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Abstract

Due to the impact of drought on crop yield, the aim of this research is the susceptibil-
ity assessment of winter wheat, barley and rapeseed species to drought using Generalized
Estimating Equations (GEE) and Cross-Correlation Function (CCF). For this objective, the
climatic data of 10 synoptic stations in Iran from 1968 to 2017 (i.e., 50 years) were used.
Then, the AquaCrop model was adopted to simulate annual yield (4,) of the above-men-
tioned species. Also, the standardized precipitation evapotranspiratién index (SPEI) was
applied to assess drought conditions in selected constant and progressively increasing ref-
erence time periods, including 1-month, 3-month, 6-month and 12-month time scales (27
reference time periods) starting in October. For evaluating the accuracy of the GEE model,
the correlation coefficients (CC) between simulated and predicted annual yields in selected
species through the AquaCrop model and GEE model were used, respectively. The accu-
racy test of the GEE model showed that the CC between simulated and predicted annual
yield of barley almost in all stations and all-time scales were significant at 0.01 level. Only
in Birjand and Kerman stations the CC between simulated and predicted annual yield were
significant at 0.05 level in 3.7% and 66.67% of time scales, respectively. Based on the GEE
and CCF models in all stations, the susceptibility of rapeseed to drought was more than
that of wheat, and the susceptibility of wheat was more than that of barley.
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1 Introduction

Over the last few decades, meteorological droughts have been one of the natural disas-
ters that have had negative impacts on agriculture productions and food security in the
world, especially in arid and semi-arid regions. The drought, which can occur in various
regions with any climates, has different impacts on various sections, especially those with
greater dependency on water; for example: environment section, rangelands, surface and
sub-surface water resources, agricultural productions especially rain-fed farming section,
etc. (Hamal et al. 2020; Igbal et al. 2020; Schierhorn et al. 2020; Otkin et al. 2019; Wine
2019; Zarei 2018). Therefore, it is important to evaluate the drought conditions in different
regions properly and determine the severity of various droughts. The Standardized Precipi-
tation Evapotranspiration Index (SPEI), introduced by Vicente-Serrano et al. (2010), is one
of the newest and the most applied indices used to monitor drought conditions in different
time scales (Danandeh Mehr et al. 2020; Shen et al. 2019). There have been a lot of studies
(e.g., Ayantobo et al. 2019; Bhuyan-Erhardt et al. 2019; Khoshoei et al. 2019; Wable et al.
2019; Wang et al. 2019a) conducted on drought around the world by using the SPEI.

Li et al. (2019) compared the Standardized Precipitation Index (SPI), SPEI based on
Penman-Monteith (SPEI-PM) and SPEI based on Thornthwaite (SPEI-TH) by using data
series of 35 stations in Yangtze River Basin during 1959-2017. The results indicated that
the SPEI-PM was the best index to assess drought conditions. Wable et al. (2019) compared
five drought indices in River Basin (Western India) with semi-arid climate conditions and
found that the SPEI 9-month was the most suitable index for evaluating the drought condi-
tions. Tian et al. (2018) evaluated 6 drought indices to assess agricultural drought in the
south-central United States; the study revealed that there is a relatively higher CC between
the SPEI and Z-score and all the crop yields. Labudovi et al. (2017) compared the SPI and
SPEI indices to evaluate drought effect on crop yield in the East Slovakian. The results
showed that there is the highest CC between 3-monthly SPEI and maize yield.

On the other hand, regarding the drought effects on the annual yield of crops, many
researchers have tried to evaluate the sensitivity of various plant species to drought (e.g.,
Chen et al. 2020; Huang et al. 2020; Gao et al. 2019; Leng and Hall 2019; Meise et al.
2019; Pena-Gallardo et al. 2019; Pefia-Gallardo et al. 2018). Pefia-Gallardo et al. (2019)
evaluated the response of the annual crop yield to drought (based on SPEI) in 5 main dry-
land cultivations in the United States. The results showed that the CC between drought
and crop yield in regions with humid climate conditions was less than other regions. On
the other hand, the winter wheat responded to drought at medium to long SPEI time-
scales, while soybean and corn responded to short or long drought time-scales. Samarah
(2005) evaluated the drought effects on growth and yield of barley. The results showed that
drought stress was detrimental to grain yield, regardless of the stress severity. Marcek et al.
(2019) assessed the metabolic response to drought in six winter wheat genotypes.

