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ABSTRACT 
 

Monitoring and evaluation of water productivity and proposing solutions to improve it are based on 
accurate estimation of crop yield and the actual amount of consumed water, in which exact measurement is 
difficult without proper tools. Considering many decisions and policies in the water management are made in a 
spatial scale larger than farm scale, in this study, the distributed SWAP model was evaluated in simulating 
wheat yield production in the Doroudzan irrigation and drainage network (Fars province, Iran) in wet, normal 
and dry years. The study area was divided into 86 simulation units and the yield production was determined in 
each spatial unit with the distributed SWAP. MATLAB program was used for regionalizing the SWAP model 
and making relationship between the model and input data in each simulation unit. The goodness-of-fit, such as: 
correlation coefficient and maximum error were calculated 88% and 0.94 ton/ha, respectively. The determined 
mean square error was less than standard deviation and the modeling efficiency was estimated satisfactorily. In 
this research, yield production in the simulation period was evaluated higher than the observed values. In farms 
located at the end of the network, the error percentage of simulated performance was higher than other spatial 
units due to water deficit and soil salinity. In general, since there was a good consistency between simulated and 
observed crop production in Doroudzan network, distributed SWAP model can be used, with a good accuracy, 
to simulate and predict yield production and to manage irrigation network.  
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Introduction 

 
The increasing rate of population, higher living 

standards, and growing need for food, has made the 
rational and sustainable use of water and soil 
resources for agricultural products essential. 
Regarding Iran’s geography and poor distribution of 
rainfall, the limited available water should be used 
efficiently. The objective of optimal irrigation 
management is to achieve maximum yields per unit 
of water, and also protect environment sustainability, 
in order to control salinity and prevent water loss [3]. 
Management options that are determined by field 
studies are limited due to time consuming and the 
lack of adequate financial and human resources. In 
addition, they usually do not consider the longtime 

effects of various irrigation managements on crop 
yield and salinity of water. The simulation models 
can be used as a developed plan of field tests to 
alleviate these limitations [1,16]. During past 
decades, several agro-hydrological models, including 
SWAP, have been developed to simulate plant 
growth and the transport of water and salt in soils. 
The SWAP model is evaluated in different regions of 
the world, including Iran, and has shown satisfactory 
results in comparison with field measurements. 
Vazifedoust [18] applied the SWAP model to 
simulate water balance components and the 
performance of major crops in Borkhar district of 
Iran. The findings revealed that crop yield simulation 
is relatively susceptible to the following parameters: 
specific leaf area index, light use efficiency, and 
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Maximum CO2 assimilation rate. The model can be 
used to precisely predict the crop yield and soil 
moisture. Singh et al. [14] applied distributed SWAP 
model to Sira region in India, using field data and 
satellite images. The crop yield obtained using 
SWAP, under the condition of water and salt 
scarcity, showed a very significant correlation with 
the yield obtained from remote sensing and field 
data. Noory et al. [11] evaluated the Distributed 
agro-hydrological SWAP model performance to 
improve water and salt management of the Voshmgir 
Irrigation and Drainage Network in Northern Iran. In 
this research, Distributed SWAP modeling resulted 
in good agreement with measured groundwater levels 
and water balance terms. 

This study has used agro-hydrologic distributed 
SWAP modeling and geographical information 
system (GIS) to simulate crop yield of Doroudzan 
irrigation and drainage network in Fars province, 
under real conditions in regional scale. In order to 
examine the accuracy of the developed model, the 
simulation technique was run performed for dry, wet, 
and normal years. As the crop yield is the final 
indicator for evaluation of water resource 
management [9], this study can evaluate various 
irrigation management scenarios for dry, wet, and 
normal years, and choose the best option. Moreover, 
it can develop approaches to increase water use 
efficiency in the network, under the conditions of 
water resource restriction. In regard to agricultural 
water and drainage management and planning, the 
model can also suggest some guidelines for irrigation 
and drainage networks 

 
Materials and Methods 
 
Description of study area: 

