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Abstract Worsening water scarcity will increase pressure
to use water more productively. In the classical view of
irrigation research, some important aspects are often
ignored: the total water balance approach, productivity
of water, food security, and irrigation-system level
analyses. These four approaches were evaluated using a
detailed agro-hydrological model applied to an irrigation
system in western Turkey. Emphasis was placed on the
two dominant crops in the area: cotton and grapes.
According to the classical point of view, the only result
would be to irrigate the cotton with 1000 mm and the
grapes with 800 mm. From the water productivity point
of view, however, the water productivity of grapes
appeared to be maximal without any irrigation; while for
the cotton, irrigation at 600 mm maximizes water pro-
ductivity. To minimize risks and increase yield stability,
grapes perform better than cotton. Finally, from the
irrigation system point of view, decisions can be made
about the desirable cropping pattern and the distribution
of water between crops. With limited amounts of water
available for irrigation, a cropping pattern consisting
mainly of grapes is desired; while with higher water
availability, a mixture of cotton and grapes is preferable.
The methods presented provide a clear methodology
with which to achieve the most productive use of water.

Introduction

Water scarcity is and will continue to be a real threat to
millions of people in arid and semi-arid areas. Growing
populations and an expected higher standard of living
will increase the demand for water dramatically in the
near future. As irrigation is a large consumer of water

resources, much e�ort will be put into ®nding a more
productive use of this resource. Traditionally, research
has focussed on irrigation±yield relationships, referred
to here as the `classical approach'. Although it is known
that this `classical approach' has serious short comings,
much research is still done in this way and many papers
are still published describing ®eld experiments where the
irrigation±yield relationship was studied on small plots
(e.g., Camp et al. 1996; Saeed and El-Nadi 1998). De-
spite the valuable and applicable results of these exper-
iments, especially in conditions where water is not yet a
serious constraint, some important aspects are ignored
in these studies.

First of all, these experiments often focus only on the
amount of water applied by irrigation, ignoring other
important water sources such as rainwater, capillary rise
and depletion of groundwater. Only an approach that
includes all aspects of the water balance is able to derive
real water-saving measures. The apparent local water
savings and real water savings are referred to as `dry' vs
`wet' water savings by Seckler (1996).

Secondly, attempting to attain the highest yield is not
the same as attempting to achieve the highest produc-
tivity of water expressed as the yield per unit volume of
water. Molden (1997) advocates a water-use analysis
based on productivity of water consumed, instead of on
yield. Recently, a set of performance indicators have
been developed that can be used to analyze the pro-
ductivity of water with a few simple calculations (e.g.
Molden 1997; Molden et al. 1998). These indicators
were developed to replace the classical e�ciencies used
in irrigation engineering.

A third aspect which is often neglected is variation in
yields and associated risks. Irrigation recommendations
are often based on ®eld trials performed over a limited
period of time, ignoring any temporal variability. In
terms of food security, achieving a long-term average
lower yield, while keeping the associated risks lower,
might be preferable to a somewhat higher long-term
yield with high between-years variation. This is espe-
cially true for developing countries where no bu�er
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exists in terms of food or money in case of a less pro-
ductive year.

Finally, at the irrigation system level, two important
issues must be considered: what will be the most pro-
ductive cropping pattern and what will be the most
productive distribution of water between the di�erent
crops.

Simulation models are an attractive tool for over-
coming these problems, as all terms of the water balance
are evaluated and long-term simulations can be per-
formed easily. Nowadays, a broad range of well-tested
models exists with di�erent degrees of physical realism
and spatial resolution (Camase 1996).

To investigate the problems described earlier, long-
term simulations were performed using a physically
based model for the unsaturated±saturated zone of an
irrigated area in western Turkey. In this irrigation sys-
tem, a shift in cropping pattern from cotton to grapes
has been observed. A simulation model was used to
analyze the e�ects of this shift, taking into account the
four points already mentioned: (1) the total water bal-
ance approach, (2) productivity of water, (3) risk, and
(4) system-wide analyses.

