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Abstract

Irrigation management deals with many different decisions: the selection of
economically viable cropping patterns, allocation of land per crop, allocation of
water resources per crop, irrigation scheduling, management of irrigation deficit,
etc. Plants need appropriate amounts of water, and its distribution during the full
growing cycle has a tremendous influence on the final crop yield. This means
that managing the soil water content is crucial to obtain an optimal allocation of
water resources, supposing that the other production factors are adequate. The
use of decision models to help irrigation management appears to be an
interesting approach, as they are capable of handling different facets of such
problems (economic, physiological, environmental, etc.) all together. This paper
presents a synthetic state-of-the-art literature review of the optimization models
for these purposes. The different agricultural production functions and their
inclusion in the decision models are discussed.

Keywords: irrigation management, agricultural production functions,
optimization models.

1 Introduction

Water is a scarce good in many regions of the world, and simultaneously it is the
most important factor in some production processes, like agriculture. Supposing
that the other production factors are at an adequate level, managing the soil water
content is crucial to obtaining an optimal allocation of water resources. Irrigation
supplements rainfall and can help to overcome the main risks associated with the
uncertainty of hydrological events. In arid and semi-arid regions irrigation is
intrinsically related to the availability of water resources, and thus deficit
irrigation can occur. A benefit-cost analysis of irrigation systems should take
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into account the considerable investments (installation, operation and
maintenance costs) needed to design and to operate a proper irrigation system,
and the corresponding benefits in terms of crop yield improvement. Decision-aid
models can be very helpful in finding the best decisions for irrigation
management. In fact these models can incorporate the many of the different
facets of such problems (economic, environmental, physiological, etc.).

This paper presents a synthetic state-of-the-art review of the optimization
models found in the literature in this field. The different agricultural production
functions are discussed, as well as their inclusion in the decision models.

2 Irrigation management problems

Many different situations can arise where irrigation management methodologies
have to be used. As water is the principal factor in agricultural production, two
cases can be considered: when the availability of water is adequate, and when it
is not adequate. If there is enough water then irrigation can be timed to define the
critical level. In this case the decision will be about the optimal allocation of the
area to different crops in order to maximize the yield. Following the
classification of Smout and Gorantiwar [32] we are dealing with area allocation
models (Matanga and Marino [22], Maji and Heady [18], Afshar et al. [1], Onta
et al. [24])

If water availability is inadequate, water deficits will occur. The way these
deficits are distributed through the vegetative life cycle will have a tremendous
influence on the final yield, consequently in benefits of the crop production.
Therefore, in this kind of problem the best way to distribute the deficits has to be
optimized. Two problems can be analysed here: ones where the cropping pattern
is previously defined, and others where the cropping patterns are to be defined.
The first situation gives rise to the water allocation models (Rao et al. [28],
Hiessl and Plate [11], Paudyal and Manguerra [25], Vedula and Mujumbar [36],
Wardlaw and Barnes [37], Kipkorir ef al. [14]), and the second situation gives
rise to the land and water allocation models (Matanga and Marifio [23], Kumar
and Khepar [17], Yaron and Dinar [38], Rao ef al. [27], Manocchi and Mecarelli
[19], Sahoo et al. [30], Marques et al. [21], Smout and Gorantiwar [32],
Gorantiwar and Smout [8]).

To solve any of the stated problems, information on the relations between
crop yield and water applied is needed. These relations can be established for the
entire growing season or for individual irrigation periods (when decisions are
about intraseasonal allocation of water). Therefore it is important to establish
agricultural production functions, incorporating the processes involved in crop
development and the corresponding yield.

3 Agricultural production functions

The production of a given plant depends on many different factors, particularly
on the amount of water available and its distribution during the vegetative life
cycle.
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Two types of production functions are reported in the literature: seasonal
crop-water production functions and dated crop-water production functions.

The first considers the effect of water availability in aggregated terms over
the entire season. Equation (1) is an example of a production function of this
type (Haxem and Heady [9]):

—COEfk(ka_Xk)} ()

Y = Yo :(Ymaxk —YOk)eXP{
Xy

Y,= seasonal relative yield for crop & corresponding to X depth of water applied;

Yy= relative yield corresponding to zero irrigation allocation; Y,,,.= maximum

relative yield obtainable for the initial soil and climatic conditions; X,,=

minimum depth of water required to give potential relative yield Y,,,u; coefi=

coefficient for a particular crop.