 
Doroudzan irrigation and drainage network is 

located in northwest of Fars province in the southern 
Iran. Doroudzan irrigation and drainage network is 
divided into 6 development areas (Fig. 1). After more 
than 30 years of network operation, operation and 
maintenance problems such as reduction in the 
storage volume of the dam due to recent drought, 
water shortage caused by physical structure problems 
and network depreciation, changes in crop pattern, 
and problems in operational management and lack of 
integrated management of water resources at large 
scale lead to unsatisfactory performance of network 
despite all the investments. Aforementioned reasons 
arise the necessity of evaluating crop yield for 
improving operational management, as the essential 
need of network. It also reveals the necessity of 
monitoring and evaluating the performance of 
Doroudzan network in order to develop novel 
management tools, achieve optimum performance, 
and design a suitable water distribution with a 
comprehensive view to all related factors for 
integrated management of water and soil.  

Distributed SWAP modeling: 
 
SWAP is an agro-hydrological integrated model 

for simulating water flow, solute and heat transfer in 
soil, soil evaporation, plant transpiration, irrigation, 
crop growth, and crop yield management [16]. 
SWAP includes physically based modules to 
simulate irrigation practices and crop growth. Water 
movement in SWAP model is based on Richards’ 
equation: 
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where Cw is the differential water capacity (cm-

1), h soil water pressure head (cm), K hydraulic 
conductivity (cm d-1), S root water extraction (cm3 
cm-3 s-1) and z soil depth (cm). 

A finite difference scheme is used to solve Eq. 
(1) based on the initial soil hydraulic parameters and 
boundary conditions. The soil hydraulic parameters 
are defined as a relationships between hydraulic 
conductivity, soil moisture and soil water pressure 
head. In SWAP, analytical solution proposed by Van 
Genuchten [17] and Mualem [10] is used to define 
the soil moisture retention curve. Soil boundary 
condition includes potential evapotranspiration, 
irrigation and precipitation. Potential 
evapotranspiration is estimated by the Penman–
Monteith equation, using daily weather data of solar 
radiation, air temperature, humidity and wind speed 
as well as crop characteristics such as minimum crop 
resistance, surface albedo and crop height.  

Crop growth can be simulated using the simple 
crop growth algorithm of or by using a detailed crop 
growth simulation module. The latter has the 
advantage of simulating the actual and potential crop 
dry matter yield, Y and Yp respectively. It is based 
on WOFOST 6.0 (Supit et al., 1994). Dry matter 
growth rate Yp (kg dry matter ha-1 d-1) is simulated 
by computing the potential gross assimilation Apgross 

(kg CO2 ha-1 d-1) of a crop under optimal conditions 
based on incoming radiation absorbed by the crop 
canopy and photosynthetic leaf characteristics: 
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where Amax presents the maximum assimilation 

rate (kg CO2 ha-1 d-1), εPAR initial slope or light use 
efficiency (kg CO2 J

-1 absorbed), and PARL,a rate of 
absorbed radiation (J m-2 leaf d-1) at a depth L in the 
canopy. The instantaneous rates per leaf layer need to 
be integrated over the canopy leaf area index for a 
day. Taking into account water and/or salinity stress, 
TT-1

p is used to quantify actual gross assimilates (kg 
CO2 ha-1 d-1) being produced by the crop. Part of the 
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produced assimilates are used to provide energy for 
maintenance and crop respiration. The remaining net 
assimilation rates integrated over time, i.e. crop 
growth season are converted to crop dry matter yield 
(kg dry matter ha-1) using a weighted average 
conversion factor Ce (kg kg-1): 
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where the factor 30/44 stands for conversion of 

CO2 to biomass, Rm the actual maintenance 
respiration rate (kg ha-1 d-1) and N (d) is the total 
length of the growing season. The produced dry 
matter Y is partitioned among the roots, leaves, 
stems and storage organs, using conversion factors as 
function of the crop development stage (Spitters et 
al., 1989). Net increase in leaf structural dry matter 
YL and specific leaf area SLA (ha kg-1) determines the 
dynamics of LAI. On the other hand, LAI determines 
the amount of light interception and indirectly affects 
the simulated dry matter of the plant organs. More 
details of the SWAP model can be found in the 
literature [7]. 

