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Abstract

A clear understanding of all the components of the water balance is essential to analyze possible

measures of water savings in irrigated agriculture. However, most components of the water balance

are not easily measurable either in terms of the required time interval or the complexity of the

processes. For an irrigated area in the Western part of Turkey, the physically based one-dimensional

agro-hydrological model SWAP for water transport and crop growth was applied in a distributed

manner to reveal all the terms of the water balance. A combination of point data and distributed

areal data was used as input for the model. The emphasis was put on the conversion from available

data to required data. Simulations were carried out for the period 1985±1996 and detailed analyses

were performed for two successive years, a pre-drought year, 1988, and a dry year, 1989. Irrigation

deliveries were reduced substantially in 1989, resulting in a modified water balance. Lateral fluxes

to drains were reduced, bottom fluxes were changed from groundwater recharge to capillary rise,

evapotranspiration was lower, and, most importantly, relative yield was reduced. All these changes

were obtained for specific sites by combining existing soil data with cropping patterns. It was

concluded that the use of the SWAP model in a distributed way is a useful tool to analyze all the

components of the water balance for a whole irrigation system. # 2000 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Water scarcity will become a real threat for human beings living in arid and semi-arid

areas in the next century. Growing population combined with a higher standard of living

will increase the competition for water. The amount of water used for agriculture is

substantial and water-saving measures in the agricultural sector might be one possible

remedy to water scarcity. Very often, attention is only paid to water applied by irrigation.

However, it seems obvious that, with the increasing competition for water, considering

only irrigation water is not adequate and an approach encompassing the total water

balance is necessary. However, most experiments are still conducted using the classical

approach of investigating the effects of different amounts of irrigation applications or

different irrigation methods on crop yields. These studies are mainly focusing on

obtaining the highest yield per unit of irrigation water and ignore some important issues.

They take into account only water applied by irrigation, while ignoring water consumed

by the plant from other sources, such as capillary rise from the groundwater, rainfall, and

reduction in soil-water storage. Attempting to reach the highest yield is not the same as

attempting to reach the highest productivity 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. Only an approach that includes all the terms of the

water balance is able to derive real water saving measures. The apparent local water

savings and real basin water savings are referred to as `dry' vs. `wet' water savings by

Seckler (1996).

For determining savings in agricultural water use, three processes should be

considered: the distinction between crop transpiration and soil evaporation, groundwater

recharge vs. capillary rise, and changes in long-term soil-water storage. Unfortunately,

only the last term can be easily obtained from soil-moisture measurements in the field.

The distinction between soil evaporation, which is considered as a loss by agriculturalists,

and crop transpiration is difficult to measure. Only specific measurement techniques,

such as micro-lysimeters for soil evaporation (Boast and Robertson, 1982) or sap-flow

measurements (e.g. Tuzet et al., 1997) and porometers (Hanan and Prince, 1997) for crop

transpiration are able to make a distinction between the two water fluxes towards the

atmosphere. Water fluxes from or towards the groundwater are only obtainable by

continuous soil-water measurements using automatic methods, which are very expensive

and rarely applied in production agriculture.

The use of simulation models is an attractive alternative to reveal processes that are

difficult to measure. The models applied at irrigation system scale are mostly oriented to

hydraulics although they sometimes include a simple soil-water balance module. These

models are very suitable as operational tools for managing irrigation schemes, but are not

able to describe the hydrological processes in great detail. On the other hand, many

physically based models exist which can simulate all the components of the water balance

in great detail, including crop growth, irrigation, fertilizer applications and solute

transport (e.g. Droogers, 1997). These models are usually considered as point-scale

models and are not commonly used for larger areas.

In this study, a one-dimensional physically-based soil±water±atmosphere±plant model

was applied in a distributed way in order to analyze all the water balance terms of an
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entire irrigated area. The methodology and data requirements are described in the

following sections, while the discussion of the results concentrates on a comparison

between a pre-drought and a drought year for a composite irrigation area in the Gediz

Basin, western Turkey.

