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Abstract. We propose a Decison Support System (DSS) for optimal cropping patterns and irrigation water
management. The development of the DSShasthree obj ectives. The first isto use mathematical modelsinacde
to optimize cropping decisions and irrigation policies under shortage of water in the Kingdom of Saudi Arabia.
The second isto help growers exploit optimally their landsin places suffering from water scarcity. The thirdisp
provide authorities with decision tools for water pricing and allocation. The optimization models are designed to
determine which ones among competing crops to select for a given season/y ear, and how much land and imiggion
water to allocate to each selected crop. In particular, some crops may be deliberately under irrigatediosvewaer
and hence to maximize the total area to be irrigated. The computer package estimates the expected yield deech
of the competing cropsin each irrigation level to be considered. Then, it implements the optimization models to
provide the optimal cropping decisions as well as the corresponding irrigation policies. While the package isvay
sophisticated, itsimplementation isvery simple and practical.

Introduction

While water resources represent a crucid factor in
most economic activities (agriculture, industry,
tourism, etc.), the Kingdom of Saudi Arabia suffers
from weter scarcity both in quantity and qudity. T his
led the Kingdom to carry out huge investments to
increese  water supply through non-conventiond
means such as water desdinaion, which has been so
fa  considerably costly. Therefore, it is very
important that waer consumers make the most
efficdent use of it by avoiding its wastage and by
dlocating it to the most profitable activities.

Cropping paterns and irrigation planning are the
aspects of water management that constitute the focus
of this pgper. The problem can be described as
follows:

At the beginning of each year/season, growers are
confronted with a very complex decision problem
concerning the choice of crops to be devel oped under
the limited supply of water in order to generae the
highest profit. Key questions for ther cropping
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decisions indude

1. How much land to dlocate to each sdected crop?
2. Where to grow sdected crops to make the best
use of the initid soil conditions? This would
dlow, for instance, for crop rotation.

Wha fraction of the irrigation demand to satisfy
for each sdected crop a each irrigation stage? In
other words, wha would be the best tradeoff
between under irrigating crops and extending the
irrigated areg?

Wha is the best dlocation of irrigation water
over the different devdopment steges of a given
sdected crop in case of water deficit?

Also, it is very important for authorities to have
tools to assess the vaue of weter in agriculture. This
would hep in straegic decision making such as
pricing waer in accordance to its true vaue and to
the costs incurred to mobilize it. An gppropriae
pricing would push users to save water and optimize
its consumption. The vaue of irrigation water would
dso hdp adthorities in redlocating waer most
dficiently among competing regions and even
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competing sectors. In this paper, we deveop an
optimization-based DSS to hdp growes ded
efficently the questions raised above

Literature Review

Yeh (1985) presented a review of the state-of-the-
at of mahematicd modd developed for reservoir
management and operaions up to the year 1982. The
optimization modds surveyed incdude deterministic
and stochastic lineer programs, deterministic and
stochastic dynamic programs, nonlinear program,
simulation, and their combinations. In the following,
a survey of the OR gpplications in the agriculture
economics and waer resevoir  management
published after 1982 is presented by the type of
mathematica optimization modds used.

Linear programming has been one of the most
widdy used mathematicd optimization modes in
agriculturd resources management. Qingzhen et al.
(1991) described an interesting project reaed to the
development of optima production plan for crops and
livestock in Chang Qing County (Ching). In the
course of the project, the authors deveoped four
large-scde linear programming modds for different
westher conditions and combinations of crops and
livestock production. According to the authors, the
implementation of the optima production plan
resulted in an incresse of 12.33% in the net profit
from crops and 53.77% in the livestock production.

Duffusa (1991) developed a chance-constraned
modd for the operation of the Aswan High dam in
Egypt. The god of the modd was to determine the
optimd dlocaion of water that minimizes the totd
benefits through its return form agriculture and
hydrodectric power. Agriculture requirements such
& the minimum amount of waer dlocaed for
irrigation purpose are among the constraints of the
modd. The author aso assumed that the demand for
water is known over a cetain horizon. Using the
zeo order decision, the author transformed the
problem to a deeministic linear program tha he
solved using the LINDO package.