Materials and methods

Study area

Menemen Left Bank (MLB) irrigation system is located at the tail
end of the river Gediz in western Turkey and extends over an area
of 16 500 ha (Fig. 1). Soils are mainly alluvial deposits. Average
annual temperature is 17 °C and average precipitation is 510 mm.
The main crops are cotton and grapes and, to a lesser extent, or-
chards, cereals and vegetables. There is a tendency in the basin for a
shift in cropping patterns, with an increase in grape cultivation at
the expense of cotton. This shift appears to be related to a decrease
in water availability for irrigation after a severe drought which
started in 1989 (Fig. 2). Recently, climatic conditions have

improved and simultaneously a small increase in the cotton area
can be observed.

Irrigation was mainly applied by using surface water, origi-
nating from the main reservoir in the basin. As a result of a severe
drought in the upstream part of the basin prior to 1989, releases of
water dropped substantially. Farmers started to drill wells, result-
ing in a mixed groundwater±surface water irrigation system. In
recent years climatic conditions have recovered, resulting in an
increase in water delivered for irrigation purposes.

Simulation model

The hydrological analyses were performed using the SWAP 2.0
model (Van Dam et al. 1997). SWAP is a one-dimensional, phys-
ically based model for water, heat and solute transport in the sat-
urated and unsaturated zones, and also includes modules for
simulating irrigation practices and crop growth. For this speci®c
study, only the water transport and crop growth modules were
used. The water transport module in SWAP is based on the well-
known Richards' equation, which is a combination of Darcy's law
and the continuity equation. A ®nite di�erence solution scheme was
used to solve Richards' equation.

Crop yields can be computed using a simpli®ed crop growth
algorithm based on that of Doorenbos and Kassam (1979) or by
using a detailed crop growth simulation module that partitions the
carbohydrates produced between the di�erent parts of the plant as
a function of the di�erent phenological stages of the plant (Van
Diepen et al. 1989). In this speci®c case, the ®rst method was ap-
plied as detailed crop measurements were not available. Potential
evapotranspiration is partitioned into potential soil evaporation
and crop transpiration using the leaf area index. Actual transpi-
ration and evaporation are obtained as a function of the available
soil water in the top layer or the root zone for soil evaporation and
crop transpiration, respectively. Finally, irrigation can be pre-
scribed at ®xed times, scheduled according to di�erent criteria, or
by using a combination of both. A detailed description of the
model and all its components is beyond the scope of this paper, but
can be found in Van Dam et al. (1997). A practical application of
the model to analyze the e�ects of drought on an irrigation system
in the same basin is given by Droogers et al. (2000).

Input data

Daily meteorological data were obtained from a station located in
the irrigated area. Annual average rainfall over the last 30 years

Fig. 1 Map of Turkey showing the Gediz Basin and the Menemen
Left Bank (MLB) irrigation scheme

Fig. 2 Relationship between water released from the main reservoir
(m3 s)1) and the ratio between cotton area and grape growing area
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was 510 mm, and ranged from 334 mm in 1992 to 731 mm in 1981.
Over the last 10 years the average annual rainfall was 50 mm below
the long-term annual mean. Average annual temperature is 17 °C
and shows little year-to-year variation. Average temperatures in
January and July are 8 °C and 26 °C, respectively.

A period of 30 years was used in the analyses, assuming that
these 30 years represent stable weather conditions. This allows the
possibility of analyzing results in terms of frequencies rather than
in ®xed values. Such an approach has already been used success-
fully to estimate the risk of nitrogen leaching to the groundwater
(Droogers and Bouma 1997).

Daily potential evapotranspiration was calculated using the
Penman-Monteith approach (Monteith 1981). Instead of using crop
factors (Doorenbos and Pruitt 1977) to account for di�erences in
soil cover and crop development stage, a more physically based
approach was used. Three reference evapotranspirations were cal-
culated: wet crop completely covering the soil, dry crop completely
covering the soil and bare wet soil. Using di�erent values for canopy
resistance, crop height and albedo in the Penman-Monteith equa-
tion, maximum possible evaporative ¯uxes were computed. The leaf
area index and canopy storage were then used to determine the
weight of each of the three reference evapotranspiration terms in the
total reference evapotranspiration. Actual evapotranspiration was
then simulated depending on the soil moisture status of the root
zone. Details of this method are given by Van Dam et al. (1997).

