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Abstract
Field experiments were conducted in the cropping years 2012 and 2013 with four irrigation treatments, I1, I2, I3, and I4, 
respectively, corresponding to full irrigation, 20, 35, and 50% less than the crop water requirement in a semi-arid region of 
Iran. Data were used for calibration (2012) and validation (2013) of biomass (B), grain yield (GY), soil water content (SWC), 
canopy cover (CC), and evapotranspiration (ET) of canola by the AquaCrop model. Model coefficients were calibrated for 
I1 treatment in 2012, and the calibrated parameters were used for other treatments in both years. Based on the results, the 
NRMSE value for SWC ranged from 10 to 20%. Simulated and measured SWC for the four water treatments showed that 
AquaCrop has good accuracy. Overall, the results of the model in simulating SWC for both years were satisfactory. AquaCrop 
provided overestimation in the calibration phase of ET and underestimation in the ET validation phase. The results also 
showed that AquaCrop is overestimated in the simulation and prediction of CC and is less satisfactory under water stress. 
The model evaluation showed that AquaCrop can simulate B and GY with high accuracy. In general, AquaCrop was identi-
fied as a good tool for studying irrigation management, crop B and GY, CC, SWC, and other factors affecting the canola 
growth in the studied fields and climate.
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Introduction

Canola is one of the crops whose cultivation is increasing 
due to oilseeds and food consumption (Reddy and Redi, 
2003). In addition to its high yield potential, canola has a 
high percentage of seed oil (40 to 45%) when compared with 
other oilseeds. Currently, canola is the focus of plans for 

increasing oilseeds production in Iran. The nutritional value 
of this crop along with its adaptation to different climate 
conditions has caused this plant to be cultivated in most 
parts of Iran (Zomorodian et al. 2010). Although the pro-
duction of this product is of considerable importance in the 
food industry, the conditions of Iran’s water resources have 
led to the application of scenarios to reduce the irrigation 
water for various crops, including canola (Mousavizadeh 
et al. 2016). On the other hand, limited research budgets and 
time-consuming field experiments to investigate the crop 
response to different irrigation scenarios have resulted in 
envisaging simulation models for this purpose (Raes et al. 
2009; Geerts and Raes 2009).

Simulation models represent mutual relationship between 
the components of a system by mathematical equations 
(Wallach et al. 2019). Models are classified into four groups 
based on the relationships in the simulation process: 1. 
mathematical models, 2. experimental models, 3. static 
models, and 4. dynamic models. In the dynamic models, the 
temporal variations of variables have been considered. That 
is while static models do not have the ability to predict the 
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state of the system in future periods. The experimental mod-
els, unlike mathematical models that are completely based 
on cause-and-effect relationships between variables, have 
been developed based on regression relationships. Therefore, 
the experimental models cannot be generalized to different 
conditions and will provide appropriate results only under 
the same conditions by calibrating constant coefficients of 
equations (Overman and Scholtz 2002). Crop models are 
recognized as a valuable tool for the integrated simulation of 
processes affecting crop growth (Wallach et al. 2019). These 
models have been used in many research fields, including 
predicting the production of agricultural crops under dif-
ferent environmental and managerial conditions (Ahmadi 
et al. 2015; Sandhu and Irmak 2019) as well as scheduling 
and optimizing water and fertilizer consumption (Fang et al. 
2017a, 2017b; Liu et al. 2017). It is known that crop models 
are considered as a comprehensive tool for estimating the 
crop yield, a comprehensive combination of values under 
physiological conditions (Azam-Ali et al. 2001; Steduto 
et al. 2009) and for evaluating crop management options 
(Mabhaudhi et al. 2014). Crop models that can accurately 
estimate various crop growth parameters, soil water dynam-
ics, plant water use, and expected yield under different levels 
of irrigation can provide essential assistance to the success-
ful implementation of limited and complete irrigation man-
agement practices (Sandhu and Irmak 2019).

Given that previous simulation models had a lot of 
complexity in addition to many input parameters, exten-
sive efforts have been made by FAO to develop a model 
with high accuracy, simplicity and capability. Eventually, 
this effort led to AquaCrop, which is an engineering model 
(Nyakudya and Stroosnijder 2014). The AquaCrop model, 
whose algorithm has been developed based on the amount 
of water consumed by the plant (transpiration), is one of 
the most widely used and simplest models for simulating 
the crop growth (Raes et al. 2009; Steduto et al. 2009). 
AquaCrop is a comprehensive model, meaning that it can 
be used for a wide range of crops including fodder, vegeta-
bles, grains, fruits, oils and tubers. AquaCrop improves farm 
management strategies including planting time, plant density 
and chemical fertilizers and simulates water use performance 
and efficiency. The applications of this model include evalu-
ation of rainfed crop production in the long term, effect of 
low fertilization, actual water productivity (WP) on the farm, 
analysis of future climate scenarios, deficit irrigation sched-
uling and supplementary irrigation among others. There are 
many models that estimate the crop water requirement based 
on the plant, soil and climate systems. The AquaCrop model 
simulates the economic yield (Y) and biomass (B) of differ-
ent crops (Raes et al. 2009). Compared with other simulation 
models, AquaCrop requires fewer parameters and input data 
(including climate data, plant, farm and irrigation manage-
ment, soil and groundwater characteristics) to simulate the 

crop response to water (Mousavizadeh et al. 2016). This 
model can be used for most major crop and plant products 
worldwide. It also focuses on the plant’s response to water 
(Steduto et al. 2009). In fact, simulating crop growth with 
limited and unlimited irrigation is one of the main applica-
tions of this model (Mousavizadeh et al. 2016).

So far, extensive research has been conducted in relation 
to AquaCrop model for different crops in different countries. 
AquaCrop has been applied in different parts of the world to 
determine the crop response to water stress (Azam-Ali et al. 
2001; Steduto et al. 2009; Singels et al. 2010; Sandhu and 
Irmak 2019), develop low irrigation scheduling (Geerts et al. 
2010; Andarzian et al. 2011; Ahmadi et al. 2015), improve 
on-farm irrigation management (García-Vila et al. 2009; 
Heng et al. 2009; García-Vila and Fereres 2012), assess 
increasing crop production potential and farm management 
(Zinyengere et al. 2011; Abraha et al. 2012; Mhizha et al. 
2014), assess the impact of climate change on crop produc-
tion (Raes et al. 2009), and develop decision support tools to 
carry out farm operations (Cusicanqui et al. 2013).