Azdez and Haiga (2001) deveoped a single
period modd for the conjunctive use of ground and
surface water in a multi-reservoir system, where
withdrawds from aquifer are established only under
emergency cases. The inflow to the man reservoir
and the demand of irrigation water a& locd aess are
considered stochastic. The modd adopts deficit
irrigation and atempts to maximize expected totd
profit for the entire region using convex
progranming. This modd has been extended to a
multi-period modd and has been gpproached using

chance-constrained progranming (Azaez et al.,
2005). Haouari and Azaiez (2001) proposed a multi-
stage linear programming mode for optima cropping
patterns under water deficit in dry regions. The modd
identifies both the totd aea and the irrigation leved
dlocated to a given sdected crop teking into account
the possibl e successors and predecessors of this crop.

The Decision Support System

The DSS configuration is represented by the flow
chat in the Appendix. A database is developed and
contans data rdated to the candidate crops, the
dimate information, and the soil information a the
region of interest. The database will interface with
severd modds to feed the master optimization
module, which will derive the optima cropping and
irrigation policies. These intermediate modds are the
water-yidd modd, the optimd irrigation modd, the
risk modd, the season modd, and the single crop
mode. The outputs of some of these modes will be
direct inputs to the master optimization modd.
Moreover, some of these modds may interface before
generding some other inputs to the master
optimization modd. A brief description of each of
these mode's and their roles will be introduced.

Water-yield model

This modd devdops a rdaionship between the
goplied irrigaion waer and the corresponding
expected yidd for each given crop. In paticular, the
mode estimates full water requirement of a crop over
eaech growth stage tha provides the maximum yied.
This maximum yidd is dso estimated by the modd.
The estimation procedure is made first to a reference
crop (usudly dfdfaor grass). Then, it is adgpted tothe
remaning crops as given in Doorenbos and Kassam
(1979). When ddiicit irrigation is gpplied, then the
mode estimates the decrease in yidd over each growth
stage of the crop using the yidd response factor of the
cop a the given stage The cdculaions actudly
provide the ratio of actua to maximum yidd in terms
of the yidd response factor and the ratio of actud to
maximum evgpo-transpiration that occur respectively
when déficit irrigation and full irrigation requirement
ae goplied. A lage number of input parameters are
used in the assessment procedure. These include
dimate, geographic, soil, waer and crop parameters.
The flow of equations needed in the cdculaions
procedure are coded using visud basic. The different
inputs used are mostly default vaues stored in the
daabase. T hese vd ues are subject to modificationsad
updating by the user through user interface before the
required cdculaions are performed.
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Optimal irrigation model

This modd determines in case of gpplying deficit
irrigation the optimad water dlocaion over the
different growth stages to make the best use of the
different sensitivities of crop yidd to waer stress a
the diffrent growth stages in order to maximize
expected crop yidd. These sensitivities are estimated
through the yidd response factors of acrop over eech
growth period. The suggested policies are so tha
rdaivey insensitive periods (with low vadues of the
yidd response fectors) receive low shares of
irigetion water and vice vesa A dynamic
progranming formulation is proposed. This
formulation is adgpted to the most commonly used
formulae of actud yidd as a function of applied
water.

The risk model

This modd assesses the user risk aversion
coefficient. It provides a simple decision problem
with risky outcomes. The question addresses
preferences over risky returns (50-50 chances of
making good returns vs. having nothing) against sure
returns but with lower vaues than the expected
returns of the risky choices. Alternative answers are
displayed to the user reflecting different risk atitudes.
The sdected answer will be used by the modd to
assign  a prespecified risk-aversion coefficient
(RAC). This risk-aversion coefficient will be used in
the objective function of the master optimization
modd by pendizing risky cropping policies
proportiondly to the estimaed vdue of RAC.
Consequently, users with rdativdy high vdues of
RAC (corresponding to highly risk-averse decision-
makers) are expected to obtain non-risky cropping
policies a optima exploitation.

The season model

Water supply is naturaly seasond. Moreover, it is
usudly a its pesk when demand is low (during wet
periods) and vice vesa. Further, the same growth
period of a given cop may fdl in two distinct
irrigation seasons leading to different abilities to
saisfy some sdected irrigation levd for tha period.
Consequently, it is important to account for the
sessond  supply when dlocaing water to crops
ovetime. This modd uses the sesson and crop
information in order to determine how growth periods
lie with respect to the different irrigation seasons.
This hdps sdecting feasible irrigation leves for the
same growth stage that lies in more than one season.
A simple dgorithm is deve oped for tha purpose.
The single crop model