The most common crops in the area, cotton and grapes, were
included in the analyses. As detailed crop growth measurements
would be required in order to apply a sophisticated crop growth
model, we chose to apply the more general model as described by
Doorenbos and Kassam (1979), despite its known drawbacks for
some speci®c cases. Input data for this approach for the two crops
considered are given in Table 1. The maximum potential obtain-
able yields are speci®ed using local knowledge from farmers and
extension services and this is de®ned as the maximum yield if no
limitations, such as water stress, fertilizer, pests and diseases, occur.

Soil data were obtained from a 1:200 000 soil map of the entire
Gediz Basin (Topraksu 1974). The main area is covered by alluvial
soils that were formed from deposits by streams. They have a
medium texture, good drainage conditions, and are very produc-
tive. A representative pro®le was taken and, for each horizon,
texture, bulk density and organic matter content were derived in
the laboratory (Topraksu 1974). For simulation purposes, soil
hydraulic functions, water retention and hydraulic conductivity
properties are required. Pedo-transfer functions can be used to
derive these di�cult-to-measure soil hydraulic functions from eas-
ily obtainable data such as texture and bulk density (Tietje and
Tapkenhinrichs 1993). Recently, WoÈ sten et al. (1998) developed a
set of pedo-transfer functions using a comprehensive soil database
including data from 4030 horizons. These pedo-transfer functions
were used to obtain the soil hydraulic properties required.

Results

Classical view

In the more classical way of evaluating the results, only
the relationship between irrigation inputs and yields is

considered. Average simulated yields, using the period
of 30 years of climatic data, were calculated for irriga-
tion inputs between 0 and 1400 mm. Obviously, a clear
relationship between the amount of water applied as
irrigation and crop yields exists for both cotton and
grapes (Fig. 3, top). When no irrigation is applied, grape
yields are much higher than those for cotton. At very
high irrigation inputs, grape yields are still higher than
those of cotton, as the maximum obtainable yield is
higher for grapes (5000 vs 4000 kg ha)1). Increasing the
irrigation amount above 600 mm has almost no e�ect on
grape yields, and irrigation inputs higher than 1000 mm

Table 1 Yield response factors (ky) from Doorenbos and Kassam (1979) and length of development stages (days) from local information

Crop Start of
growing
season

Development stage (length (d) j ky) Days Harvest
date

Maximum
rooting depth
(cm)

Maximum
yield
(kg ha)1)

1 2 3 4 5

Cotton 1 May 15 j 0.2 35 j 0.2 40 j 0.5 40 j 0.5 20 j 0.3 150 1 October 60 4000
Grapes 1 March 10 j 0.2 30 j 0.5 45 j 0.8 70 j 0.2 45 j 0.2 210 1 October 200 5000

Fig. 3 Crop responses on irrigation inputs given as means over a
period of 30 years of weather records
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will even decrease these yields as a result of waterlog-
ging.

The responses of the two crops to an increase in
irrigation are quite di�erent. In Figure 3 (bottom) this
increase in irrigation inputs is plotted against the
increase in yields in percentages. In the transition zone
between low and high irrigation inputs, cotton bene®ts
more than grapes from an increase in irrigation.

These di�erences between grapes and cotton origi-
nate from di�erent crop characteristics interacting in a
complex soil±water±plant system. Grape roots are
deeper, inducing a higher capillary ¯ux from the
groundwater into the root zone. The shallower rooting
system of cotton allows a quicker response to an irri-
gation event. The sensitivity to drought is di�erent at
similar growing stages for the two crops and also the
total length of the growing season is di�erent. The
characteristics determining the evaporative demand,
such as crop duration, crop resistance, albedo and leaf
area index, are also di�erent. All these di�erences in-
teract with each other and are taken into account in the
SWAP model.

