a 50—stagé ?lanning horizon
which approximates the point at which solutions- become
indebendent of n.l2 With initial states X = 2 billion

cubic meters, S = 8 mmhos./cm.,l3f the optimal solution
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' :calls forltotal'water use'of.l40 millionhcubic,meters
w1th wso'#-llo million;cubic meters,and"y50 = 30 million
cublc meters. -With the‘adOption of these‘policies,in |
~ the current year ("stage 50") the values of futurebstate'
variablesvaﬁdthe associated'optimal policies may bé'
traced through the 50-stage dynamic programmlng solutlon |
and these results_are given 1n_F;gure l (Table 3
shows the timev’pathsjforvthe»groundwater stock,;tgtal_‘
water use,-irrigatiOnvwater, and leaching‘water.),
'As_Shown.in'Figure'l;-the_groundWater stock.ishmined
vvatba_rapid_rate'nearvthefbeginning'of the,planningbhorizon,i.
hlgradualiy-decliningvin time,vand converging,to natural
.recharge after 28 years. | -
Dormant leachlng water appllcatlons, y, are maln-
| tained at approx1mately a constant percentage (27 to 389)
of 1rr1gatlon water, w, untll total water use converges"‘
: to steady state condltlons, after whlch 1each1ng water
1ncreases sllghtlv as a percentage of 1rr1gat10n.15
In51ghts 1nto the-dec151on w1th»regard to theseiWater
use pollcles can be galned by examlnlng the marglnal net
v beneflts assocrated w1th 1rr1gatlon water and ‘dormant
1each1ng water (MBW 'MBY) and the marglnal user costs

of thls Water in terms of the 1mpact on. the groundwater

stock.and»s01l sallnlty (UCW;.UCY).‘ The user cost asso-
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TIME PATHS FOR GROUNDWATER STOCK, TOTAL WATER USE, IRRIGATION

why

TABLE 3

WATER AND LEACHING WATER

Wty

x w y X w Ly
YEAR (10%m3) (10%m3) (10°m3) (10°m3) - vEAR (10%m>) (10%m3) (10%m3) (10°%n3)
1 2000 140 110 30 26 160 30 20 10
2 1880 140 110 30 27 150 30 20 10
3 1760 140 110 30 28 140 30 20 10
2 1640 130 100 30 29 130 20 10 10
5 1530 130 100 30 30 130 20 10 10
6 1420 130 100 30 31 130 20 10 10
7 1310 120 90 30 32 130 20 10 10
8 1210 120 90 30 33 130 20 10 10
9 1110 120 90 30 31 130 20 10 10
10 1010 110 80 30 35 130 20 10 10
11 920 110 80 30 36 130 20 10 10
12 830 90 70 20 37 130 20 10 10
13 760 90 70 20 38 130 20 10 10
14 690 80 60 20 39 130 20 10 10
15 630 80 60 20 40 130 20 10 10
16 570 80 60 20 41 130 20 10 10
17 510 80 60 20 42 130 20 10 10
18 430 70 50 20 43 130 20 10 10
19 380 70 50 20 42 130 20 10 10
20 330 70 50 20 45 130 20 10 10
21 280 70 50 20 46 130 20 10 10
22 230 40 30 10 47 130 20 10 10
23 210 40 30 10 48 130 20 10 10
24 190 40 30 10 49 130 20 10 10
25 170 30 20 10 50 130 20 10 10

1c



éiated with‘w is the presént value of,the sﬁm of mar-
"ginal réturns_whichAare foregone in all future periods

as a result of using anladditional unit of w at present.
This cost reflects both»the effect of incrementally
réducing the;gréuhdwater stdck and»incréasing the level
6f soii'salinity. Similarly, with regard to y; the»-
user costjmeasures'the marginal impact that an additional
unit of y has on the groundwater stockiand soil salinity-
Irrigation water usevin each period is‘pushéd £o the

point where MBW = UCW.16

This is illustrated in Figufe._-
2 where w* denotes the-optimum.value for va
Overvtime, the marginal net benefits’for,w.shift
' downward as the grouhdwater stoék declinés»énd pumping
costs rise. Also, the user costs asso¢iated with w |
shift upward as the groundwatef stock becomes mdrev>
scarce and the impacts ofléeaWatér intﬁusion become
more costly. These changes are'illustrated above_ihv"
Figure 2 by MBW, and UCWl,.with w**‘représenting the'
optimum level of w. | -

-In year one (“étage 50"),’f0r example, thé
(épbroximate)_marginél net benefits for a value of w
of 110 million cubic meters is .457 pesos. The mar-
vginaiquer cost corresponding to‘this value of w

is approximately .456 pesos.' Irrigation water, w, is



MBW
UCW
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MBW
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 Figure 2:

-

Tllustration of Marginal Conditions
Associated with Irrigation Water Usage

N4



applied at 110 million cubic meters since MBW is approxi-
mately equal to UCW at this point; beyond 110 m;llion
cubic meters (with the discrete approximation) UCW > MBW.
In year 28 the marginél net benefits for a value of w of
10 million cubic meteré is .618 pesos with an associated
user cost of .615. Again the decision is made at the
‘margin with water use for irrigation pushed to the point
where MBW-appfoximately equals UCW (in this discrete 4
framework);

The analogous conditions for y would be to increase
the use of y up to the point where the marginal net bene-
fits for y are equated with the marginal user costs for
y plus the marginal value of pumping capacity.

The optimal policiés for irrigation water and leach-
ing water are such that soil salinity at the beginning
of the érowing season is-maihtained at of below 6 mmhos./
~cm. over the entire decision horizon.

Digressing for a moment, an examination of the linear
'programming results suggests that for:'levels of soil
salinity between 2 and 6 mmhos./cm., the primary crops
would be garbanza beans, sesame, and cotton. Linear pro-
- gramming results where higher salt concentraiions are.
imposed result_in similar-cropping patterns; however,

there is a shift to a lower percentage of land used for
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4garbanza‘beans; which is a relatively salt eensltive
crop. When soil salinity reaches 8 mmhos./cm‘, thev
cropping pattern changes'to cotton and wheat. At higher
.1evels of sallnlty cotton is the predomlnant Crop.
Beyond 12 mmhos /cm. none - of the crops are profltable.
»‘Comblnlng the_results from the management model
with the linear progtamming.solutions suggests substan-
tial changes from current'crop patternee(as discnssed .
above). Specially,»the crop pattern indicated‘by this
analysis for year 1 (stagetSO)'is'garbanza beans—?58%,b
‘ sesame--jl%, and cotton—-11%. 'These‘results'strongly
suppdrt»prOposals'by the Mexican_government’(SRH)’for the
introductien~of the garbanta bean and a reduction in
the large acreages which are allocated to wheat. Thisv
change in the cropplng pattern is indicated since the
level of s01l sallnlty at the‘beglnnlngrof”all_grow1ng
- seasons is,maintained at'or*below’6 mmhos./Cm.“thtough¥
outvthe planning horizon, in centrast to cutrentvpractices |
where»largef salinity levels are being maintained; ‘
FoéuSing now‘on groundwater storage, as the ground-
Water stock'istbeing mined to the'point where ase is
at safe yield in year 29, a number of changes: of con-
.sequence are taxlng place. First, saltwater intrusion

has increased by 8 kilometers. Second, the optimum



,vnumber of pumps has fallen from 64 to 15} and monthly
l’pnmping oapacity has been reduced to 44 million_cubic
meters. These changes . have the result of reducing the
feasible irrigablevarea to 2500 hectares,

Under current operating conditions, i.e., if the

~ district continues to pump water at the rate of 124

million cublc meters per year, a 51tuatlon 31m11ar to
that descrlbed above would be expected in about 18'years.
The Mexican goVernment-is extremelY‘ooncerned’With'such -
‘a possibility, not oniy»in the Sahuaral district but in -
the nearby Costa de Hermosillo irrigatiOn district. The
'government‘s respOnse’to these conditions or_growing,
water scarcity has been'the proposal of a major interbasin
‘tWater~transfer, details of which are reportedvinv[ll].
| Of'course, the results suggested in thiS>WOrk imply
a pattern of Water nse, a groundwater managementvpolioy,'
which may postpone to some extent the 1mmed1ate need for
.valternatlve water sources, partlcularly such costly water
vsources as the~proposed interba51n water transfer (see
f11]). This is partlcularly relevant given the possibility
of developlng alternative water supply systems to alle—
'ylate the problem as suggested in [11].

In'conclnSion, thebresults of this work suggest ar"

policy of groundwater management which implies_gradually



falling levels of totalvwater use in contrast to the
Mexican government's proposed policy of maintaining
current annual levels of water use. .Further, the results
of this study suggest that a higher prbportion (approxi—.'
mately 30%) of total water use should be allocated for
leaching purposes than is the case under current practices
(currentiy from 10 to 20% of water use is for leaching
purposes). Finally, the results of this study strongly *
support current proposals by the Mexican government tQ
increase acreage in garbanza beans with a reduction in
the acreage which has historically beenbuseq\for Wheét.
It should be pointed out, however, that success in theb
government's proposal to increase acreage in_garbahza
beané may indeed require the increase in leaching
suggested in this study in order to maintain salinity

at levels at which garbanza beans may be,grown'suCCess—A

fully.
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assistance.
lsee, also, [131, [161, (18], [24].
2Considerable.attention has been given to the opti-

mal management of a groundwater resource over time in-

including common property aspects of the problem (see,

e.g., Burt [5, 61).