2. Materials and methods

2.1. Study area

Salihli Right Bank irrigation system (SRB) is located in Turkey and is part of the Gediz

Basin. The Gediz Basin has an area of 17 220 km2 and is one of the major river basins in

Turkey. The Gediz River flows from east to west, emptying into the Aegean Sea north of

the city of Izmir. The river has a mean annual flow of 46 m3 sÿ1 and a length of 276 km.

The elevation within the basin ranges from 2300 m to sea level and the basin contains

Lake Marmara, the multi-purpose (hydropower, flood control and irrigation) DemirkoÈpruÈ

reservoir, and some smaller reservoirs for irrigation. The natural vegetation of the basin is

mainly bush and forest while crop production includes cotton, cereals, grapes, vegetables

and fruits, olives, tobacco and melons.

SRB is located 5 km below DemirkoÈpruÈ Reservoir. The total command area is 9100 ha

and the irrigation system consists of one main canal, five secondaries and 125 tertiaries.

Total length of all irrigation canals is 294 km and all canals, except the main one, are

lined and are in a good condition. Besides an irrigation canal network, an extensive

drainage network exists with a total length of 277 km. Main crops in SRB are cotton and

grapes all under border or furrow irrigation.

2.2. Simulation model

The hydrological analyses were performed using the SWAP 2.0 model (Van Dam et al.,

1997). SWAP is a one-dimensional physically based model for water, heat and solute

transport in the saturated and unsaturated zones, and also includes modules for simulating

irrigation practices and crop growth. For this specific case, 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 equation

of continuity. A finite-difference solution scheme is used to solve Richards' equation.

Crop yields can be computed using a simple crop growth algorithm based on Doorenbos

and Kassam (1979) or by using a detailed crop growth simulation module that partitions

the carbohydrates produced between the different parts of the plant, as a function of the

different phenological stages of the plant (Van Diepen et al., 1989). Potential

evapotranspiration is partitioned into potential soil evaporation and crop transpiration

using the leaf area index. Actual transpiration and evaporation are obtained as a function

of the available soil water in the top layer or the root zone for, respectively, evaporation

and transpiration. Finally, irrigation can be prescribed at fixed times, scheduled according

to different criteria, or by using a combination of both. A detailed description of the
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model and all its components is beyond the scope of this paper, but can be found in Van

Dam et al. (1997).

SWAP is primarily a one-dimensional model; however, some options are available to

simulate the lateral transport of water and solutes into drains. For this particular case,

SWAP was used in an innovative way by extending its normal point behavior to a

distributed approach in order to analyze water balances on an areal scale. The whole

study area was divided in sub-areas denoted as land use systems (LUS) (FAO, 1976) and

each LUS was considered to be homogenous. Such a distributed approach, but with a

more straightforward soil±water±plant representation, is quite common in basin or sub-

basin hydrological models (e.g. Querner, 1997; Kite, 1998), but rare for physically based

advanced models such as SWAP. An example of this distributed use is given by

Bastiaanssen et al. (1996a), who applied the SWAP model for optimizing water and

salinity management in Haryana State (India) using sub-area delineated on the basis of

soil, crop, water table and salinity.

2.3. Model validation

The first version of SWAP, called SWATRE, was developed more than 20 years ago

(Feddes et al., 1978). Many studies have been conducted using the SWATRE model and

its successors to study soil±water±atmosphere±plant relationships in many parts of the

world (e.g. Feddes et al., 1988; Bastiaanssen et al., 1996b). Although the model itself has

been tested many times, we chose to validate the performance of SWAP for this particular

case and data set.