So far, limited research has been done on canola using the 
AquaCrop model. There is still a lack of valuable informa-
tion about the model performance in canola plant simulation 
under different irrigation managements in arid and semi-arid 
regions (Mousavizadeh et al. 2016). The studies conducted 
by Zeleke et al. (2011), Arvaneh and Abbasi (2014) and 
Mousavizadeh et al. (2016) are among the limited stud-
ies performed on this canola using this model. Arvaneh 
and Abbasi (2014) used field data collected to calibrate 
AquaCrop. After calibration, the research simulated canola 
Y and soil water content (SWC) change using this model, 
showing that the obtained results were in acceptable agree-
ment with the field results. Zeleke et al. (2011), after evalu-
ating AquaCrop in Australia, reported that the model shows 
overestimated SWC values at the depths of 0 to 100 cm in 
most of the time during the growing season. But it can well 
simulate the SWC variation trend at these depths. They also 
reported satisfactory results from canopy cover (CC) simu-
lation, B and Y of the crop. They stated that AquaCrop’s 
prediction in severe water stress conditions was less satisfac-
tory (Zeleke et al. 2011), which has been mentioned as one 
of the shortcomings of the model in accurate simulation in 
severe water stress conditions (Mousavizadeh et al. 2016). 
Mousavizadeh et al. (2016) also calibrated and validated 
AquaCrop for canola and reported that this model has an 
acceptable ability to simulate Y and SWC values of canola. 
In general, AquaCrop is a useful and reliable tool for simu-
lating CC and evapotranspiration (ET) on a daily scale and 
simulating high-precision B and Y of grains at the end of the 
crop growth period (Mousavizadeh et al. 2016).

The above results show the need for proper AquaCrop 
calibration and validation for specific areas to improve 
the model performance in estimating the crop Y, water 
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consumption, crop growth parameters and evaluating 
limited irrigation practices to develop effective manage-
ment strategies (Sandhu and Irmak 2019). The purpose of 
this study is to calibrate and then evaluate the AquaCrop 
model in the simulation of SWC, ET, CC, B and Y spring 
canola (RGS003 variety) under different water stress con-
ditions in the arid and semi-arid regions of Iran (Karkaj, 
Tabriz). Further evaluation of the AquaCrop model using 
measured field transpiration and evaporation data to 
determine the accuracy of plant ET partitioning by the 
model is necessary to better simulate soil water and ET, 
which is very important for estimating irrigation require-
ment during crop growth period, B and Y (Sandhu and 
Irmak 2019). It should be noted that in the present study, 
drainage lysimeter and microlysimeter were used in the 
field to accurately measure transpiration and evaporation.

Methods and materials

Study area and soil description

Field experiment in 0.5 m wide furrows in 5 m long plots, 
including 8 rows of spring canola (Brassica Napus L.) 
with a density of 80 plants per square meter in a land 
area of 400 square meters in the Faculty of Agriculture 
of the University of Tabriz (Iran), located in the Karkaj 
region, was implemented during 2012 and 2013. The lon-
gitude and latitude of the region and its height above sea 
level are 46° 37′ E, 37° 03′ N and 1567.3 m, respectively. 
In both experimental years, canola was planted in early 
May and harvested in early August. Canola seeds were 
placed at a depth of one centimeter from the soil surface. 
To facilitate germination, the seeds were covered with 
aerated sand (Majnooni-heris et al. 2014). Soil samples 
were taken from different depths of the field soil to deter-
mine the physical properties of the soil using sampling 
cylinders and auger. The field capacity (FC) limit and 
permanent wilting point were measured using a pressure 
plate device. Other soil physical parameters are presented 
in Table 1.

Experimental design and treatments

In both cropping years, field experiments including four irri-
gation treatments I1, I2, I3 and I4 are, respectively, equal to 
full irrigation (without water stress), 20, 35 and 50% less 
than the canola water requirement in four replications in a 
complete random block design. Figure 1 shows images of 
different stages of canola growth in a study field. Irrigation 
restrictions were applied after the plant was fully established 
in the field. In both years, the first four irrigations were con-
sidered the same for all treatments.

Field-based drainage lysimeter was used to measure the 
plant ET. Furthermore, the rate of evaporation from the 
soil surface was calculated using a microlysimeter installed 
between the plant cultivation rows. For the required climatic 
information, the daily data of the meteorological station of 
the Faculty of Agriculture of Tabriz University were used. 
The reference ET was also calculated based on the FAO 
Penman–Monteith method using the ETo Calculator program 
(Allen et al. 1998). The irrigation schedule of the design for 
different irrigation treatments in both years is according to 
Fig. 2.

Irrigation method and determining irrigation depth

The irrigation method used in this study was closed-end fur-
row irrigation in which water was supplied to the roots using 
furrows created in the field. The first sufficient irrigation in 
both years was done after planting with the aim of wetting 
the farm soil with water. In order to fully establish the plant, 
water restriction was started from the fifth irrigation. Irriga-
tion water values increased by increasing the leaf area index 
(LAI) of canola. The last irrigation in the first (2012) and 
second (2013) experimental years was 95 and 94 days after 
planting, respectively (Fig. 2). The PR2 device was used 
to measure SWC at different depths. This device is used 
in two models PR2/4 (with 4 sensors) and PR2/6 (with 6 
sensors) to measure the water content in the vertical section 
of the soil (Khorsand et al. 2019). In this study, the PR2/6 
device was used, which was calibrated with weight-water 
content data. The pipes of this device were placed in the 
middle of different plots. Before each irrigation, SWC was 
read using PR2 at the depths of 10, 20, 30, 40, 50, 60 and 

Table 1   Physical properties of the experimental soil

Clay (< 0.002 mm), silt (0.002 – 0.05 mm), sand (0.05 – 2 mm) (USDA classification). FC: field capacity; PWP: permanent wilting point; SAT: 
Saturation; BD: bulk density

Soil depth(cm) Particle size distribution (%) Texture class FC(cm3 cm−3) PWP(cm3 cm−3) SAT(cm3 cm−3) BD(g cm−3)

Clay Silt Sand

0–30 12.2 24.2 63.6 Sandy Loam 0.280 0.120 0.410 1.58
30–60 12.5 24.8 62.7 Sandy Loam 0.282 0.123 0.412 1.56
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100 cm. In each irrigation, the amount of soil water short-
age and subsequently the water required for the treatments 
that received full irrigation water was determined by the 
following equation:

where n is the number of layers to the depth of root devel-
opment, i denotes the number of each layer, d represents 
the depth of irrigation water (cm), �fi and �i , respectively, 
represents the FC and the available water in the soil before 
irrigation (cm3 cm−3) in layer i and Δz denotes the thickness 
of the layer (cm). The required volume of water for each 

(1)d =

n∑
i=1

(
�fi − �i

)
Δz

treatment was delivered using a counter meter during irri-
gation. The irrigation period of canola in the present study 
was seven days.