Distributed modeling at a regional scale involves 
the representation of the region by an ensemble of 
uniform simulation units that adequately capture the 
spatio-temporally heterogeneous region. Each 
simulation unit has a specific combination of soil, 
crop, weather, irrigation amount, drainage system 
and groundwater level. For each of the simulation 
units, independent simulations are conducted, after 
which output is aggregated again to the 
developments area. 

 
Preparation of simulation input data: 

 
Data used for model input are meteorological 

data, crop cover classification, crop parameters, 
spatial and temporal distribution of irrigation water 
and drainage water amount, soil attributes, 
groundwater level and salinity. Spatial information of 
parameters were collected by weather forecasting 
organization, satellite images and existing 
geographical data in the Mahab Ghodss Consulting 
Engineering Company.  Classification of the 
network was performed based on the lands covered 
by a pond or a third class canal (field classification) 
in geographical information system (GIS), ArcView 
3.3 (ESRI), and the network was divided into 88 
uniform simulation units where the 71th and 85th 
units are not included in the Doroudzan’s network 
(Fig. 1). Due to the large number of fields and the 

lack of measured data, the results obtained from the 
fields, in each development area, have been 
summarized and presented in the findings section. 

 Parameters related to weather, soil and salinity 
of groundwater and surface water have been assumed 
to be the same in each of intended research unit. The 
crop yield in each spatial unit is determined using 
distributed SWAP model. In order to link GIS or 
EXCEL data with SWAP, a coupling program was 
written in MATLAB. This program transferred in- 
and output data from one system to another one, and 
run the model for each spatial unit. The model runs 
during the planting date of wheat ranges from the end 
of October until the beginning of June. Due to nearly 
flat topography gentle slope of the network, the 
whole area has a similar weather and climatic 
condition. Thus, Meteorological data were collected 
from Kooshkak agricultural weather station in the 
study area.  

As wheat is the most strategic product in the 
region, according to macro planning developed in 
recent years, at least three quarters of cultivated areas 
allocates to this crop every year. Wheat is cultivated 
in the first crop season and is irrigated four times a 
year. The crop SWAP-model parameters for wheat 
have been taken from the experimental data and/or 
literature [15,18,2,12]. In SWAP model, soil 
hydraulic parameters are based on the equation 
proposed by Van Genuchten [17] and Mualem [10]. 
The required coefficients for this equation were 
calculated based on soil texture, organic matter and 
soil bulk density data (Table 1). In this research, soil 
properties in each unit were determined and entered 
into the model by considering dominant soil series 
for each field. The daily rainfall data, the calculated 
rate of reference evapotranspiration and irrigation 
depth is included in the model as the components of 
upper boundary condition. The irrigation depths were 
calculated on different dates using discharge, 
duration of irrigation and cultivated area for each 
simulation unit (field). Surface irrigation is the main 
method of irrigation within the network. The major 
sources of agricultural water, within the study area 
are regulatory water of Doroudzan dam and 
underground water sources (wells). As the surface 
and groundwater sources within the network are 
utilized in combination, quantity and quality of 
surface water and groundwater sources used in each 
research unit were evaluated and entered into the 
model. It is worth mentioning that in more than 90 
percent of lands within the studied region, the 
groundwater has been at depth greater than 3 meters. 
Thus, in this study, downstream boundary condition 
is considered as free drainage. 
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Fig. 1: Development and simulation units of Doroudzan Network 

 
Table 1: Soil Properties for main soil series in Doroudzan Irrigation and Drainage Network 

EC  
(ds m-1) 

OC 
(%) 

pb 
(kg m-3) 

Si 
(%) 

C 
(%) 

Texture 
Layer 
(cm) 