This modd atempts to determine for a given crop

the best tradeoff between land use and irrigation
levd. The idea is to find out to wha levd it is
profitable to expand the irrigated area a the expense
of reducing the irrigation weater to gpply per hawhen
the volume of water available is not enough to satisfy
full water demand and use the totd avalable aea
The modd oonsiders both cases of limited and
unlimited land. The modd determines the possible
irrigaion levels and the associated water volume for
eech growth stage of a given crop. It dso performs
severd cdculations needed in identifying some of the
constraints parameters both for this single crop modd
and for the master optimizaion modd (eg.,
maximum land tha can be used, maximum irrigation
levd that can be applied, how feasible to grow two
crops in a row accounting for their life seasons, etc.).
It intefaces with the optimd irrigaion (dynamic
progranming) modd, the season modd and the
wate-yidd modd to peform the required
cdculaions. It dso feeds the master optimization
modd with some inputs. The modd is a combined
LP-DP optimization modd.

The Master Optimization Model

Overview of the model

The modd considers multiple crops competing for
both land and irrigation waer. The question the
modd atempts to answer is. wha is the best
dlocation of land and water, both in time and space,
among crops in order to maximize the net profit of a
given farmer/agriculturd company? Water dlocation,
in this case, should be directed towards increasing the
yidd of the most profitable crops. Therefore, ow-
vaue crops will have comparaivedy low shares of
water and land and high-vaue crops will have the
high shares.

This modd tries to determine the optimd
cropping patern of the land of interest for a given
year. Each sdected crop must be grown according to
its cropping period. Therefore, some crops may not
be following others in the cropping plan because of
overlgps in their cropping periods. Moreover, some
crops are considered as good successors/predecessors
of other crops if not only when it is feasible to crop
them consecutivey (in the right order), but dso it is
productive to have them cropped in arow.

Maximizing profit depends in part on the market
conditions. For some farmers, some crops can not be
totdly marketed if the production exceeds some
paticular levd. This suggests setting in the modd an
upper bound for the maximum quantity to be
produced. Similaly, some minimum amounts of
some cops may be dictaed by contractud
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commitments with retail companies. This may be the
case even if those crops where not considered as high
profit crops.

The modd accounts for the market requirements
while searching for an optimd policy. The modd
aso considers the seasondity in water availability. It
is assumed tha the year consists of four different
irrigation seasons, each with a cetan pumping
cgpacity. Totd waer dlocation for dl sdected crops
in a given sesson can not exceed the pumping
cgpacity of each irrigation sesson. Moreover, the
mode accounts for the irrigaion efficency of
irrigation systems used in different pieces of land. In
addition, the modd considers the fact that part of the
land might be still occupied by some crops & the stat
of executing the cropping plan but would be made
avalable laer and could be used by some successors.
That is, the modd keeps track of land availability and
growing crops overtime.

Technicd detals dout dl the modds aove ae
given in Al-Harkan et al. (2005).

Model objective
The modd objective is to maximize the weighted

profit (accounting for risk) of land exploitation by

determining the following:

e The aea of land to be dlocaed to each sdected
crop.

e The best sequence of the crops to be grown over
the same land accounting for crop rotation.

e Theirrigaion levd to be gpplied to each growth
stage of the crop life of sdected crops.

e The cumulative amount of water to be consumed
by each sdected crop.

e The expected yidd of each sdected crop according
to the sdected cropped aea and the sdected
combination of irrigation levds.

e The expected profit of each sdected crop.

Methodology
A mixed integer programming modd is deve oped

using various inputs (as explained in the Appendix).
The modd uses severd sets of constraints, namdy

water and land avalability constraints, market
constraints, time constrants and mass baance
constraints. Crop rotaion is considered by

introducing a pendty factor named *“ predecessor
coefficient”. The vaues of this factor vary between 0
and 1. This factor will multiply the expected perfect
yied of the successor. In paticular, low vdues of the
predecessor coefficient indicae that the successor
will suffer a grest yidd reduction if cropped dfter the

given predecessor.

In addition, a binary variable is introduced in the
mode to control the time fessibility of sdecting two
crops to be grown in arow. This vaiableis of great
importance in the optimizaion procedure as it
significantly reduces the size of the problem by
diminating infeasible combinations of crops. The
mode receives the informaion regading each
candidate crop from the single crop modd. Other
informaion is dso receved as inputs (as explaned
later). The modd is implemented using LNIGO 8.0
software to determine the optimd policy.