Chen et al. (2018) assessed the drought and flood effects on crop production in China
during 1949-2015 using the Bayesian hierarchical model. The results showed a sig-
nificant reduction in the grain yields in 90.32% of provinces of the study region. Pascoa
et al. (2017) evaluated the drought effects on wheat yield in the Iberian Peninsula during
1929-2012. They found a strong control on wheat yield in May and June. Li et al. (2018)
evaluated the response of vegetation to drought in different time scales in Mongolia pla-
teau. Results indicated that vegetation in steppe regions is more sensitive to shorter time-
scales of droughts, while it is more sensitive to longer drought time-scales in the forest
regions. Zhao et al. (2019) assessed the drought effects on vegetation dynamics in China’s
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Loess Plateau. The study showed that the severe and extreme drought (SPEI<—1.5) has
reduced the normalized difference vegetation index (NDVI) of the region studied in 2001
and 2005. Jalil et al. (2020) revealed that the AquaCrop model was able to accurately simu-
late the water productivity of crop in Kabul. Using the GEE and CCF models in hydrologi-
cal studies has been less considered. Zarei et al. (2020) and Chakraborty (2020) are some
of the researchers that used the GEE and CCF models.

This study aims at evaluating the susceptibility of winter wheat, barley and rapeseed to
drought because of the following reasons: a) the necessity of sustainably feeding the rap-
idly growing population; b) the important role of wheat, barley and rapeseed in food secu-
rity of humans and livestock worldwide; c) the occurrence of successive droughts and the
increase in their intensity affected by human-activities-related changes; and d) the impacts
of drought occurrence on the yield of wheat, barley and rapeseed. To accurately and com-
prehensively achieve this aim, the impact of drought on all plant growth periods (in 27
different time periods) was investigated using two new statistical models (in agricultural
science) including GEE and CCF models.

2 Material and Methods
2.1 Study Region

The study region corresponds to Iran covering an area about 168 million hectares extending
from 25.56° to 39.77°N and 44.02° to 63.36°E (Fig. 1). The average height of Iran varies
from less than —10 m at Caspian Sea coasts to about 5333 m above sea level at the Dama-
vand Mountain. Based on Modified De-Martonne index, the climate conditions of Iran
vary from hyper-humid to hyper-arid in the northwest (such as Bandar Anzali) and cen-
tral regions (such as Yazd) of Iran, respectively (Zarei and Moghimi 2019b; Zarei 2018).
The statistical population of the study included 10 synoptic stations with the suitable spa-
tial distribution and adequate time duration of meteorological data series with hyper-arid
(Esfahan) to semi-arid (Arak, Ghazvin, Sanandaj and Shiraz) climate conditions during
1968-2017. Based on the data collected from the selected stations, the mean of monthly
precipitation of the study area varies from 10.75 mm at Esfahan station to 36.49 mm at
Sanandaj station, while the mean of the monthly potential evapotranspiration of the study
area varies from 115.92 mm at Ghazvin station to 171.39 mm at Sabzevar station. Geo-
graphic location and climatic properties of the selected stations are presented in Table 1.

2.2 Methods
2.2.1 Data Collection and Selection of the Appropriate Time Period

In this research, climatic data series of 10 stations including Arak, Brjand, Esfahan,
Fasa, Ghazvin, Kerman, Sabzevar, Sanandaj, Shiraz and Tehran synoptic stations from
1968 to 2017, prepared by the Iran Meteorological Organization (IMO), were used to
calculate values of drought index in different time scales (SPEI index), and simulate
the A, of winter wheat, barley and rapeseed. To estimate missing values and to evalu-
ate the homogeneity of data series in all stations, the multiple imputation and Mockus
methods were adopted, respectively (Rezazadeh Jodi and Sattari 2016). The appropri-
ate time periods were selected in accordance with planting to harvesting time of winter
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Fig. 1 Location of selected stations in the study area (Iran)

wheat, barley and rapeseed species at the selected stations, according to the difference
in planting to harvesting time in selected species and selected station. Accordingly, con-
stant and progressively increasing appropriate time periods include the following peri-
ods: 1-month (11 time periods), 3-month (9 time periods), 6-month (6 time periods),
and 12-month (1 time period). These time periods started in October (Zarei et al. 2019;
Tigkas et al. 2018; Tigkas et al. 2016) and are presented in detail in Table 5.