Regarding dated crop-water production functions, it is important to point out
that the final production depends on the allocation of the available water in the
different periods of the life cycle. The final yield is sensitive to the period where
there is a water deficit. Some periods in the vegetative life cycle are more critical
than others, and the way this can influence the final yield is modelled using two
approaches. A first approach that considers additive effects of the water deficits
(Jensen [13]) and the second considers multiplicative effects.

The latter appears to be more realistic since it determines the development
in each period, accounting for the conditions observed in the previous periods.
An example of this type of model is given by Bowen and Young [2]:

Ya 5 Ya,
=T ®

Y= actual production; Y,= maximal production (when no factor limits
production); N: total number of periods; i= period index, Y,= actual production
in period #; Y,~= maximal production (when no factor limits production) in
period i.

Another important aspect for the construction of the production functions is
the way yield is related to water consumption. There are models that use a
physiological approach, where the development results from a complex
interaction between various physiological aspects (stomatic behaviour,
photosynthesis, etc.), related to the amount of water available for irrigation.
Usually they are not well systematized and are built for specific case studies.
Hsiao et al. [12] emphasizes the difficulty of building a model of this type, when
all the aspects contributing to plant development have to be considered. The
most widespread models, like that devised by Doorenbos and Kassan [6], employ
evapotranspiration for such purposes (here for dated production):

Ya. ETa:
1-—L | =Ky, | 1-—— 3
( Ym-] y’[ ETmJ )

1
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Ky= yield response coefficient in period i; ETa~= actual evapotranspiration in
period i; ETm= maximal evapotranspiration in period i (if there is no irrigation
deficit).

Evapotranspiration can also be used for the seasonal crop-water production
function (Carvallo et al. [4]):

a 5
Y, =| 4c+ B[ £14 —CC( ET“) Y, (4)
ETm ETm

AC, BC, CC, a, = experimentally obtained coefficients.

To apply these models to real-world situations, the actual evapotranspiration
should be expressed as a function of water availability in the soil. Soil moisture
depletion is a complex process and the actual evapotranspiration depends on the
moisture level between field capacity and the permanent wilting point. For
operational purposes, theses processes are often simplified. Three examples
taken from the literature will be described. The first one is proposed by Wardlaw
and Barnes [37] and also used by Kumar et al. [16], and establishes that the ratio
of actual evapotranspiration to maximal evapotranspiration is the same as the
ratio of irrigation supply to irrigation demand:

ETa I

- 5
ETm DI ©®)

I= irrigation supply; DI= irrigation demand.

The second example, by Cunha et al. [5], proposed a model where the actual
evapotranspiration is determined as a function of the soil water index AS7;, that
represents the fraction of the period where Eta=FEtm; and depends on the water
available in the soil:

ETa; = (ca; +cb; ASI, )nd, (©6)
ca;, cb; = coefficients of the linear regression model; ndi= number of days of
period i.

The hypotheses used to built this model imply that its validity is limited to

the following situations:
0<481; <1 @)
0.5ETm; < ETa; < ETm;, ®)

The third one is given by Paul ef al. [26]:
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0; SM =wP

ET,, (SM -WP)) ~ ~
ETa _ m, WPSSMS(] p)(FC WP) (9)

ET,; SM > (1 p\FC-WP)

SM= soil moisture content; WP= wilting point; FC= field capacity; p= crop water
depletion factor.

Quite recently Schmitz et al. [31] presented an innovative work for
establishing water application parameters to create an optimal soil moisture
profile using an artificial neural network approach.

The incorporation of the different agricultural production functions into
decision processes will lead to decision-aid models that differ in terms of their
mathematical characteristics.

4 Decision-aid models

In the last twenty years the literature has reported a number of decision-aid
models to solve irrigation management problems. Linear programming, non-
linear programming and dynamic programming techniques and, quite recently,
genetic algorithms are among the most popular methods employed to solve
irrigation management problems. Irrigation management models can become
more complex if the decisions are simultaneously about the hydraulic
infrastructures needed for storage and / or to supply water (reservoirs, canals,
wells in an aquifer, etc.). The inclusion of uncertainty issues is also challenging
when it comes to solving large scale irrigation management problems.

Three different representative objective functions will be described. The
first aims to optimize the water allocation among various crops (Kumar et al.