AquaCrop description

The AquaCrop model is one of the crop models developed 
by FAO with a focus on water use productivity. It is also 
used as an analytical tool to study the effect of different 
agricultural management scenarios (Steduto et al. 2009). 
AquaCrop, while simulating the daily water balance which 
is the basis of B and WP simulations, separates ET into 
evaporation from the soil surface (E) and transpiration from 
the plant surface (Tr). This feature distinguishes AquaCrop 

Fig. 1   View of the research 
farm; preparation A vegetative 
B flowering C and maturation 
D stages

Fig. 2   Irrigation depth values I in the days after planting (DAP) in the first and second crop year
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from other crop growth models (Abedinpour et al. 2012). 
In AquaCrop, water is recognized as a determinant of crop 
productivity. Therefore, the daily Tr of the plant and the 
normalized productivity factor is converted to B (Raes et al. 
2009). This model is able to simulate the Y obtained from 
plant products under different managements and environ-
mental conditions using several plant parameters and a small 
number of input variables (Vanuytrecht et al. 2014b). Har-
vestable Y is a function of B and the harvest index, thereby 
differentiating the effect of environmental stresses on B and 
the harvest index (Ahmadi et al. 2015).

In AquaCrop, an accurate CC estimation plays an impor-
tant role in the modeling process and, ultimately, the accu-
racy of the model performance. In this model, the CC devel-
opment is expressed by the CC growth curve (Steduto et al. 
2009). To measure the leaf area of canola, a mobile leaf area 
measuring device was used several times during the grow-
ing season. The AquaCrop model does not use LAI directly 
but uses CC. Therefore, the following experimental equation 
was used to convert LAI to CC in AquaCrop (Garcia-Villa 
et al., 2009):

Calibration, validation and assessment of AquaCrop

Calibration is the estimation of model parameters in a way 
that the difference between the measured values and its 
computational values estimated by the model is minimized 
(Singh 2004). In this study, calibration was done manually 
and by applying ± 10% of the default value in the AquaCrop 
model for each of the parameters, calibration was done. The 
model evaluation is to prove the efficiency of the model 
for future use. The purpose of calibration is to adjust the 
parameters and inputs of the model with least uncertainty 
(Khorsand et al. 2014a). The efficiency of a model is evalu-
ated through calibration and evaluation of the model for 
the set goals (Osmani et al. 2013). In the present study, the 
model parameters were calibrated using 2012 data and vali-
dated using 2013 data. First, the calibrated parameters were 
adjusted for SWC and Y of canola seed and then for ET, CC 
and B (Mousavizadeh et al. 2016). The calibration process 
was performed focusing on the treatment I1 and then the 
treatments I2, I3 and I4 until the best compatible parameters 
were achieved. Then, the calibrated model was used for vali-
dation without changing the calibrated parameters (Ahmadi 
et al. 2015). Table 2 presents the calibrated parameters of 
the AquaCrop model in two groups of conservative and non-
conservative parameters for spring canola.

Conservative parameters depend on the type of plant 
and factors such as time and place. The amount of these 

(2)CC =

(
1 − e−0.77(LAI)

)
(
1 + e−0.77(LAI)

)

parameters is affected by management conditions (Raes et al. 
2009). In other words, these parameters are essentially the 
same sensitive parameters in the model that need to be cali-
brated (Mousavizadeh et al. 2016). But in different environ-
mental and managerial conditions, the sensitivity of each of 
these parameters and the effect of the changes of each on the 
output of the model vary.

Given that no measurement alone can show how a model 
has performed the simulation effectively, a combination of 
statistical indicators is used to evaluate the model (Gauch 
et al. 2003; Iqbal et al. 2014). To evaluate and measure the 
validity of AquaCrop, the indicators of normalized root 
mean square error (NRMSE), relative error (RE), index of 
agreement (d), root mean square error (RMSE) and coef-
ficient of determination (R2) were used.

In these equations, n is the number of measurements, Oi 
and Si measured and predicted values, and O and S mean 
measured and predicted values.

The NRMSE index measures the relative difference 
between observational and simulated data and shows the per-
centage of the simulation error. The excellent NRMSE value 
for modeling is less than 10%. NRMSE lying in the ranges 
of 10 to 20% and 20 to 30%, respectively, indicates the good 
and moderate condition of the model in forecasts while in 
the ranges more than 30% it indicates uncertainty of the 
model (Raes et al. 2012). A positive value of RE indicates an 
underestimation of the model, and a negative value indicates 
an overestimation of the model (Singh et al. 2008). The d 
index is widely used to evaluate the performance of models. 

(3)NRMES =
1

O
×

√√√√1

n

n∑
i=1

(Si − Oi)
2 × 100

(4)RE =

n∑
i=1

(
Oi − Si

Oi

)
× 100

(5)d = 1 −

n∑
i=1

(Si − Oi)
2

n∑
i=1

(
���Si − O

��� +
���Oi − O

���)2

(6)RMSE =

√√√√1

n

n∑
i=1

(Si − Oi)
2

(7)R2 =

⎡⎢⎢⎢⎢⎣

n∑
i=1

(Oi − O)(Si − S)

�∑n

i=1
(Oi − O)2(Si − S)2

⎤⎥⎥⎥⎥⎦

2
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This indicator shows the degree of agreement between the 
observed and measured data. This index is non-dimensional, 
and its variation range is between zero and one. The closer 
the value of this index is to one, the higher the compliance 
rate with the value of one indicating the best fitness (Will-
mott 1982). The RMSE index indicates the absolute uncer-
tainty of the model. If this index is lower and closer to zero, 
it shows the better estimation of the model. R2 is the measure 
of dispersion between the predicted and measured values 
and varies between zero and one (Moriasi et al. 2007).

Results and discussion

Soil water content (SWC)

The simulated and measured SWC values can be only 
observed for the I1 treatment during the dynamic calibra-
tion and validation steps in Figs. 3 and 4. The values of 

statistical indices for water treatments in the calibration 
and evaluation steps of the model are presented in Table 3 
and 4, respectively. According to these tables, the NRMSE 
index was calculated for SWC for both years (calibration 
and validation), which was in the range of 10 to 20%. The 
SWC simulated and measured in the root development area 
(depths of 0–10, 10–20, 20–30 and 30–40 cm) for four 
water treatments showed that the AquaCrop model has an 
acceptable capability (appropriate accuracy) in the predic-
tion of SWC.

Zeleke et al. (2011) confirmed that AquaCrop reliably 
simulates the amount and trend of SWC for canola, but 
tends to overestimate during the harvest season. Arvaneh 
and Abbasi (2014) also examined changes in the water con-
tent. The results were such that the measured values of SWC 
varied from 32 to 39% during the growing season of canola. 
AquaCrop simulated changes in SWC from 32 to 37%, which 
was in good agreement with the measured values. The small 
difference between the measurement and simulation values 

Table 2   List of parameters of 
AquaCrop model for spring 
canola in the in the Karkag of 
Tabriz

Parameters Values Units

1) Conservative
Base temperature 5 °C
Upper temperature 40 °C
Canopy size seedling 5.0 cm2 plant−1

Canopy growth coefficient, CGC​ 7.3 % day−1

Canopy decline coefficient, CDC 8.4 % day−1

Soil water depletion threshold for canopy expansion, Pupper 0.2 –
Soil water depletion threshold for canopy expansion, Plower 0.55 –
Shape factor for water stress coefficient for canopy expansion 3.5 –
Soil water depletion threshold for stomatal control, Pupper 0.65 –
Shape factor for water stress coefficient for stomatal control 5.0 –
Soil water depletion threshold for canopy senescence, Pupper 0.7 –
Shape factor for water stress coefficient for canopy senescence 3.0 –
Soil water depletion factor for pollination (p–pol), Pupper 0.85 –
Normalized water productivity, WP* 15.3 g m−2

Crop Transpiration, KcTr,x 1.0 –
2) Non-conservative
Plant density 800,000 plants ha−1

Initial canopy cover, CCo 4.0 %
Maximum canopy cover, CCx 87 %
Time from sowing to emergence 10 day
To maximum canopy cover 87 day
Time from sowing to flowering 79 day
Time from sowing to start senescence 89 day
Time from sowing to maturity 114 day
Length of the flowering stage 15 day
Duration of flowering 21 day
Maximum effective rooting depth 79 cm
Minimum effective rooting depth 30 cm
Reference harvest index, HIo 17 %
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at the beginning of the crop season may have been due to an 
error in measuring the initial SWC studied.