2.2.2 SPEI Calculation
To calculate the SPEIL, first, the differences (Di) between the rainfall (R;) and potential

evapotranspiration or PET (to calculate PET the FAO Penman-Monteith or FAO-56 was
used) for month i were calculated and aggregated at different time scales (D¥):

Di =R, — PET, 1)
1 k-1
D= i=0 Rn—i - PETn—i (2)

then based on the L-moment procedure, the probability density function of a three-parame-
ter log-logistic distribution was applied to take into account the negative values of DX:
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o= () 0]

where k, A and p are scale parameters.

Finally, to compute the original SPEI, the calculated values of F(x) were converted
into corresponding Z-standardized normal values (Vicente-Serrano et al. 2010). Drought
classes based on SPEI are presented in Table 2. For Further information about SPEIL, one
can refer to some studies (e.g., Barbosa et al. 2019; Li et al. 2019; Wang et al. 2019b; Zarei
and Moghimi 2019a).

2.2.3 Simulation Annual Yield (A,) of Winter Wheat, Barley and Rapeseed

The AquaCrop model was employed to simulate A, of winter wheat, barley and rapeseed in
all stations during 50 years (from 1968 to 2017). The AquaCrop model is one of the most
applied models to simulate crop yield in different regions because the AquaCrop model
needs low input data and has a user-friendly structure (Zarei et al. 2019). In this research,
the climatic parameters in each station (such as precipitation, temperature and potential
evapotranspiration) and the AquaCrop model which was calibrated and validated for winter
wheat, Barley and rapeseed species by Shirshahi et al. (2018), Ramezani et al. (2019) and
Mousavizadeh et al. (2016) were used in order to simulate the A, of the mentioned species
in each station, respectively.

2.2.4 Statistical Analysis

Generalized Estimating Equations (GEE) To model and predict the response variable (A,
of winter wheat, barley and rapeseed) based on the predictive variables (SPEI in different
time scales), we have a panel dataset. Fixed or random effects techniques or generalized
estimating equations (GEE), in abbreviation are suggested to analyze the panel dataset.
Based on the nature of samples and also favorable study’s focus, each of these approaches
has particular privileges (Hu et al. 1998). The GEE techniques have many privileges, espe-
cially this approach intends robust estimations for the regression parameters when there is
a high correlation between repeated measurements (Ballinger 2004; Ghisletta and Spini
2004; Hu et al. 1998). This advantage guides us to apply the GEE technique in the present
study. The simple GEE formula is written by:

Y, =0+ 0 X +¢ 4)
fable2 Diouetcasiicaion i
ggrlrga)n o et al. 2010; Zarei et al. Extremely Wet (EW) SPEI index >2
Very Wet (VW) 1.5 <SPET index <2
Moderately Wet (MW) 1 <SPEI index <1.5
Normal (N) -1 <SPEI index <1
Moderately Dry (MD) —1.5<SPEl index < —1
Severely Dry (SD) —2<SPEl index < —1.5
Extremely Dry (ED) SPEI index < -2
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where f, and f, are regression parameters (coefficients) and €, is a zero-mean random
variable.

To create this predictive regression model, the GEE technique uses a link function
which depends on the distribution of the response variable (Y,). In this research, because
the normality assumption was satisfied for Y,, the non-transforming identity link function
was used. Also, GEE needs a working correlation matrix; because of the significant Pear-
son’s correlation between the current and previous samples, the first-order autoregressive,
AR (1), was considered as the working correlation matrix. The GEE method estimates the
model parameters through an iterative procedure that optimizes the fit of the model to the
dataset.

Ability Assessment of the GEE Model In the GEE model, the absolute values of Beta coef-
ficients (IBl) between SPEI in different time scales and A) of different species were utilized
to evaluate the relationship between drought and A, of selected species in each station. It is
shown that the higher the values of |Bl coefficient, the higher the impact of SPEI on A,. In
addition, in this research, the correlation coefficients (CC) between simulated Ay using the
AquaCrop model and predicted Ajusing GEE methods, were used to assess the ability of
the GEE model in predicting A, of selected species based on SPEI in different time scales.