[16])

NGS Z ETa;
icg

NC
Max 1- ) Kyo|l-—=———— (10)
CZ:;‘ Z{ | X ETmi

g

NC= number of crops; ¢= crop index; NGS= number of growth stages; K)“,=
yield response coefficient for the growth stage g of the crop ¢; ETa‘= actual
evapotranspiration for period ¢ for crop ¢; and ETm‘= maximal
evapotranspiration for period ¢ for crop c.

This objective function was used for water allocation when determining the
operating policy for an irrigation reservoir. Constraints on reservoir water
balance were considered. The decision-model was solved by a genetic algorithm.
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The second objective function was built for the optimal allocation of
irrigation water supplies in real time (Wardlaw and Barnes [37]):

NSC 1
Min Zy—(YmS ~Ya, ) (11)

s=1 s

NSC= number of different irrigation schemes; s= irrigation scheme index

This model was considered for the management of a run-of-river with a
complex  distribution network. Non-linear programming (quadratic
programming) was the method chosen to solve the decision model.

Another nonlinear objective function is presented in Carvallo et al. [4] for
maximizing the profit of irrigation under water availability constraints:

NS NC

Max) Y. (Pj AyYa,; -Cy Az/') (12)
=1 c=1

NS= number of soil types; /= soil type index; NC= number of crops; P= price
received for crop j; 4;~ area cultivated of soil / and crop c; C;= production cost
per unit are of soil / and crop c.

The decision-aid model includes soil, water and labour availability
constraints, as well as crop rotation and market limitations on the area to be
cultivated for each crop.

Cunha et al. [5] presented a nonlinear objective function for maximizing the
net benefits of an irrigated area of a given crop, with the water supplied by an
aquifer:

N Y, N M
Max P, [ ] o =3 o S (HS, + Ry, )0 (13)
i=] “max; i=1 k=1

N=number of periods; P,= price received for the crop; C,= energy cost per unit
of flow and elevation head in well k; M= number of wells; HS;= static level in
the well k; R, = drawdown in well £, as a function of pumping in the well &£ and
in all other wells until period i; Oy - flow pumped in well & in period i.

The decision model incorporates a groundwater flow model for drawdown
calculations as a consequence of the flows pumped for irrigation purposes.

Linear decision models (Tintner [34]) are very limited in terms of
representing real world problems (Hazell and Norton [10]). But the software and
hardware capabilities available have, for some years, made it difficult to use
more sophisticated approaches.

Dynamic programming models have been widely used in the context of
irrigation management (Dudley ef al. [7], Matanga and Marifio [23], Knapp et al.
[15]). Even with relatively small case studies, dimensional problems can arise
and an intractable computational situation can result. Combining linear
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programming and dynamic programming could help to avoid some of these
limitations (Yaron and Dinar [38], Vedula and Nagesh Kumar [35]). Recently,
Mannocchi and Todisco [20] built a three-step model for the optimal weekly
intraseasonal operation of a multipurpose reservoir. A parametric dynamic
programming model was used to avoid the “curse of dimensionality”. Paul et al.
[26] have developed a multilevel approach for determining optimal seasonal
water allocation and optimal cropping pattern, based on coupling deterministic
dynamic programming and stochastic dynamic programming.

Stochastic aspects characterizing the evapotranspiration demands (or the
variable linked to the evapotranspiration representing the crop water
requirements) were included in the dynamic programming models for single crop
situation by Rhenals and Bras [29], and Bras and Cordova [3]. Multicrop
situations were dealt with by Sunantara and Ramirez [33] in an optimal seasonal
irrigation water allocation and an optimal stochastic intraseasonal (daily)
irrigation scheduling model, by Vedula and Nagesh Kumar [35] in the context of
a single purpose irrigation reservoir, and by Rao et al. [28] that used heuristically
derived seasonal crop-water production functions. Marques et al. [21] have
described a two-stage stochastic quadratic programming technique for taking
decisions on perennial and annual crops, water use, irrigation technologies and
economic performance.

5 Conclusions

A synthetic review of irrigation management models has been presented. Many
diverse issues can be incorporated into these models, giving more or less
complex models. Considering water the principal factor in agricultural
production, the relation between crop yield and the corresponding water
requirements is analysed. New developments in mathematical programming and
in hardware capabilities are allowing large size problems to be tackled, more
closely representing real world irrigation management problems.
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