Two on-farm irrigation scheduling experiments in the vicinity of the SRB were

conducted in 1997 to evaluate the response of cotton and winter wheat to different water-

management practices. The cotton experiment was performed on a loamy soil, the wheat

experiment on a clay soil. Different volumes of irrigation water were supplied at different

development stages of the crops. The amount of total irrigation water ranged from 0 (no-

irrigation) to 660 mm for cotton and 393 mm for wheat. The resulting soil moisture

profiles and crop yields were measured. The gravitational method was used for soil-

moisture analysis and samples were taken at depth increments of 30 cm up to a total

depth of 90 cm. Before the irrigation season commenced, soil moisture was not measured

separately for each specific treatment but after the start of the irrigation period soil

moisture in each irrigation treatment was sampled separately. Detailed information about

the experimental setup can be found in BeyazguÈl and Kayam (1997). The measured soil-

moisture contents from the two experiments were compared with simulated moisture

contents from the distributed SWAP model in order to validate the model.

2.4. Process analysis

The main aims of using models are (i) to study processes, and (ii) to perform scenario

analyses. Scenario analyses intend to answer questions in terms of: `̀ what happens if . . .''
Such questions can sometimes be answered by performing field experiments for each

scenario defined. However, field experiments have two serious drawbacks. First, they are

expensive and time consuming and are affected by uncontrolled conditions, such as
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weather, diseases, etc. Second, field experiments are not possible for analyzing long-term

effects and large impact scenarios (e.g. construction of new reservoirs, changes in

cropping patterns for large areas, or climate change). In this context, simulation models

provide greater flexibility.

Models can be very useful tools to get an insight into processes (e.g. water fluxes in

soils, soil evaporation vs. crop transpiration) that are difficult to observe in terms of

temporal or spatial scale. A ten-year period, from 1985 until 1996, was selected to study

water dynamics in detail for the area described previously. This period comprises the wet

period before 1989 as well as the dry period after 1989.

2.5. Input data

An extensive database was constructed for the area studied, including point data such

as meteorological and groundwater levels, as well as distributed data like cropping

patterns and soils. FAO (1976) defined distributed areal data in terms of land use systems

(LUS), where each LUS is described by its physical condition, the land unit (LU), and its

technologies, the land utilization type (LUT). As the SRB is a small, homogenous area

and irrigation and agricultural practices are similar, the LU is only defined by its soil type

and the LUT by its crop.

2.6. Meteorological data

Daily meteorological data were obtained from a station 3 km south of SRB. No solar

radiation measurements were performed at this station, so data from a station 10 km

northwest of SRB were used, assuming that differences in radiation are negligible over

this distance. Annual average rainfall over the period considered is 442 mm, and ranged

from 317 mm in 1992 to 527 mm in 1994. Seventy-five percent of the total rainfall occurs

from November to March, while during the main irrigation season (June±September) an

average rainfall of 35 mm occurs. Average annual temperature is 168C and shows little year-

to-year variation. Average temperatures in January and July are 68 and 278C, respectively.

Daily potential evapotranspiration was calculated using the Penman±Monteith

approach (Monteith, 1981). Instead of using crop factors (Doorenbos and Pruitt, 1977),

a more physically based approach was used to account for differences in soil cover and

crop development stage. Three reference evapotranspirations were calculated: wet crop

completely covering the soil, dry crop completely covering the soil and wet bare soil. Using

different values for canopy resistance, crop height and albedo in the Penman±Monteith

equation, the maximum possible evaporative fluxes 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 evapotranspira-

tion was then simulated depending on the soil-moisture status of the root zone.

2.7. Irrigation input

All surface irrigation water comes from the DemirkoÈpruÈ reservoir 5 km upstream. A

dry period started in 1989 with low reservoir levels and consequent reductions in water
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availability for irrigation purposes. This dry period did not occur in the SRB itself, but

originated from the water-source areas higher up in the basin. Prior to 1989, no

limitations in the supply of irrigation water occurred, but as a consequence of the drought

only 200 mm of irrigation water could be applied in 1989. The drought forced farmers to

drill wells to supplement crop water needs by groundwater. This has not resulted in a

significant fall in the water table, as water was mainly extracted from aquifers with high

productivity. After 1989, the climatic condition had been somewhat improved and

gradually more and more water became available in the reservoir for irrigation. Also,

more wells were completed which resulted in a further development of conjunctive use of

surface and groundwater.