Soil 
Codes 

Soil Series 

1.02 0.75 1.49 40 37 CL 0-35 
2 Beyzad 

1.08 0.74 1.48 44 48 SiC 35< 
1.24 0.71 1.24 47 37 SiCL 0-50 

3 Takht-e-Jamshid 
2.20 0.80 1.44 41 49 SiC 50< 
1.34 1.38 1.36 51 34 SiCL 0-35 

4 Marvdasht 
1.22 0.90 1.49 47 43 SiC 35< 
2.05 1.28 1.43 46 32 CL 0-30 

5 Kooshkak 
0.87 0.96 1.51 42 29 CL 30< 
1.78 1.13 1.33 55 33 SiCL 0-30 

6 Kor 
1.78 1.09 1.50 33 60 C 30< 
1.37 1.52 1.35 45 36 SiCL 0-30 

7 Ramjerd 
1.13 1.11 1.73 52 35 SiCL 30< 
1.03 0.47 1.34 49 29 SiC 0-30 

9 Jahan Abad 
1.10 0.74 1.40 33 62 C 30< 
0.92 1.03 1.32 43 29 CL 0-30 

10 Hesam Abad 
1.18 0.69 1.53 44 35 CL 30< 
12.48 1.48 1.13 59 34 SiCL 0-30 

14 Karbal 
10.76 1.09 1.33 29 63 C 30< 

C: Clay, Si: silt, L: loam, ρb: bulk density, OC: organic matter content, ECe: Electrical Conductivity 
 

Results and Discussion 
 
Calibration of distributed SWAP Model: 

 
In order to evaluate the performance of 

distributed SWAP model, it was calibrated for wheat 
crop. In this study, soil hydraulic parameters (α, n, 

Өr, λ) and crop parameters were calibrated. The 
values of soil hydraulic parameters in two soil layers 
in the network are presented in Table 2. In addition, 
the crop parameters that used in the model to 
simulate winter wheat yield within the Doroudzan 
network, are provided in Table 3. 

  
Table 2: Calibrated soil hydraulic parameters of main soil series in Doroudzan Network 

n 
(-) 

λ 
(-) 

α 
(cm-1) 

Ks 
(cm d-1) 

Өr 
(cm3 cm-3) 

Өs 
(cm3 cm-3) 

Layer 
(cm) 

Soil Series 

1.13 -3.79 0.03 23.1 0.01 0.42 0-35 
Beyzad 

1.08 -3.65 0.02 5.8 0.01 0.44 35< 
1.17 -2.31 0.02 39.4 0.01 0.50 0-50 

Takht-e-Jamshid 
1.08 -3.44 0.02 6.2 0.01 0.45 50< 
1.15 -3.31 0.03 21.9 0.01 0.46 0-35 

Marvdasht 
1.09 -3.89 0.02 7.0 0.01 0.43 35< 
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1.15 -3.58 0.03 22.3 0.01 0.44 0-30 

Kooshkak 
1.13 -3.66 0.03 14.7 0.01 0.42 30< 
1.16 -2.96 0.02 21.6 0.01 0.47 0-30 

Kor 
1.06 -3.61 0.01 2.3 0.01 0.44 30< 
1.14 -3.47 0.03 27.7 0.01 0.46 0-30 

Ramjerd 
1.08 -4.77 0.01 4.3 0.01 0.35 30< 
1.19 -2.20 0.03 30.6 0.01 0.47 0-30 

Jahan Abad 
1.07 -2.07 0.01 3.0 0.01 0.48 30< 
1.18 -2.88 0.03 40.8 0.01 0.47 0-30 

Hesam Abad 
1.11 -3.74 0.03 10.7 0.01 0.42 30< 
1.18 -2.18 0.02 31.1 0.01 0.53 0-30 

Karbal 
1.08 -1.62 0.01 3.4 0.01 0.50 30< 

Өs&Өr: Saturated & Residual water content, Ks: Saturated conductivity, α&n: Empirical shape factor, λ: Empirical coefficient 
 
Table 3: Main crop parameters of the detailed crop growth module used in the wheat yield simulations 

wheat Parameter 
1225 Temperature sum from emergence to anthesis, TSUMEA (◦C) 
980 Temperature sum from anthesis to maturity, TSUMAM (◦C) 
0.0018 Specific leaf area, Sla 
0.008 Maximum relative increase in LAI (m2 m−2 day−1) 
0.47 Light use efficiency, EFF (Kg CO2 J

-1) 
48.07 Maximum CO2 assimilation rate, Amax (Kg ha-1 hr-1) 

 
Evaluation of yield Production in the Doroudzan 
Network: 