Other studies have reported the desirable performance 
of the AquaCrop model in SWC simulations for a variety 
of crops, including wheat (Andarzian et al. 2011; Zhang 
et al. 2013; Khorsand et al. 2014b), maize (Hsiao et al. 2009; 
Ahmadi et al. 2015), cotton (Farahani et al. 2009; Hussein 
et al. 2011), and teff (Araya et al. 2010b). In a study by 
Andarzian et al. (2011) for wheat, SWC was estimated with 
excellent accuracy (NRMSE less than 10%). The results 
obtained by Khorsand et al. (2014b) showed that AquaCrop 
predicts SWC with relatively good accuracy. They also cal-
culated NRMSE statistics for wheat varieties in the range 
of 10 to 20%. According to Hussein et al. (2011), the model 
prediction of SWC in soil profiles was close to the general 
trend of measurements.

According to Table 3, the NRMSE value increased from 
treatment I1 to I4. Therefore, the model performed better 
in the SWC simulation in stress-free treatment (I1) than in 
other treatments. NRMSEmax also occurred in the treat-
ment I4 (severe water stress) whose values in the calibration 
and validation stages were 18.13 and 16.72%, respectively. 
AquaCrop does the simulation well when water is avail-
able to plants. But by increasing the water stress, the model 
results become less satisfactory (Mousavizadeh et al. 2016).

In this study, the RE values in the calibration and evalu-
ation steps of the model were negative for the treatments I1 
and I2 and positive for the treatments I3 and I4. This index 
showed that the model tends to overestimate SWC in the 
treatments I1 and I2 and tends to underestimate in the treat-
ments I3 and I4. Farahani et al. (2009) reported for cotton 
that AquaCrop simulates the total water content of the soil 

Fig. 3   The observed and simu-
lated volumetric SWC profiles 
in I1 treatment (full irrigation) 
for year 2012 (calibration)

Fig. 4   The observed and simu-
lated volumetric SWC profiles 
in I1 treatment (full irrigation) 
for year 2013 (validation)
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profile in an acceptable way. However, there is a constant 
tendency to overestimate the total SWC, especially in deficit 
irrigation treatment. They also said that this model tends to 
overestimate in the surface layer of soil and tends to under-
estimate in deeper layers. Araya et al. (2010b) for teff con-
firmed an estimate of less than the SWC of the simulated 
using AquaCrop under high stress conditions. In general, 
however, there was a perfect compliance between the simu-
lation and measurement datasets.

According to the results (Table 3 and 4), the dispersion of 
measurement and prediction values relative to each other is 
relatively high, as shown by the R2 index. Overall, this model 
predicted SWC to be lower than the actual values, which is 

confirmed by the equation coefficient of fitness line below 
one in both the calibration and validation stages. In fact, 
the SWC underestimation of this study for canola is con-
sistent with the results of other studies conducted for vari-
ous crops, including maize (Biazin and Stroosnijder 2012; 
Mebane et al. 2013) and wheat (Mkhabela and Bullock 
2012; Khorsand et al. 2014b; Iqbal et al. 2014). In contrast, 
other studies for canola (Zeleke et al. 2011), maize (Hsiao 
et al. 2009; Paredes et al., 2014; Ahmadi et al. 2015), and 
cotton (Farahani et al. 2009) have shown that the AquaCrop 
model predicts SWC more than the observable values. These 
discrepancies may have a variety of causes that can lead to 
underestimation or overestimation of SWC (Farahani et al. 

Table 3   The statistical results for SWC, ET, CC, B and GY for year 2012 (calibration procedure)

Statistical indicators/ Treat-
ment

Soil Water Content (SWC) Average Standard 
deviation

I1 I2 I3 I4

NRMSE (%) 15.40 16.89 16.98 18.13 16.85 0.97
RE (%)  − 0.61  − 1.80 5.49 1.73 1.20 2.78
d 0.80 0.70 0.87 0.88 0.81 0.07
R2 0.63 0.59 0.70 0.69 0.65 0.04

Statistical indicators/ Treatment Total Evapotranspiration (ET) Average Standard 
deviationI1 (full irrigation)

NRMSE (%) 28.59 – –
RE (%)  − 3.11 – –
d 0.87 – –
R2 0.60 – –

Statistical indicators/ Treat-
ment

Canopy Cover (CC) Average Standard 
deviation

I1 I2 I3 I4

NRMSE (%) 6.53 10.76 9.91 11.41 9.65 1.88
RE (%)  − 4.39  − 12.40  − 5.10  − 5.15  − 6.76 3.27
d 0.98 0.97 0.96 0.89 0.95 0.04
R2 0.97 0.87 0.84 0.64 0.83 0.12

Statistical indicators/ Treat-
ment

Biomass (B) Average Standard 
deviation

I1 I2 I3 I4

RMSE (t ha−1) 1.16 0.91 0.67 0.80 0.89 0.18
RE (%)  − 1.12  − 1.17  − 1.14  − 1.75  − 1.29 0.26
d 0.96 0.98 0.98 0.95 0.97 0.01
R2 0.90 0.89 0.89 0.76 0.86 0.06

Statistical indicators/ Treat-
ment

Final Grain Yield (GY) Average Standard 
deviation

I1 I2 I3 I4

Observed (t ha−1) 1.84 1.69 1.37 0.98 1.47 0.33
Simulated (t ha−1) 1.68 1.66 1.35 1.04 1.43 0.26
RE (%) 8.73 1.21 1.19  − 6.13 1.25 5.25
NRMSE (%) 5.90  −   − 
d 0.98  −   − 
R2 0.93  −   − 
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2009; Zeleke et al. 2011; Khorsand et al. 2014b; Ahmadi 
et al. 2015) or accurate estimation of SWC (Araya et al. 
2010b; Andarzian et al. 2011), which are explained below.