3Several previous studies have investigated the’s
effects of Saltwater’intrusion. Busch, Matlock.and'Fogel

»[8] discuss the problem in the Costa de Hermosillo. - Cum-



miﬁgs [9] preseﬁts an analySis of the optiméitintéftempdral;
rate of.exéioitatioh‘of_groundwatér-stqus with the in—
‘trusion of saltwater. Cummings [11] has also given
‘empiricai results from a multi—Stége linear programming
model applied in thé Costa de'Herm¢silla Which includes
cohsidératibn of.éaltwater ihtrusion, |
ﬂ4éufficient'data is not available to:estimate a
réiationship-between—water and'retufn flows to the équifqr;
 however, the estimates of recharge'used_in the study in-

" clude an allowance for’return»flows.'

LVSA ﬁore satisfying approach would be to allowvfor‘a‘
péssible stratifiCation of soil'layéis (as ih Bresler and.
Yaron and Olian).and a division of the study‘area~oh the
basis.of initia1 levels of‘soil salinity (as in Cummings

and McFarland).

6A similar approach for the generation of benefits

is utilized in Burt'{S]'and Cummingsv[lo, 11].

_ 7Sufficient data for the Study area does not exist

to eétimate ﬁhevrelationship‘betweengthe rate of intru-
véion,and'the groundwater stOCk, It‘was necessary, there-
fore, to‘use an assumed rate of intrusion as the stock

| declinedt -The same rate as that used by Cummings [11]

for the nearby>Costa de Hermosilld was‘assumed in this



Stddy.v Using this and the distribution of pumps in the
region, a relationship between the groundwater stock and

- pumping capacity was estimated.

,8The,groundwater stock is used as a'surrogate for

depths.

9Given thevlarge number of combinatiéns which are
required for a complete enumeration of all possible runsi.
for purpOSes of practicality; eleven values of X, éqﬁally
'épaced»between Ovand’z billion; were used. The inter-
mittent values of b were thén appréximatedfusihg linear
inter?olation. .After initial runs; it was determined
that for values of S (adjuStedgforlleaching) above 12
mmhos./cm., the benefit function gdés tb zero. y, of
course, doés ndtvdirecfly enter the linear»programming,‘j
model. The;result is then the requirement for elevén
kfbrvX) times six (for S; adjusted for leaching) times

fourteen (for w) computer runs.

10

For aﬁ‘examination of décision rules with regard
to the general problem concerning.éptimal rates of use
of resources, see Burt and Cumﬁipgs [7]. This péper
considers both finité,and infinite horizpn_problems.
Decision rules for a model that encomﬁasses the one presen- 

ted here are discussed in Cummings and McFarland [12].
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lGiven, as suggested above, that recharge estimates
include return flows, the use of a constant for natural
recharge overestimates natural recharge in later years

~given that water use declines in time.

12According to the convergence theorem in dynamic
programming (Bellman [1, pp. 12—16]), a control wn, as a
function of a state variable s™, becomes independent of
'n as n approaches infinity; i.e., wn(Sn) = w(s) as n > o,
With "well-behaved"‘functions, such convergence occurs
after a relatively short time (see, for example, [10]
and [5]). »Sensiti&ity analyses in this moéel suggest
cohvérgence aiter 50 years. To prove such convergence,
of course; would requiré that the model be solved with

an infinite planning horizon.

1 . ;
3These initial values for states approximate current

conditions in the Sahuaral irrigation district.
14Thié "tracing through” piocess yields results
aﬁalogous to those which would be obtained from a L.P.,
usiné linear approximations for all functions. This is
ﬁot the traditional way of using D.P.; the D.P. format
was used, first, to provide some useful computational
simplifications, and second; to provide a framework for

extensions involving the introduction of stochastic



‘elements when, or if, additional funding is obtained.

Dorhis results from the discrete nature with which

the controls are specified; thus, beyond this point the
solution algorithm overestimates 1éaching water appli-

cations.

16of course, this condition is for the continuous

case. In the discrete ahalog the conditions would be .
- approximate with w never being used beyond this point.
Burt [6] indicates procedures for approximating user

costs under a discrete specification.
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