 
To determine the validity of the model, various 

information such as daily weather data, crop 
parameters, spatial and temporal distribution of 
irrigation water, salinity of irrigation water, soil 
properties, and the depth of groundwater and its 
salinity during three wet (2006-2007), normal (2007-
2008), and dry (2008-2009) years were collected and 
processed. Using input parameters (Tables 1, 2, and 
3) and other parameters (the amount of irrigation 
water and its quality, etc.) required by the model, the 
crop yield was simulated in each unit for three 
agricultural years. The results obtained from the 
simulation of spatial units in the normal year are 
presented in Fig. 2, as an instance. As mentioned 
earlier, for the larger number of fields with very 
limited observational data from crop yield in each 
field, the outputs related to development areas within 
the network are presented. The simulation results for 
wheat grain yield and relative error percentage to 
actual performances in each development area are 
shown in Table 4. The simulation of yield production 
was very satisfactory resulting in a significant 
coefficient of determination (R2 = 0.82) between 
simulated and measured values (Fig. 3). 

In order to examine the model in terms of crop 
yield evaluation, a statistical comparison was 
performed between the simulated and observed crop 
yield. The values of statistical indicators for 
Coefficient of Determination (R2), Root Mean 
Square Error (RMSE), Standard Deviation (SD), 
Maximum Error (ME), Coefficient of Residual Mass 
(CRM), and Modeling Efficiency (ME) were 
determined, and the results for intended product have 
been presented in Table 5. The mathematical form of 
these statistical values is as below, where Pi is 
predicted values, Oi is observed values, n is the 

number of data, and  is the average of observed 

values.  
 

              (4) 
 

                        (5) 

                                       (6) 
 

                         (7) 
 

                         (8) 
 

          (9) 
 
In this study, the correlation coefficient is high, 

RSME is low, and RMSE coefficient is lower than 
SD which indicating optimal performance of the 
model. The maximum error of 0.94 ton/ha in spatial 
unites was obtained for simulation. The value of EF 
that indicates the performance of the model in terms 
of simulation was measured equal to 0.81 which is 
close to the best “1”. As can be seen in Table 5, the 
value of CRM is small and negative, showing the 
model’s tendency for larger estimation than the 
measured values. The mentioned statistical analyses 
as well as evaluation of the model using means 
comparison test (“t-test” (with %95 validity)) shows 
that wheat yield is precisely simulated by SWAP 
model.
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Fig. 2: Simulated yield using distributed SWAP in spatial units of the network 
 
Table 4: Observed and simulated wheat yield amounts (ton/ha) 

Dry Year Normal Year Wet Year 
Development 
units error 

(%) 
Simulated Observed 

error 
(%) 

Simulated Observed 
error 
(%) 

Simulated Observed 

1.6 4.3 4.3 -6.3 5.2 5.6 -4.9 6.4 6.7 1 
12.3 3.7 3.3 3.9 5.4 5.2 1.7 6.4 6.3 2 
-6.0 3.2 3.4 13.5 5.3 4.7 -10.7 5.0 5.6 3 
-6.7 2.5 2.7 4.1 4.3 4.1 -6.4 5.1 5.5 4 
40.6 2.4 1.7 30.0 3.9 3.0 1.2 4.2 4.1 5 
31.3 2.8 2.1 21.0 4.9 4.1 20.2 5.6 4.7 6 
5.0 3.1 2.9 6.6 4.7 4.4 -2.4 5.4 5.6 total 

 

 
 
Fig. 3: Observed and simulated wheat yield production in Doroudzan Network (ton/ha) 

 
The five-year study by Ruiz and Utset [13] on 

SWAP, with the aim of simulating the relative yield 
of sugarcane, also shows the model’s tendency 
toward larger estimation than actual values of the 
relative yield of product. In contrast, Verdinejad et 
al. [19] estimated the yields of barley, cotton, and 
sunflower crops higher than actual values. In the case 

of wheat, beet and onion, the estimation values were 
lower than actual values. Despite over or under 
estimations in simulating the crop yield by SWAP, 
all of the mentioned researchers acknowledged 
capability of SWAP model in estimating the crop 
yield. The difference between simulated and 
observed values of crop yield is because of 