Irrigation applications are considered to be similar for the main crops: cotton, grapes

and maize. Also, a single irrigation practice, furrow irrigation, is used for all the main

crops. Table 1 shows the irrigation inputs for the years considered.

2.8. Lower boundary condition

Within SWAP, a broad variety of lower boundary conditions can be selected. These can

be generalized into three types: flux specified, pressure head specified and flux-

groundwater level relationships. Measured groundwater levels for SRB were only

available for 1996 and showed fairly constant levels throughout the year at a depth of

�250 cm. Information obtained from farmers and local water managers indicated that no

significant changes in groundwater levels have occurred in the last ten years. Also, the

spatial distribution of ground water levels was fairly homogeneous.

Considering these points, a flux-dependent groundwater level was defined, where the

flux to or from an aquifer is a function of the groundwater level and the resistance of a

semi-confining layer:

qbot � �aquif ÿ �gwl

cconf

(1)

where qbot is the calculated flux at the bottom of the soil profile (cm dÿ1), �aquif the

prescribed hydraulic head in the semi-confined aquifer (cm), �gwl the computed

groundwater level (cm), and cconf rhe resistance of semi-confining layer (d). Note that the

flux at the bottom of the profile is downward if �gwl > �aquif and upward in vice versa

conditions. Whereas �aquif is mainly controlled by groundwater movements, �gwl is

governed by irrigation, precipitation and evapotranspiration.

Table 1
Irrigation applications for different periods

Period Irrigation

Before 1989 unlimiteda

1989 2 applications of 100 mm each

1990 3 applications of 100 mm each

1991 4 applications of 100 mm each

1992±1996 5 applications of 100 mm each

a Farmers started to irrigate when the ratio between actual and potential evapotranspiration falls below 95%.
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As no detailed information about the aquifer and the semi-confining layer was

available, parameters that resulted in fairly constant groundwater tables were selected. It

was assumed that a fluctuation in �aquif occurs between 225 and 275 cm for January and

July, respectively, and that cconf is 100 days.

2.9. Crops

The four main crops in SRB are cotton, grapes, maize and winter-wheat. Maize is in

almost all cases preceded by winter-wheat. A comprehensive database for the year 1997

was available, including cropping patterns, from the Water Users Association

(Anonymous, 1998). This database was built up using the 125 tertiary irrigation canals

as units (see Fig. 1). For each tertiary unit, the gross area and the area per crop was

known. Information from four tertiaries (201 ha) was missing and for these tertiaries

similar cropping patterns as the neighboring tertiaries were assumed. Table 2 shows the

total area per crop for SRB for 1997. Somewhat arbitrarily, the small areas with other

crops (3%), mainly vegetables and olive trees, were assumed to have a hydrological

behavior similar to the average of cotton and grapes.

Cropping patterns have changed during the period considered. There has been an

increase in grape cultivation at the expense of cotton, a reflection both, of decreased canal

Fig. 1. Soil map (left) and tertiary units (right) used for the spatial distribution of crops.

Table 2
Areas of the 20 land use systems, defined as the combinations of land utilization type (crop) and land unit (soil)
as percentages of the whole command area for 1997 (9100 ha)

Crops Soil types Total

alluvial rendzina salty/alkaline kastanozem

Cotton 37 3 2 1 43

Grape 19 2 1 0 22

Maize 10 2 1 0 13

Other 4 0 0 0 4

No crop 16 1 1 0 18

Total 86 8 5 1 100

P. Droogers et al. / Agricultural Water Management 43 (2000) 183±202 189



water availability and more favorable prices for raisins. Detailed information about

changes in cropping patterns for the other crops is lacking but, according to local farmers

and irrigation engineers, no substantial change in other crops or in the spatial distribution

of crops has taken place. Therefore, only changes in the cotton±grape ratio were

considered and the areas of other crops and fallow land are considered to be the same as

1997 (Table 3). The spatial distribution of crops for 1988, which was identical for 1989,

is displayed in Fig. 2 as a percentage per tertiary unit.