One reason is that soil is heterogeneous throughout the 
field. Therefore, the model cannot consider soil variability 
in the SWC simulation. Another reason for the compo-
nents of the soil–water balance of the model is that it starts 
drainage at SWC or above the FC and probably begins to 
penetrate deep into the water content below FC (Zeleke 
et al. 2011; Ahmadi et al. 2015). Khorsand et al. (2014b) 
attributed the possible reasons for the underestimation 
of the model to the type of equation governing the water 
balance in which some factors affecting the movement of 

water such as preferential currents and the phenomenon 
of hysteresis are not considered. According to Paredes 
et al. (2014), the variability of soil structure, the presence 
of large pores and soil crusts can increase the drainage 
through the preferential flow. Depending on the formation, 
soil crusts can be biological (microorganisms) or physi-
cal (raindrops). Moreover, Paredes et al. (2014) attributed 
another important reason to the choice of unregulated plant 
coefficient (Kc). Finally, they said that AquaCrop could not 
be used for irrigation scheduling purposes. Selecting an 
accurate Kc can have a significant effect on the accurate 
modeling of SWC, E and Tr (Ahmadi et al. 2015).

Table 4   The statistical results for SWC, ET, CC, B and GY for year 2013 (validation procedure)

Statistical indicators/ Treatment Soil Water Content (SWC) Average

I1 I2 I3 I4

NRMSE (%) 15.99 14.88 16.54 16.72 16.03
RE (%)  − 7.80  − 0.88 3.43 2.37  − 0.72
d 0.68 0.76 0.82 0.82 0.77
R2 0.50 0.59 0.58 0.58 0.56

Statistical indicators/ Treatment Total Evapotranspiration (ET) Average
I1 (full irrigation) Average

NRMSE (%) 27.43  − 
RE (%) 5.13  − 
d 0.89  − 
R2 0.68  − 

Statistical indicators/ Treatment Canopy Cover (CC) Average

I1 I2 I3 I4

NRMSE (%) 11.18 11.41 8.94 9.12 10.16
RE (%)  − 23.42  − 26.58  − 17.02  − 3.76  − 17.69
d 0.96 0.95 0.94 0.89 0.94
R2 0.83 0.81 0.78 0.59 0.75

Statistical indicators/ Treatment Biomass (B) Average

I1 I2 I3 I4

RMSE (t ha−1) 1.61 1.15 0.26 0.35 0.84
RE (%) 0.07  − 0.03  − 0.09  − 0.04  − 0.02
d 0.92 0.95 0.99 0.98 0.96
R2 0.89 0.93 0.98 0.94 0.94

Statistical indicators/ Treatment Final Grain Yield (GY) Average

I1 I2 I3 I4

Observed (t ha−1) 1.79 1.59 1.25 1.13 1.44
Simulated (t ha−1) 1.70 1.68 1.37 1.03 1.45
RE (%) 4.87  − 5.45  − 10.10 8.95  − 0.43
NRMSE (%) 7.05  − 
d 0.96  − 
R2 0.86  − 
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According to Figs. 3 and 4, the simulated SWC values 
at a depth of 30–40 cm were predicted with less accuracy 
(almost linearly) by the model. One of the reasons for this is 
the reduction of water absorption by the roots at this depth. 
It should also be noted that this factor can be considered as 
AquaCrop’s weakness in estimating SWC at lower depths. 
Accurate information about the root distribution, main root 
length and longitudinal root density in the model leads to 
accurate SWC prediction because it also directly affects Tr 
simulation (Ahmadi et al. 2015). Overall, the results of the 
AquaCrop model in the SWC simulation for both years of 
2012 and 2013 were satisfactory. The calibrated parameters 
in SWC were acceptable because statistical indicators were 
good in evaluating the results (Table 4).

Evapotranspiration (ET)

As mentioned earlier, AquaCrop is capable of separating E 
and Tr. In this section, the cumulative ET, Tr and E results 
simulated by the model with the measured values for the 
control treatment (I1) in the days after planting (DAP) of 
canola (106 days for 2012 and 112 days for 2013) are shown 
in Fig. 5. Two points can be found according to Fig. 5.

First, AquaCrop simulates Tr better and more accurately 
than E. Second, the cumulative ET simulated by the model 
was higher than the values measured at the beginning of the 

canola growth period. At the end of the crop growth period, 
however, the simulated and measured ET values came so 
close to each other that this result is seen to be consistent 
with the results obtained by Mousavizadeh et al. (2016) for 
canola.

The values of NRMSE, RE, d and R2 statistics for ET 
in the calibration and validation steps for I1 treatment 
are reported in Table 3 and 4. According to Table 3 and 
4, NRMSE was obtained in the stages of calibration and 
evaluation of ET at 28.59% and 27.43%, respectively, which 
showed that the model has a moderate status in the ET simu-
lation and estimation. Furthermore, the negative and positive 
values of the RE index were obtained, respectively, in the 
calibration and evaluation steps of Canola ET, which showed 
that AquaCrop is overestimated in the calibration step and 
underestimated in the validation stage. The ET value of 
canola in 2012 and 2013 was 489.0 and 500.98 mm, respec-
tively, which were estimated at 504.20 and 475.30 mm by 
the model, respectively. Canola is less resistant than other 
cereal crops (including wheat and barley) to water shortages. 
The amount of water consumed by the canola crop from 
planting to harvest can vary from 160 to 180 mm (in low 
rainfall) and 400 to 500 mm in optimal conditions (Zeleke 
et al. 2011).

In a study conducted by Zeleke et al. (2011), the canola 
potential ET during growth period was 356.0 mm; while the 

Fig. 5   Cumulative ET, Tr and 
E observed and simulated by 
model in I1 treatment for years 
of 2012 and 2013



Applied Water Science (2024) 14:56	 Page 11 of 18  56

actual ET was 330.0 mm. In AquaCrop, the actual ET was 
divided into 82.0 mm E and 248.0 mm Tr. Under real condi-
tions, salinity, temperature, water, fertility, pest and wetland 
stresses may reduce ET relative to potential conditions. The 
actual Tr of canola was 100% of the potential Tr during the 
season, indicating that the difference between the actual ET 
and the potential ET resulted from the differences in E. This 
result means that the plant’s water requirement has been met 
and the plant has not been under stress (Zeleke et al. 2011). 
In the study conducted by Arvaneh and Abbasi (2014) at the 
beginning of the growing season of canola, due to the empty 
soil surface of CC, the value of E was higher than Tr, and in 
the middle and end of the growing season, the value of Tr 
was higher than the value of E. Their research, which was 
conducted in a four-hectare and a one-hectare field, found 
that the ET value of canola by AquaCrop during the grow-
ing season was 308.8 and 259.4 mm, respectively, for the 
fields. These values were less than the total water consumed 
by canola during the growing season. Therefore, the results 
showed that the model has underestimation (Arvaneh and 
Abbasi 2014). Mousavizadeh et al. (2016) simulated ET 
of canola by AquaCrop slightly higher than the measured 
values, but the results were satisfactory. The results of the 
present study in the calibration step of ET of canola in terms 
of RE index were consistent with the results obtained by 
Mousavizadeh et al. (2016).