1 : 1 
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measurement errors, spatial heterogeneity of 
measured data, and probably the lack of accuracy of 
yield reduction equation of SWAP model under 
saline and dry conditions. In addition, some 
influencing elements, with respect to production 
yield, including diseases, pests and nutrient 
deficiency are not considered in SWAP model [14]. 
Stress caused by reduction in soil moisture or 
increase in the salinity level of soil water leads to 
reduction of uptake by the root and correspondingly 
in yield. As mentioned earlier, the reduction in 
uptake level, caused by water level reduction, and 
increasing salinity are determined using equations 
proposed by Feddes et al. [4] and Maas and Huffman 
[8], respectively. The equation takes the yield of 
salinity gradient in linear form, for post threshold 
under no water stress conditions. In contrast, Kiani et 
al. [6] showed that as soil moisture changes, the 
above gradient would not remain fixed and alters to 
non-linear. Furthermore, under both salinity and 
water stresses SWAP assumes that water absorption 
function follows the product of salinity reduction 
function and water scarcity function; while, various 
researches [5,15] showed that under salinity and 
water scarcity coexisting conditions, the production 

function cannot quantify the effects of both stresses. 
Presumably, this factor has caused the model shows 
less precision under salinity and drying conditions. 
Soil and water salinity of more than 6 dS/m affects 
the wheat yield. In the Doroudzan network, the soil 
salinity in some fields located at the end of the 
network, within the development areas 5 and 6 is 
higher than 6 dS/m. In addition, the amount of water 
allocated to these development areas is less in other 
areas. As a result of this, as presented in Table 4, the 
value of wheat yield in those areas is evaluated with 
greater error percentage. 

To analyze the results further, statistical 
parameters in wet, normal, and dry years were 
determined separately and presented in Table 6. The 
statistical analyses showed the model is valid in 
simulating the wheat crop under all climatic 
conditions of Doroudzan network. It seems that the 
model achieves better results in dry year, with higher 
correlation coefficient and efficiency indicator, and 
lower root mean square error and maximum error. 
Low R2 and EF, and also underestimated the 
simulated yield during a wet year may be caused by 
irrigation, and waterlogging. 

   
Table 5: Statistical parameters for evaluating distributed SWAP for wheat yield simulation 

EF CRM ME SD RMSE R2 
0.85 -0.05 0.94 1.36 0.51 0.82 

 
Table 6: Statistical parameters for evaluating distributed SWAP during wet, normal and dry years  

EF CRM ME SD RMSE R2  year 
0.86 0.01 0.94 1.47 0.50 0.69 Wet 
0.92 -0.09 0.90 2.36 0.59 0.76 Normal 
0.96 -0.08 0.69 3.83 0.44 0.82 Dry 

 
Conclusion: 

 
The results of distributed SWAP model 

assessment showed that the model is satisfactory 
accurate in evaluating the wheat crop yield, under the 
salinity and water scarcity conditions in Doroudzan 
network, and it can be used for irrigation 
management and planning. The model achieved the 
highest agreement with measured values of wheat 
yield in dry agricultural year. In addition, due to the 
soil salinity and water scarcity in the fields located at 
the end of the network, there is a greater difference 
between simulated and actual yield in this area 
compare to other fields. It seems that the yield 
reduction function in SWAP model does not operate 
well under salinity and water scarcity coexisting 
conditions. Surface irrigation is dominant in most 
fields, therefore the irrigation efficiency, 
performance and effectiveness of water can be 
increased by improving water management policies. 
Knowing the effects of climatic changes on 
production yield and forecasting crop yield prior to 
harvest, would lead to better time management of the 
network and appropriate planning for achieving 
optimal conditions in the future. Thereby, the need 
for less or more amount of water supply in wet and 

dry years will be prevented. In this way, some 
approaches can be proposed to increase the water use 
efficiency within the network. The accuracy of the 
model’s results depends on the precision of the input 
parameters. When model is fully calibrated, without 
the spatial and temporal constraints in the field, the 
model can be used to simulate various irrigation 
scenarios. In order to achieve more accurate results 
from yield, it is suggested to measure the important 
input data such as leaf area index, solar radiation, and 
etc. precisely, and/or to assess them using satellite 
images, especially in case of wide-area networks.  
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