Crop yields are calculated assuming a weighted linear relationship between actual and

potential transpiration, with weight factors Ky varying between crops and development

stages of the crop considered (Doorenbos and Kassam, 1979):

Ya;k

Yp;k
� 1ÿ Ky;k 1ÿ Ta;k

Tp;k

� �
(2)

where Y is the yield (kg haÿ1), Ky the yield response factor, T the transpiration

(cm dayÿ1), and the subscripts a, p, k indicate the actual, potential and growing stages,

respectively. The yield response factors, rooting depth and growing stages applied for the

crops considered are listed in Table 4. The crop yield of the whole growing season is

calculated as a product of the relative yields of each growing stage:

Ya

Yp

�
Yn

k�1

Ya;k

Yp;k

� �
(3)

2.10. Soils

Soil data were obtained from a 1 : 200 000 soil map of the entire Gediz Basin

(Topraksu, 1974). After digitizing this soil map, data for SRB were extracted showing

Table 3
Cropping patterns as percentages of the total command area of SRB

Year Cotton (%) Grapes (%) Maize (%) Other crops (%) No crop (%)

1985 59 6 13 3 19

1986 58 7 13 3 19

1987 57 8 13 3 19

1988 58 7 13 3 19

1989 58 7 13 3 19

1990 55 10 13 3 19

1991 53 12 13 3 19

1992 49 16 13 3 19

1993 42 23 13 3 19

1994 31 34 13 3 19

1995 44 21 13 3 19

1996 44 21 13 3 19

1997 41 23 13 3 19
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that only four different soil types occur in SRB (Fig. 1). The alluvial soils cover 86%

of the SRB and are formed from deposits by streams. They have a medium texture,

good drainage conditions and are very productive. The rendzinas cover 8% of SRB

and occur on the hilly and undulating landscape around the alluvial plains and have

a clay-loam texture. The salty±alkaline soils are formed from alluvial soils. As a

result of the concave topography, rising water tables have occurred transporting salts

toward the soil surface. In this study, the effects of salinity on transpiration and crop

growth are not taken into account. Finally, some small parts of SRB are covered by

kastanozems.

For each soil type, a representative profile 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 difficult-to-

measure soil hydraulic functions from easily obtainable data, such as texture and bulk

density. Tietje and Tapkenhinrichs (1993) analyzed different pedo-transfer functions and

concluded that the approach given by Vereecken et al. (1989) was most accurate for the

retention curve and the approach given by Vereecken et al. (1990) was most accurate for

the soil hydraulic conductivity curve. In these approaches the soil hydraulic functions are

described in a slightly modified version of the well-known Mualem±Van Genuchten

Fig. 2. Cropping pattern specified per tertiary unit for 1988 and 1989. Areas with other crops (3%) are not

depicted.
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Table 4
Yield response factor, ky, from Doorenbos and Kassam (1979) and length of development stages from local information

Crop Start

growing

season

Establishment

(days)/ky

Vegetative

period

(days)/ky

Flowering

period

(days)/ky

Yield

formation

(days)/ky

Ripening

(days)/ky

Days Harvest Maximum

rooting

depth (cm)

Maximum

yield

(kg haÿ1)

Cotton 1 May 20/0.2 35/0.2 70/0.5 35/0.5a 20/0.3 180 1 Nov 80 4000

Grapes 1 Mar 10/0.2 30/0.5a 60/0.8a 40/0.2a 80/0.2a 220 1 Oct 200 5000

Maize 1 Jul 20/0.2 30/0.4 20/1.5 40/0.5 10/0.2 120 1 Nov 100 8500

Wheat 1 Oct 10/0.2 165/0.2 20/0.6 35/0.5 15/0.2 245 1 Jun 80 6000

a No explicit values are given by Doorenbos and Kassam (1979), but these values were estimated according to descriptions given by them.
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model (Van Genuchten, 1980):