Model inputs
The inputs of the modd can be categorized in
three different categories:
1) Land inputs which cover:
e Current crops that are previously grown over
the land of interest.
Also, for each of the current crops, the inputs cover:
e Cropped area.
e Current crop ending dae (induding the
harvesting duration).
e Irrigation system efficiency.
2) Irrigation season inputs:
e Avalable amount of water for each irrigation
Season.
3) Candidate crops inputs:
e Ealiest cropping date.
e Laest cropping dae.
e Growth period in days.
e Havesting peiod in days.
e Sdling price per ton (maximum, minimum,

and average).

e Cost per hectare (maximum, minimum, and
average).

e Make constrants (minimum and maximum
reguirements).

All these inputs are to be entered by the user. The
database, however, contains some default values. The
remaining inputs are as follows:

e The most promising combinations of the
different irrigation leves for each growth stage
of the crop life (say the best 20 combinations
of leves. These are taken from the single crop
mode discussed above. Moreover, the number
of promising levels is adjustable).

e Waer consumption in esch season associated
with each combination of the irrigaion leves
for the crop growth stages (obtained from the
single-crop modd and could be modified by
the user).

o Expected

yidd associaed with each



J. King Saud Univ., Val. 21, Eng. Sci. (2), Ry adh(2009/1430H.) 81

combination (obtained from the single-crop
mode and could be modified by the user).

o Predecessor codfficients (default vdues in
database which are sat arbitrarily but reflecting
the adeguacy of crop successions).

e Binay vaiable cdled Possible that takes the
vdue one if the predecessor coefficent is
positive (from the single-crop modd).

Model outputs
T he outputs are categorized into two categories:

General outputs

e Totd water to be consumed in each irrigaion
Sesson.

e Totd expected yidd.

e Totd expected profit.

Detailed outputs
For each sdected crop, the modd will determine:
o Allocaed area
o Immediate predecessor.
e Specific piece of land (identified by the
existing crops & the start of the cropping plan).
e Cropping date
e End of growth date
e End of harvesting date.
o Water to be consumed.
e Sdected irrigation levd for esch growth
period.
The DSS will display these outputs through five
reports; namey, generd report, detaled crop report,
water dlocaion report, land exploitation report, and
irrigation season report.

System Evaluation by Practitioners

During fidd visits by the authors to Al-Jouf
region (north of KSA), an evduaion form has been
submitted to severd locd managers of different
depatments @ NADEC Co. and a Al-Jouf Co.,
posterior to a presentation of the system and
some implementations based on the company's
own data Ten responses have been obtaned. Most
of the managers were very satisfied with the DSS.
In paticular, they find the system very gppropriae
in addressing their red planing problems.
Moreover, they were impressed by the system
ability to solve complex situations with many
conflicting factors, its high flexibility to adgpt to
different contexts, and the esse to manipulate it.
Overdl, they find the DSS as a vduable ad to ther
cropping and irrigation plans.

Concluding Remarks

In this study, adecision support system (DSS) has
been devdoped in order to hdp agriculture
companies make the optimd wae and land
exploitation for a given year. The DSS suggests the
best crop mix accounting in paticular for the
profitability of esch candidate crop, land and water
availability, crop growing seasons, crop rotaion, and
marketing constraints. The DSS deermines
specificadly the crops to be sdected, the land to be
used for each sdected crop, the crop predecessors and
successors, waer use overtime, the levd of deficit
irrigation if any, and the expected profit out of each
crop and for the entire exploitation.

The DSS uses seved mahematicd modds to
estimae water requirements, crop yidd a different
irrigation leves, wae avalability a different
irrigation sessons, feasible sequences of successive
crops, profit, best tradeoffs between land use and
irrigation leves, risk behavior of the user, and daly
irrigaion levds nesded to saisfy the overdl
irrigaion policy. Masses of inputs are used. They are
stored in the database, cdculaed by the DSS modds,
or entered by the user. The output of the DSS is
configured in severd reports specifying the man
exploitation policy and the deals needed to
implement it.

The DSS is highly flexible and could adapt to
different contexts. Its inputs could be continuously
updated. It could, therefore fit dl users and dl
regions of the Kingdom provided that the required
daais avalable It offers dso the opportunity for the
user to plan his exploitation for severd years to come
and to benefit the best from crop rotaion over long
periods.

The DSS is a user friendly package and does not
require much traning to be eficiently operated by
non-sophisticated users. Its options and screens are
considered of professiond qudity as withessed by the
severd highly ranked personnd of the companies to
whom the DSS was exposed. The DSS in its present
form was dso consideed as a vduable tool for
solving companies problems of waer use fam
exploitations and future plan preparations.
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Master Optimization Model

Single Crop Model

Optimal Irrigation Model

Fig. 2. A brief representation of the information flow among the different models.
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