Cross-Correlation Function (CCF) The CCF is a measure that can be applied as a rate of
similarity between two functions or datasets (Shumway and Stoffer 2017; Venables and
Ripley 2002). Let f and g be two continuous functions; then the CCF in a given lag  is
defined by:

(f * g)zr) = / gt + r)dt (5)

where f* denotes the complex conjugate of f, T is any arbitrary integer and ¢ is time.
In the discrete case, the cross-correlation is defined as

Fr)D) =Y "  fgt+7) ©)

As it can be observed, the cross-correlation measures the similarity of f{z) and g(z+7).
Let (X,,Y,) represent a pair of stationary time series. The mean (uy) and the standard devia-
tion (oy) of the time series X, are defined by

uy = E(X,) = / xf x(X)dx, 7

—0o0

and

[se]

0)2( = E(X, - Mx)z = / (x - ,uX)ZfX(x)dx, 8)

—00

where fy(x) is the density function of the time series X, at point x.
Similarly, the mean (uy) and the standard deviation (oy) of the time series Y, are defined
by

uy =E(Y,) = / Yy )y, )
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and

o2 = E(Y, - uy)’ = / (v = 1)y )y, (10)

—00

where fy(y) is the density function of the time series Y, at point y.
In addition, the covariance function of the time series (X,, Y, ) in lag 7 is defined by

rxy(7) = E[(Xt - #X) (Yt+‘r - #Y)] = / / (Xr - :“x) (Yt+r - :“Y)fX,Y(x’ y)dxdy,

1)
where fy (x,y) is the density function of the time series (X,, Y, ) at point (x, y).
Then, the CCF of X, and Y, in lag 7 is given as:
}’x,y("")
px,y(T)Px,y(T) = (12)
Xay

The above-mentioned Eq. (12) is the cross-covariance function, and ¢ and o are the
mean and standard deviation of the time series, respectively. The CCF of two stationary
processes can be estimated by sample cross-correlation function given as

(@) = Y;‘XY;:) (13)
where
X = %Zlex,, (14)
Y= %ZLIY,, (15)
" _\2
$=—=3" (%-X), (16)
2o Ly (y )
S=mZa(nr) a7
and
=1 Y0 (% -X) (Y. - ) (18)

The above-mentioned Eq. (18) is the sample cross-covariance function and syand s, are
the sample standard deviation of the process. The CCF is a useful tool to determine the rate
of similarity (which can be between —1 to +1) and the time delay between two processes.
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Table 3 Years with the highest
(The wettest year (and the
lowest) The driest year (values of

SPEI index in annual time scale SPEI value Year SPEI value Year
in selected stations

Station The highest values of SPEI  The lowest values of
index SPEI index

Arak 2.25 1969 -3.21 1973
Birjand 2.09 2002 -2.10 1980
Esfahan 1.95 1996 -2.00 2013
Fasa 2.00 1995 -1.93 173

Ghazvin 1.80 1996 -2.23 1973
Kerman 2.07 1984 -2.24 1969
Sabzevar 2.39 2015 -1.97 2008
Sanandaj 1.87 1986 -2.19 1999
Shiraz 2.25 1992 -2.09 1983
Tehran 2.03 1996 -2.20 2014

2.5
1.5
—— Arak
Station

— 0.5

=

&

@ —— Shiraz
0.5 station
-1.5 —=— Tehran

Station
-2.5
-3.5
1968 1978 1988 1998 2008 2018

year

Fig.2 Calculated 12-month SPEI (October to September) in Arak, Shiraz and Tehran stations

3 Results and Discussion
3.1 The Calculated SPEI

The results of the calculated SPEI showed that the normal class of drought severity
(with SPEI between —1 to 1) had the highest frequency at all stations and all-time
scales. Results showed that during 1968-2017 the highest values of the 12-month SPEI
at Arak, Brjand, Esfahan, Fasa, Ghazvin, Kerman, Sabzevar, Sanandaj, Shiraz and
Tehran stations had occurred in 1969, 2002, 1996, 1995, 1996, 1984, 2015, 1986, 1992
and 1996, respectively, and the lowest values of the 12-month SPEI at Arak, Brjand,
Esfahan, Fasa, Ghazvin, Kerman, Sabzevar, Sanandaj, Shiraz and Tehran stations had
occurred in 1973, 1980, 2013, 1973, 1973, 1969, 2008, 1999, 1983 and 2014 respec-
tively (Table 3 and Fig. 2).
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3.2 The Simulated Annual Yield (A,) of Winter Wheat, Barley and Rapeseed