��h� � �res � �sat ÿ �res

1� j�hjn (4)

K�h� � Ksat

1� j�hjL (5)

where � is the volumetric water content (cm3 cmÿ3), h the matric pressure head (cm), �res

the residual water content (cm3 cmÿ3), �sat the saturated water content (cm3 cmÿ3), K the

hydraulic conductivity (cm dayÿ1), Ksat the saturated hydraulic conductivity (cm dayÿ1),

� (cmÿ1), � (cmÿ1), n and L the fitting parameters.

2.11. Land use systems

As described previous the land use systems (LUS) are defined by their land unit (LU)

(their soil type), and their land utilization type (LUT) (in this case, the crop). Four

different soil types are present in SRB and five different crops or mixtures of crops are

used, resulting in a matrix of four-by-five combinations. Overlaying the LUT and the LU

using a Geographic Information System for each of the 20 combinations, the total area for

each LUS was obtained (Table 2). Clearly, cotton on alluvial soil is the most frequently

observed combination. Some combinations did not occur, resulting in a total of 14 LUSs.

These LUSs are considered to be the building blocks for the simulations, i.e. the whole

SRB is treated as 14 homogeneous areas. Integration of the information from the tertiary

units with the LUS, allows the determination of the water balance terms according to

irrigation water deliveries and soil and crop response. The results for the entire SRB as a

bulk hydrological unit can then be obtained by multiplying the results from the individual

LUSs by the areas for the LUSs considered.

3. Results

3.1. Model validation

Measured and simulated soil moisture contents for the top 90 cm are shown in Fig. 3

for the wheat and cotton experiments. The measured and simulated soil-moisture contents

are comparable and the coefficients of determination (r2) are 0.84 and 0.67 for the cotton

and the wheat experiments, respectively. The simulated moisture contents show no

systematic under- or overestimation of the measured moisture content, except for the

higher moisture content for the cotton experiment where the simulated values are

somewhat lower than the measured values. The scatter for the wheat experiment was

somewhat more, probably due to the clay soil, which has some small cracks causing some

irregular flow patterns. The overall agreement was such that the model was considered to

be adequately validated to be used in this particular case.
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3.2. Water balance

For each of the 14 LUSs, the water balance was simulated using the SWAP model.

Instead of presenting all the water balance terms for these 14 LUSs for all the 12 years,

the results for three LUSs and two years will be discussed more in detail.

Figs. 4 and 5 show the annual total water balance terms and crop yields for cotton

(Fig. 4) and grapes (Fig. 5) grown on alluvial soils. As mentioned before, the drought that

started in 1989 is not evident from the precipitation data in SRB but originated from

reduced rainfall in the higher parts of the basin. Irrigation inputs during the drought

(1989±1996) were similar for both crops. Irrigation inputs before the drought were

dependent on the requirements of each LUS since the availability of water for irrigation

was not limiting. The assumption was made that farmers started irrigating 100 mm of

water as soon as crop growth became lower than potential. This point was defined as that

point where the ratio of actual over potential crop transpiration went down to 0.95. The

figure of 100 mm is based on information from farmers and on actual observations during

1998. Clearly, the grapes required less irrigation water than cotton, although the actual

transpiration was simultaneously much higher. During the drought, grape yields were

reduced (4850 down to 4100 kg haÿ1) less than cotton (3840 down to 2480 kg haÿ1). This

difference in yield response can be explained by analyzing the runoff terms of the water

balance. Bottom flux was upward (negative in Figs. 4 and 5) for all years for the grapes,

indicating capillary rise from the groundwater into the root zone, while upward flux for

cotton occurred only during the two driest years, namely 1989 and 1990. This is a direct

consequence of different rooting depths.