Water productivity view

As emphasized earlier, analyzing the e�ects of irrigation
water alone on yields is not appropriate, as other water
sources must also be included. The productivity of wa-
ter, expressed here in terms of yield per amount of water
depleted (PWdepl), was calculated following Molden
(1997). The amount of water depleted depends on the

location of the ®elds considered. For upstream areas the
amount of water depleted is only the amount of evap-
otranspiration, as water `losses' by runo� and percola-
tion can be reused by downstream users. On the other
hand, these water losses by runo� and percolation for
downstream users should be considered as real losses.

The four terms of the water balance relevant to the
calculation of the PWdepl, as well as the PWdepl itself for
downstream and upstream situations, are displayed in
Fig. 4. The general pattern for the water balance terms is
similar for cotton and grapes: an increasing amount of
irrigation inputs increases all the depletion factors. For
cotton, soil evaporation, runo� and percolation are
somewhat higher, while crop transpiration is consider-
ably higher for grapes.

The resulting PWdepl shows large di�erences between
cotton and grapes (Fig. 4 top). For cotton the most
productive use of water is reached with about 600 mm of
irrigation. Although the amount of depleted water in-
creases, yields increase more at this level of irrigation
application, resulting in a higher productivity. Higher
application rates will hardly reduce the productivity for
upstream situations as this will mainly e�ect the amount
of depleted water that can be reused by other users. For
grapes a zero irrigation application is the most pro®table
in terms of productive use of water. Increasing irrigation

Fig. 4 Productivity of water per amount of water depleted (PWdepl)
for (left) cotton and (right) grapes for a downstream and an upstream
situation. At the bottom the four terms of the water balance relevant to
depletion are shown
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applications increases the yield, but depletion is pro-
portionally greater.

Yield stability view

In terms of food security, or in this case with cash-crops
`yield stability', variations in expected yields must be
considered. By applying the model for a historical cli-
matic series of 30 years, probability analyses were per-
formed assuming that this historical range represents
future weather conditions in the short term. Figure 5
shows, for the two crops considered, the expected yields
with their associated probability at various irrigation
inputs. Clearly, variation in yields is higher for cotton
than for grapes.

From Fig. 5 some distinct points were extracted and
inserted in Table 2 to show the use of these ®gures. For
example for cotton, the chance of obtaining 50% of
potential yield is only 32% with an irrigation application
of 200 mm per year, while for grapes this is 100%.
Applying 600 mm of irrigation the chance of obtaining
90% of potential yield is 24% and 93% for cotton and
grapes respectively. Clearly, grapes guarantee higher
yield stability than cotton.

Irrigation system view

For an irrigation system as a whole, the question arises
as to what the appropriate cropping pattern is, given a
certain amount of water available. In this case cotton
and grapes were compared in terms of growing area as
well as irrigation distribution between the two crops. As
a distinguishing factor the relative yield, de®ned as ac-
tual over potential yield, was used. In other words, if, for
example, on average 600 mm of irrigation water is
available, what is the optimum area for cotton and for
grapes and what is the optimum distribution of this
600 mm between the two crops.

In Fig. 6 these relationships are plotted for di�erent
amounts of water available for irrigation. Obviously,
some combinations of area and irrigation applications
are impossible. For example if an average amount of
200 mm water is available and 60% of the area is cov-
ered by cotton, applying 600 mm on this 60% is
impossible. In this case a maximum amount of 200/

0.6 = 333 mm can be applied, leaving no water for the
grape area. On the other hand, a practical constraint is
that no more than 1400 mm of water can be applied. For
example if 1200 mm of water is available for irrigation
and there is a cotton area of 60% an application of
600 mm on the cotton is impossible. The grapes must
receive in this case (1200 ) 600 ´ 0.6)/0.4 = 2100 mm
which is higher than the threshold value of 1400 mm.