The results of various studies reviewed for ET simulation 
by AquaCrop are as follows: The results obtained by Heng 
et al. (2009) showed that AquaCrop is able to simulate the 
plant ET with moderate accuracy in semi-arid regions. But 
in hot and dry areas, the model has poor performance. Kat-
erji et al. (2013) concluded that the ET model simulates the 
plant less than the measured values. When deficit irrigation 
is high, the underestimation of ET by the model is high. In 
general, according to them, the quality of ET simulation by 
AquaCrop is poor. But Garcia-Vila et al. (2009) found a bet-
ter correlation between the measured and simulated ET val-
ues for treatments with low ET values. Paredes et al. (2014) 
in their study stated that AquaCrop is more accurate in pre-
dicting the seasonal plant ET without overestimation and 
underestimation. They also cited the SWC overestimation 
trend (discussed in the previous section) as the result of an 
incorrect division of Tr (model tendency to overestimation) 
and E (model tendency to underestimation) by AquaCrop. 
Sandhu and Irmak (2019) observed in the model evaluation 
step the underestimation trend of plant ET by AquaCrop 
(except rainfed treatments), which was consistent with the 
results of the present study in the model evaluation step. 
Sandhu and Irmak (2019) also attributed the inaccuracy in 
the ET simulation to the SWC simulation, which in many 
cases was not simulated with sufficient accuracy by the 
model. Calibration coefficients such as KcTr (plant transpira-
tion coefficient) and Ke (soil surface evaporation coefficient) 

are effective in accurate ET simulation (Mousavizadeh et al. 
2016). According to Pereira et al. (2015), calibrated param-
eters such as KcTr,x (crop transpiration) and CCx parameters 
(CC coefficient of maximum plant density under optimal 
conditions) are changed internally by AquaCrop. This fact 
indicates a problem with the use of AquaCrop because the 
user has no control over the parameter and calibration pro-
cesses (Mousavizadeh et al. 2016).

Canopy cover (CC)

CC is a very important parameter mainly because it shows 
how the crops grow and develop during their growth period 
as well as the periods when the plants are subjected to stress 
(Mousavizadeh et al. 2016). CC simulation and forecasting 
by AquaCrop were performed at 24, 44, 56, 63, 71, 77 and 
85 days for calibration and at 38, 42, 50, 57, 64, 75 and 
83 days for evaluation in four water treatments. Figures 6 
and 7 present comparison of the CC measurements and 
simulations. Meantime, the values of statistical indicators 
for CC in the calibration and evaluation steps are reported 
in Table 3 and 4.

According to Table 3 and 4, the range of NRMSE in the 
calibration and evaluation steps of CC was obtained between 
6 and 12 (%) and 8 to 12 (%), respectively. RE statistical 
values for CC in the calibration and evaluation process were 
negative for all four water treatments. Therefore, the nega-
tive values of this statistic showed that the model is over-
estimated in simulating and predicting the CC parameter 
of canola. The reasons for the underestimation and overes-
timation of the AquaCrop model are fully discussed in the 
sections B and GY.

According to Figs.  6 and 7, it can be found that the 
AquaCrop model at the beginning and end of the canola 
growth period could not accurately adapt to the measured 
CC parameter. The results obtained by Zeleke et al. (2011) 
in the validation phase for canola showed that CC started 
with a slight non-compliance from planting to flowering 
(early growth period), which is consistent with the valida-
tion results of the present study. CC has a greater effect on 
B than on other simulated parameters. In AquaCrop, as the 
crop approaches maturity (end of the growing season), CC 
is in a declining phase due to the aging of the plant’s leaves. 
Therefore, CC is less satisfactory at the end of the plant 
growing season (Abedinpour et al. 2012; Mousavizadeh 
et al. 2016). In the study conducted by Xiangxiang et al. 
(2013), CC simulations for full irrigation (without stress) 
were well adapted to the field data at all winter wheat growth 
stages. The results of studies on cotton and canola plants 
also showed that the model in CC simulation under water 
stress is less satisfactory (Farahani et al. 2009; Zeleke et al. 
2011; Mousavizadeh et al. 2016), which is consistent with 
the results of the present study.
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The results of research conducted to simulate CC in dif-
ferent plants in terms of statistical indicators are as follows. 
Zeleke et al. (2011) obtained RMSE values for Hyola50 (cal-
ibration) and Skipton (evaluation) varieties of canola at 8.4 
and 9.8%, respectively. Mabhaudhi et al. (2014) calculated 
the values of RMSE, d and R2 indices for the Taro plant at 
2.38%, 0.92 and 0.79, respectively. Kim and Kaluarachchi 
(2015) used the AquaCrop model for the simulation and the 
remote sensing (RS) to predict CC under normal conditions 
for three plants. They obtained the efficiency coefficients for 
maize, barley and alfalfa in the calibration step (AquaCrop) 
at 0.94, 0.85 and 0.99, respectively, and in the evaluation 
step (RS) at 0.88, 0.92 and 0.80, respectively. Sandhu and 

Irmak (2019) for maize also obtained a smaller NRMSE 
error value in 2009 and 2010 equal to 15.6% (excluding 
minor differences in 2010) for the daily CC simulation. As 
CC is affected by both water stress and severe temperature 
stress, AquaCrop should be well calibrated for all stresses 
that may affect the simulation results (Andarzian et al. 2011; 
Mousavizadeh et al. 2016).

Biomass (B)

The B and GY performance are the main economic mem-
bers of crops and that is why plant development models are 
targeted for acceptable simulations (Ahmadi et al. 2015). 

Fig. 6   The observed and simu-
lated CC in total treatments for 
year 2012 (calibration)

Fig. 7   The observed and simu-
lated CC in total treatments for 
year 2013 (validation)
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By simulating the water conditions that affect crop growth, 
the B results can be further discussed (Mousavizadeh et al. 
2016). In the present study, the simulation and dynamic 
prediction of B by the AquaCrop model at 24, 43, 47, 50, 
52, 56, 63, 71, 77, 85, 92 and 100 days after irrigation for 
calibration and at 38, 42, 50, 57, 64, 71, 79 and 100 days 
after irrigation were validated in four water treatments. The 
values of calibration and validation statistical indices for 
B are presented in Table 3 and 4. Moreover, the dynamic 
results B for all four irrigation treatments on different days 
after canola planting are shown in Figs. 8 and 9.