Soil-water content profiles for these two LUSs and the two years considered are shown

in Fig. 6. A clear difference between the wet and the dry year can be observed and the

effect of different crops can be noticed. Also different soil layers, with different soil-

water holding capacities, can be distinguished. The dark areas indicate water contents low

enough to impede the uptake of water by roots for crop growth. Comparing cotton with

grapes for 1988, more dark areas can be observed for grapes although no reduction in

Fig. 3. Observed and simulated soil moisture contents for the soil layers from 0 to 90 cm.
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crop growth occurred for either cotton or grapes. This can be explained by the differences

in rooting depths, 80 cm for cotton and 200 cm for grapes.

Differences in water balances do not occur only as a result of different crops, but are

also affected by different soil types. A comparison between cotton on the alluvial soil

(Fig. 4) and cotton on a rendzina soil (Fig. 7) shows major differences in water-balance

terms. The water-holding capacity of the rendzina is much lower than that for the alluvial

soil. Irrigation applications before the drought were dependent on the crop stress but the

amount per application was fixed at 100 mm. This resulted in high runoff at the bottom of

the profile and toward the drains after each irrigation application.

3.3. Area effective water balance

The annual water-balance terms for the whole SRB for the period 1985±1996 are

displayed in Table 5. The actual transpiration, and consequent relative yield, were

reduced considerably in 1989 and 1990 as a consequence of having less water available

Fig. 4. Annual water balance and crop yields for cotton on alluvial soil.
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for irrigation. After these years, a recovery in relative yield and actual transpiration can be

observed as a result of there being more water available due to an increase in water in the

reservoir as well as an increase in the number of tube-wells. Also interesting is the

reduction in both, lateral and bottom runoff after 1988. The bottom runoff is actually

negative for almost all years after the drought, indicating capillary rise from the

groundwater into the root zone.

3.4. Spatial distribution

Results from the 14 LUSs were superimposed on the data from the tertiary units to

obtain water-balance terms distributed over the SRB (Fig. 8). Again the years 1988 and

1989, representing the pre- and post-drought, were selected for detailed analyses. In 1988,

irrigation applications were performed as soon as crop stress occurred. Higher irrigation

requirements for the rendzina and kastanozem soil types can be observed at some spots in

the northern part of SRB (Fig. 8(a)). Areas with a high percentage of uncultivated area

Fig. 5. Annual water balance and crop yields for grapes on alluvial soil.
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Fig. 6. Soil water profiles for cotton and grapes for the alluvial soil type for one pre-drought (1988) year

and one year during the drought (1989). Dark areas indicate water contents unfavorable for water uptake

by roots.

Table 5
Water balance components for the entire SRB

Year Precipitation

(mm)

Irrigation

(mm)

Actual

transpiration

(mm)

Actual

evaporation

(mm)

Lateral

runoff

(mm)

Bottom

runoff

(mm)

Relative

yielda

1985 387 974 937 155 174 105 0.94

1986 444 869 840 152 201 94 0.94

1987 436 880 867 167 185 100 0.95

1988 498 815 822 179 198 116 0.95

1989 440 165 467 126 47 ÿ61 0.53

1990 385 247 544 139 70 ÿ75 0.60

1991 450 329 633 169 41 ÿ61 0.70

1992 317 411 662 133 35 ÿ93 0.67

1993 461 411 710 159 104 ÿ74 0.68

1994 526 411 775 164 59 ÿ102 0.70

1995 506 411 716 167 124 ÿ47 0.73

1996 457 411 727 158 55 ÿ105 0.74

Average 442 528 725 156 108 ÿ17 0.76

a Relative yield is defined as the ratio between actual and potential transpiration.
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are characterized by low irrigation requirements. For 1989, 200 mm of irrigation was

applied for all crops and all soil types. Areas in Fig. 8(a), with an irrigation input

<200 mm, are thus not 100% covered with crops.