Fig. 5 Expected yields of cotton and grapes with their associated
probability for di�erent irrigation inputs

Table 2 Probability (%) of obtaining a speci®ed amount of yield for di�erent irrigation applications to cotton and grapes. Yact/Ypot is the
amount of actual over potential yield

Irrigation (mm) Cotton Grapes

Yact/Ypot Yact/Ypot

50% 75% 90% 50% 75% 90%

200 32 0 0 100 86 12
400 95 15 0 100 100 41
600 100 79 24 100 100 93
800 100 99 59 100 100 100
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Figure 6 can be used for several purposes. In existing
situations, where cropping patterns are known and a
limited amount of water is available for irrigation, the
distribution of this water can be optimized. In condi-
tions with a limited amount of water available, irrigation
must be applied in favor of grapes. If water availability
is higher than 800 mm, water must be distributed evenly
between the two crops or at exceptionally high values,
more water must be delivered to cotton.

If the amount of irrigation water is ®xed, a deliberate
decision can be made about the optimal cropping pat-
tern. From Fig. 6 it is obvious that at low levels of water
availability a cropping pattern with mainly grapes is
preferable, while at higher levels a mixture is better.

Discussion and conclusions

From the four points of view described above, some
clear conclusions can be drawn. From the classical point

of view, only statements about the crop water require-
ments for the di�erent crops would be made. In this case
it would be advisable to irrigate grapes with about
800 mm and cotton with 1000 mm. The results can also
be used to predict the average yield given a certain
amount of water available for irrigation. The results
clearly indicate that if water is limiting, cotton bene®ts
more from water than grapes. An advantage of using
models to estimate crop water requirements over the
more traditional ®eld experiments is that the results
presented here represent an average over 30 years of
climatic conditions, instead of merely the few years that
would be normally considered in ®eld experiments.

The water productivity view shows that zero irriga-
tion should be considered as the most productive use of
water for grapes with about 0.5 kg grapes produced per
m3 of water depleted. For cotton a completely di�erent
situation pertains, where the most productive use of
water is reached with about 600 mm of irrigation. Sit-
uations with lower irrigation inputs are less productive.

Fig. 6 Expected total relative
yields for di�erent combina-
tions of cotton±grape areas and
irrigations. Hatched areas indi-
cate impossible combinations
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This ®gure is close to the water requirements as con-
sidered from the classical view. The di�erences between
upstream and downstream-located areas are only rele-
vant with higher irrigation applications for grapes, while
for cotton the PWdepl is distinct for all irrigation inputs.

The water productivity ®gures are based on annual
depletions and not on irrigation season values alone. The
latter can be considered as a more classical approach,
ignoring water sources other than irrigation. The extent
to which outside irrigation season water can be managed,
depends on the speci®c conditions in the area studied. A
basin approach is necessary to evaluate this (Droogers
and Kite 1999). In this case, farmers have adapted to this
outside irrigation season water by shifting from cotton to
grapes, and thus increasing the use of available soil
moisture due to the deeper rooting system of grapes.

In terms of yield stability the message is clear; grapes
are preferable to cotton for the whole range of possible
irrigation inputs. The use of relative yields is an attrac-
tive way of analyzing this yield stability. The results of
these analyses can be extended with by the use of an
economic analysis; in order to change from looking at
yield stability to assessing income stability. Such an
analysis is beyond the scope of this paper.

Finally, the irrigation system view can be considered
as a management tool to make decisions about the de-
sirable cropping pattern and distribution of water for a
particular amount of water available for irrigation. With
limited amounts of water available for irrigation, a
cropping pattern mainly of grapes is desired, while with
greater water availability a mixture of cotton and grapes
is preferable.

Putting all these views together, the general conclu-
sion can be drawn that with a limited amount of water
availability, grapes are advantageous over cotton: yields
are higher, productivity of water is higher, and income
stability is more secure. If more water is available, a
mixture of cotton and grapes is advantageous and the
results in Fig. 6 can be used to estimate the optimal
cropping pattern and water distribution.

The economics and pro®tability analyses of the two
crops are beyond the scope of this study, but can be
deduced relatively easily using the results presented here
(see Ray and GuÈ l 2000). Other topics ignored in this
study, such as additional water requirements for leach-
ing to avoid salinity, soil fertility and diseases, were not
relevant for this speci®c case. Winter rains are su�cient
for ¯ushing salts and farmers apply fertilizers and pes-
ticides to avoid problems with soil fertility and diseases.
However, in cases where these topics are relevant, they
can be included in the models and the same analyses as
described here can be applied.
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