According to Table 3 and 4, the RMSE range in the 
dynamic calibration B was obtained between 0.6 and 1.2 
(t ha−1). The value of this statistic for the treatments I2, I3 
and I4 showed that the model has moderate accuracy. Mean-
time, the RMSE range in dynamic evaluation B was obtained 
between 0.2 and 1.7 (t ha−1). The value of this statistic for 
the two treatments I3 and I4 showed that the model has good 
accuracy, but for the two treatments I1 and I2 the RMSE 
value was calculated to be more than one (t ha−1). Moreover, 
RMSEMax for treatment I1 is obtained at 1.16 and 1.61 (t 
ha−1) and RMSEMin for treatment I3 at 0.67 and 0.26 (t ha−1) 

Fig. 8   The observed and simu-
lated B in total treatments for 
year 2012 (calibration)

Fig. 9   The observed and simu-
lated B in total treatments for 
year 2013 (validation)
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by the model in the calibration and validation steps, respec-
tively. Zeleke et al. (2011) tested the AquaCrop model for 
dynamic B study of two canola varieties (Hyola50 variety 
for calibration and Skipton variety for validation). Based 
on the results, the percentage of deviation from canola B in 
the calibration and evaluation steps was calculated to be 1.2 
and − 9.7%, respectively. Furthermore, the RMSE of calibra-
tion and evaluation of 2.10 and 2.58 (t ha−1) was obtained, 
respectively. The RMSE values obtained by Zeleke et al.’s 
(2011) were doubled the mean RMSE values of the present 
study. They also obtained the index d during calibration and 
validation steps for B at 0.97 and 0.95, respectively. This is 
consistent with the results of the present study where the 
mean index d values of 0.97 and 0.96 were obtained during 
the calibration and validation steps, respectively. In the study 
conducted by Mousavizadeh et al. (2016) in Shiraz (Iran) 
on canola with five irrigation treatments, RMSE values of 
0.92 and 0.84 (t ha−1) were obtained in the calibration and 
evaluation steps, respectively, which are also consistent with 
the results of this study.

In the present study, the RE index showed that the model 
in the prediction B provides the simulation with values 
higher than those measured in the calibration phase. Moreo-
ver, this index tends to overestimate in the evaluation step 
(except for treatment I1) and tends from negative values ​​of 
the calibration step to almost zero in the evaluation step 
(Table 3 and 4). In general, according to the values of sta-
tistical indicators (Table 3 and 4), the results provided by 
AquaCrop have been improved for the second year, which 
can be attributed to the high accuracy of the calibration 
method (applying ± 10% changes to the calibrated param-
eters) for the first year and also an increase in the accuracy 
of field measurements in the second year. Differences in ten-
dency to overestimate and underestimate of B in AquaCrop 
model depend on various factors such as stresses (water, 
temperature, salinity and pests), irrigation system and man-
agement, environmental conditions (soil types, fertilizers, 
soil water characteristics and available water in soil), the 
quality of field measurement data and ultimately the accu-
racy of the calibration method (Heng et al. 2009; Abedin-
pour et al. 2012; Paredes et al., 2014; Ahmadi et al. 2015; 
Amiri et al. 2018).

Mousavizadeh et al. (2016) in a study on canola at the 
validation level showed that AquaCrop could not accu-
rately simulate B during the growth season. This model 
needs to be modified and improved for the accurate simu-
lation of GY. The comments of this study are inconsistent 
with the results of the present study for canola because 
the results of the model were appropriate for the second 
year (validation) in this study. Ahmadi et al. (2015) con-
cluded that AquaCrop in the calibration phase estimates 
B more than the measured values. Meanwhile, the model 
in the validation stage at the beginning and end of the 

crop growth season for deficit irrigation treatments has 
tendency to overestimate and underestimate, respectively. 
The results obtained by Ahmadi et al. (2015) for maize 
are consistent with the results of the present study by the 
AquaCrop model.

In several studies, the B of different plants such as 
wheat, maize, barley and teff was examined by the 
AquaCrop model, which is discussed below.

Andarzian et al. (2011) reported the statistical param-
eters NRMSE and index d at 4.4% and 0.97, respectively, 
to predict the B of wheat. Another study was conducted on 
the South China Plateau to investigate the performance of 
the AquaCrop model on wheat crop in rainfed conditions, 
and perennial field test data were used to calibrate and val-
idate the model in B and GY simulations. According to the 
results, the RMSE statistical range of 0.16 to 0.38 (t ha−1) 
was considered for the B simulation and 0.5 to 1.44 (t 
ha−1) for GY. In general, the performance of the model for 
simulating Y was more accurate than for B, and the model 
was able to simulate the GY of wheat in rainfed condi-
tions (Zhang et al. 2013). Iqbal et al. (2014) presented 
investigations on wheat in northern China for B and Y for 
the years 1999–2000 and 2000–2001 to show that there is 
a relatively good consistency between the measured and 
simulated values. They also stated that major deviations 
were observed under severe stress conditions. Their overall 
results showed that AquaCrop is a valid model and can be 
used to optimize Y and B with a confident accuracy and 
precision of the model (Iqbal et al. 2014). Abedinpour 
et al. (2012) examined maize with different treatments of 
full and deficit irrigation by the model. According to the 
results, the harvesting estimation error was between 1.7 
and 3.6%. Araya et al. (2010a, 2010b) reported the error 
range of ‒ 0.13 to 15.1% and ‒ 2.8 to 8.5% for B of barley 
and teff by AquaCrop, respectively.

In a study by Mabhaudhi et al. (2014) on the Taro plant 
in South Africa concluded that the model simulations for 
crop B and Y are very satisfactory. Despite the obvious 
challenges of the model in CC simulation in rainfed con-
ditions, the model was able to successfully simulate the 
final B and Y. According to researchers, the AquaCrop 
model is not accurate enough in simulating the aging stage 
of the plant and has caused premature aging under water 
stress (Zeleke et al. 2011; Ahmadi et al. 2015). Because 
of the weakness of the model, Ahmadi et al. (2015) sug-
gested that the future versions of AquaCrop require modi-
fications and revisions in the crop growth development 
equations. Zeleke et al. (2011) also emphasized the impor-
tance of accurate modification of crop growth parameters 
to increase the efficiency of the crop model. It should be 
noted that in the present study, this model was sufficiently 
accurate in deficit irrigation treatments, especially in the 
B evaluation step.
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Final grain yield (GY)

Figure 10 presents a comparison of the calculated and pre-
dicted GY values provided by the model during the calibra-
tion and validation steps. The quantitative values of model 
evaluation and validity measurement parameters in the GY 
prediction of canola are also reported in Table 3 and 4. 
Based on the results, the model simulated the crop GY with 
appropriate accuracy.

The NRMSE values for both years were less than 10%, 
showing that the GY modeling is ideal according to this 
statistic. The values of this statistic for GY in the calibra-
tion and evaluation steps were 5.90 and 7.05%, respectively. 
In the research conducted by Mousavizadeh et al. (2016), 
the NRMSE values for the GY of canola in calibration and 
validation steps were 13.12 and 10.01%, respectively, which 
has a good status (NRMSE between 10 to 20%) in the simu-
lation. However, this study showed a lower step in terms of 
NRMSE statistical accuracy than the results presented in this 
study. Meantime, according to the values of R2 and Fig. 10, it 
is observed that the observed and simulated values for both 
years have a good correlation. The d index is close to one, 
which indicates the consistency of the Y reduction trend with 
the irrigation water amount in the model with the real Y.