Lateral fluxes toward the drains were very low for the whole SRB for 1989. For 1988,

the different soil types show a quite different behavior in terms of lateral fluxes. The high

lateral fluxes for the Rendzina and the Kastanozem soils in the northern part are mainly

due to the higher irrigation inputs, combined with the small water-holding capacity of

these soils. Remarkable is the low lateral flux for the salty-alkaline soil, which has, at the

same time, a low relative yield. Hydraulic conductivity for the deeper layers of this soil

type appear to be low, resulting in the low lateral flux in 1988 but hindering capillary rise

in 1989 as well.

In contrast to the lateral flux, which is mainly affected by the soil type, the flux through

the bottom of the profile is mainly affected by the cropping pattern. During 1988, areas

with mainly grapes had a negative bottom flux, indicating capillary rise from the deep

groundwater while, in all other areas, water flowed down from the root zone into the deep

Fig. 7. Annual water balance and crop yields for cotton on rendzina.
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groundwater. The situation in 1989 changed substantially, almost everywhere capillary

rise occurred from the groundwater into the root zone. Groundwater recharge was

restricted to areas with a high percentage of uncultivated land.

Actual transpiration was reduced for all areas, but less for the areas that are dominated

by grapes. Obviously, in those areas in SRB having no crop, no transpiration occurred at

all. Although reduction in transpiration seems not to be severe, comparing 1988 to 1989,

the impact on relative yield is dramatic. For 1988, the relative yield was everywhere ca.

95%, as this was the threshold value to start irrigation. In 1989, relative yields went down

to 50%. Clearly, the rendzina and kastanozem soil types and, to a lesser extent, the salty±

Fig. 8. Distribution of all the water balance terms and crop yields for the Salihli Right Bank command area.
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alkaline soil are more drought-sensitive than the alluvial soils. In Fig. 8(b), the relative

yield for grape areas in 1989 can be distinguished as suffering less from water shortage.

4. Conclusion and discussion

Detailed knowledge of all the terms of the water balance is essential to evaluate water

use and to indicate possible water savings measures. Physically-based simulation models

are an attractive tool as no restrictions in terms of impact and in terms of temporal scale

are involved. The SWAP model applied in this study is able to distinguish all the essential

Fig. 8. (Continued ).
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parts of the water balance, such as soil evaporation vs. crop transpiration, groundwater

recharge vs. capillary rise and crop growth as a function of soil-water dynamics. The

distributed approach on the basis of LUS appeared to be useful to rapidly distinguish sub-

areas with different hydrological response to irrigation management.

For SRB, it can be concluded from the results presented that before the drought much

irrigation water was not used in a `direct' productive way but left the irrigation area either

by drains or by percolation and filled the aquifers. Using runoff data presented on

Table 5, it appears that during the period considered 263 l sÿ1 had left the system.

Generally, this water leaving the system is defined as a loss. However, downstream of

SRB are other irrigation areas that can benefit from this water. Therefore, a detailed

analysis, considering the whole basin, is essential and will be performed in the near future

using models at different scales. This follow-up study will emphasize the basin as a whole

in relationship with different irrigation systems.

The change in bottom flux from groundwater recharge into capillary rise can be a

threat for the sustainability of the system in terms of falling groundwater tables and

salinity. The drop in groundwater might be limited as a large part of the basin is non-

irrigated and water from these areas recharge the groundwater resources. Salinity can

become a real threat in the future as the drought continues, although lateral fluxes are still

quite high (Table 5). Further research in terms of scenario analysis is desirable.

This study shows that, using only readily available secondary data (standard

meteorological data, soil map and land use map) and a physically based simulation

model, we can provide swift information about the functioning of a system. Although not

all the available data was in exactly the required form, it was more attractive to convert

the existing data to the form required than to operate a time-consuming and expensive

field measurement campaign. This approach was illustrated by the conversion of soil

texture data into soil hydraulic data, such as retention and conductivity curves. Another

example was the application of irrigation fee data from the Water Users Association

which was used, in combination with a map of the tertiary units, to produce spatially

distributed data for crops.
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