According to the results, REmax and REmin values are 
associated with the I1 and I4 treatments in the calibration step 
and the I4 and I3 treatments in the validation stage, respec-
tively. A positive RE indicates that the model estimates GY 
less than the actual value and a negative RE value indicates 
that the model overestimated the parameters. The positive 
and negative mean values of RE statistics were obtained in 
the two stages of calibration and evaluation, which showed 
that the model has a slight tendency to underestimate and 
overestimate in these stages. Therefore, it can be concluded 
that the model in the GY prediction provides the simulation 
less than the values measured in the calibration step and pre-
dicts more than the values measured in the evaluation step. 

Therefore, this issue can be attributed to other parameters 
affecting the plant that do not exist in the model, such as the 
combined effect of fertilizer and water stress. Furthermore, 
the accuracy of measurements per year can also be effective 
(Amiri et al. 2018).

In general, the model showed underestimation in the cali-
bration step of canola GY and overestimation in the evalua-
tion step because the mean values of RE index in these stages 
were 1.25 and − 0.43, respectively. The results of research 
conducted on canola and wheat showed that AquaCrop 
simulates the GY of the crops for deficit and over-irrigation 
treatments as overestimate and underestimate, respectively 
(Zeleke et al. 2011; Xiangxiang et al. 2013). Ahmadi et al. 
(2015) also reported that the model structure can be modi-
fied to improve B and GY simulations at different stages of 
severe water stress.

There are numerous studies showing that the AquaCrop 
model has an acceptable performance in simulating the final 
GY of canola (Zeleke et al. 2011; Arvaneh and Abbasi 2014; 
Mousavizadeh et al. 2016; Amiri et al. 2018), wheat (Andar-
zian et al. 2011; Mkhabela and Bullock 2012; Zhang et al. 
2013; Khorsand et al. 2014b; Iqbal et al. 2014), maize (Heng 
et al. 2009; Abedinpour et al. 2012; Ahmadi et al. 2015) and 
cotton (Garcia-Vila et al., 2009; Farahani et al. 2009; Hus-
sein et al. 2011). Zeleke et al. (2011) examined the AquaCrop 
model for the evaluation of the canola GY in the semi-arid 
region of Australia under environmental stress. According 
to the obtained results, the percentage of deviation from the 
GY of the crop in the calibration and validation steps was 4.7 
and − 2.1%, respectively. They concluded that the model is 
able to satisfactorily simulate GY. It was also less satisfac-
tory in GY simulations under conditions of severe water stress 
(especially when stress occurred in the post-flowering stage). 
Arvaneh and Abbasi (2014) conducted a study on canola 
(Hyola401) in two farms: A (four hectares) and B (one hectare) 
in Iran. They showed that the model simulations were very 
satisfactory for GY. The GY value measured in field A was 

Fig. 10   Graphical test of the simulated versus observed GY of canola
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1.90 (t ha−1) and the model presented the GY value of 1.84 
(t ha−1) through simulation (calibration step). Also, in field 
B, the measured GY value was 1.65 (t ha−1) and AquaCrop 
estimated the GY value at 1.51 (t ha−1) (evaluation step). The 
main reason for low GY of canola in farm B compared to 
farm A was the 20-day delay in the date of planting canola 
(Arvaneh and Abbasi 2014). The measured GY value in this 
study for non-stress treatment (I1) was 1.84 (t ha−1), which is 
very close to the GY value (field A) measured by Arvaneh and 
Abbasi (2014).

Hsiao et al. (2009) calibrated and evaluated the AquaCrop 
model for maize. According to the results of the validation 
step, the error range of the prediction for maize GY was 1% 
to 24%. In the studies conducted by Heng et al. (2009) for 
calibration and validation of AquaCrop for maize in three 
regions with completely different conditions, it was found that 
the model satisfactorily simulates the growth of B and GY 
under conditions of without water stress and with moderate 
water stress. However, the model for the treatments of severe 
water stress, especially when water stress occurs during the 
critical stage of crop growth, cannot simulate these parameters 
satisfactorily. Araya et al. (2010a, 2010b) obtained the GY 
error range of barley and teff at − 5.6 to 14.6% and − 22.5 to 
8.5%, respectively. Khorsand et al. (2014b) examined the GY 
of wheat subjected to salinity and water stresses by this model. 
According to the obtained results, the NRMSE value of GY 
prediction for Roshan and Quds varieties in the calibration step 
was 3.84 and 6.65%, respectively, and in the evaluation step, 
4.65 and 4.55% respectively. Apart from that, the results of a 
study conducted by Mkhabela and Bullock (2012) on wheat 
in Western Canada showed that the model simulations for GY 
were very satisfactory. In other studies including Amiri et al. 
(2018), Andarzian et al. (2011) and Heng et al. (2009), the 
model predicted the GY of wheat subjected to water stress, the 
GY of wheat subjected to full irrigation and deficit irrigation, 
and GY of maize subjected to full irrigation and deficit irriga-
tion with a relative error of less than 10%, which is consistent 
with the results of the present study.

AquaCrop is in general a water-based model, and the per-
formance of GY and B simulation depends on accurate simula-
tion of soil water dynamics (Ahmadi et al. 2015). According 
to Ahmadi et al. (2015), it is better to consider some calibra-
tion information about the root growth distribution pattern in 
soil in future versions of AquaCrop. The root information and 
data of each plant variety help to accurately simulate the Tr 
and GY rates of the plant (Vanuytrecht et al. 2014a; Ahmadi 
et al. 2015).

Conclusions

In this study, the calibration and evaluation of the 
AquaCrop model during two cropping years (2012 and 
2013) were tested in the climate conditions of Iran (semi-
arid region) subjected to full irrigation and deficit irriga-
tion conditions on the canola growth. The simulated and 
measured soil water content in canola root development 
area for irrigation treatments showed that the model has an 
acceptable capability. According to the results, AquaCrop 
shows overestimation in the evapotranspiration calibra-
tion phase and underestimation in the evapotranspiration 
validation phase. More attention should be paid to evapo-
transpiration; because it has a great impact on the canopy 
cover, biomass and final yield. The results also showed 
that the model provides overestimation in the simulation 
and prediction of canola canopy cover and is less satisfac-
tory subjected to water stresses. Evaluation of AquaCrop 
model showed that this model is able to simulate biomass 
and grain yield with high accuracy. The value of normal-
ized simulation and prediction error for grain yield by the 
model was less than 10%.

AquaCrop can be used with reliable accuracy under 
mild water stress to determine the lowest sensitivity 
stages and stress thresholds of crop growth period, which 
is a useful and efficient tool for designing and evaluating 
low irrigation strategies. Overall, despite simplicity, the 
AquaCrop model was a good tool for studying irrigation 
management, biomass and crop yield, canopy cover, soil 
water content and other factors affecting canola growth 
in the fields and climate under study. It is suggested to 
examine the efficiency of the model in future studies for 
other crops (including canola), different soils and under 
other climate conditions.
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