For different species, different results were obtained which are presented in the follow-
ing. The results of simulated A, in winter wheat using the AquaCrop model showed that
the mean of simulated Ay at Arak, Birjand, Esfahan, Fasa, Ghazvin, Kerman, Sabzevar,
Sanandaj, Shiraz and Tehran stations were 0.40, 0.55, 0.31, 2.37, 0.61, 0.25, 0.66, 0.67,
1.79 and 0.79, respectively (Fig. 3). In barley, the mean of simulated A, at Arak, Birjand,
Esfahan, Fasa, Ghazvin, Kerman, Sabzevar, Sanandaj, Shiraz and Tehran stations were
0.74, 0.05, 0.14, 0.59, 0.58, 0.05, 0.26, 0.59, 0.24 and 0.56, respectively (Fig. 4). In
rapeseed, the mean of simulated Ay at Arak, Birjand, Esfahan, Fasa, Ghazvin, Kerman,
Sabzevar, Sanandaj, Shiraz and Tehran stations were 0.79, 0.66, 0.35, 3.46, 1.2, 0.17,
0.82, 1.36, 2.95 and 1.34, respectively (Fig. 5). Some properties of simulated A, in men-
tioned species using the AquaCrop model from 1968 to 2017 are presented in Table 4.

1.8

1.6
= 14 —— Simulated
E 12 SA{'ieldusing
S quacrop
E 1
= —=— Predicted
E 0.8 Yield using
£ 06 GEE
<«

0.4

0.2

0

1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 2018

year
Arak Station

4

35
:g‘ 3 ——Simulatgd
S Yield using
£ 25 Aquacrop
=
e]
s 2 —=— Predicted
= Yield using
g GEE
]
<

0.5

0

1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 2018

year

Shiraz Station

Fig.3 Simulated and predicted annual yield of winter wheat using AquaCrop model and GEE method in
Arak and Shiraz stations
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1.2
1
= —— Simulated
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g Aquacrop
=
]
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E Yield using
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<«
0.2
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1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 2018
year
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1.6
1.4
T 12 ——Simulated
s Yield using
g 1 Aquacrop
=
g 0.8 ——Predicted
= Yield using
g 0.6 GEE
]
< 04
0.2
0
1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 2018
year

Shiraz Station

Fig.4 Simulated and predicted annual yield of barley using AquaCrop model and GEE method in Arak and
Shiraz stations

3.3 Susceptibility Test of Winter Wheat, Barley and Rapeseed to Drought Using GEE

The results of the susceptibility test of winter wheat, barley and rapeseed to drought using
the GEE model showed that at all stations, rapeseed with the highest values of Beta coef-
ficients (IBl) was the most sensitive species, and barley with the lowest values of Beta
coefficients (IBl) was the most resistant species to drought, respectively. The results also
showed that the rapeseed had the highest values of Bl coefficients at Arak, Birjand, Esfa-
han, Fasa, Ghazvin, Kerman, Sabzevar, Sanandaj, Shiraz and Tehran stations in 81.48%,
100%, 92.59%, 96.30%, 85.18%, 62.96%, 96.30%, 81.48%, 85.18% and 92.59% of ref-
erence periods, respectively. However, barley had the lowest values of |Bl coefficients at
Arak, Birjand, Esfahan, Fasa, Ghazvin, Kerman, Sabzevar, Sanandaj, Shiraz and Tehran
stations in 62.96%, 100%, 66.67%, 96.30%, 55.56%, 81.48%, 92.59%, 81.48%, 81.48% and
85.18% of reference periods, respectively. The general results of Tables 5, 6 and 7 show
that the level of the absolute values of B coefficients for rapeseed (Table 7) is higher than
wheat (Table 5), and for wheat it is higher than barley (Table 6), which indicates that bar-
ley is less susceptible to drought. The results showed that at all stations winter wheat had
moderate drought sensitivity compared to barley and rapeseed. In other words, among the
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Fig.5 Simulated and predicted annual yield of rapeseed using AquaCrop model and GEE method in Arak
and Shiraz stations

selected species, the susceptibility of rapeseed to drought was more than wheat and the
susceptibility of wheat was more than barley. The reasons of these results can be shorter
growth period in barley than winter wheat and rapeseed, less evapotranspiration in barley
than winter wheat and rapeseed and the larger canopy cover in rapeseed.

3.4 Ability Assessment of the GEE Model to Predict A,

The correlation coefficients (CC) between simulated and predicted A, of the winter wheat,
barley and rapeseed using the AquaCrop model and GEE method (respectively) indicated
that in winter wheat the CC between simulated and predicted A, at all stations and all-time
scales were significant at 0.01 level (Table 8). Table 8 showed that the average of CC was
0.771, 0.860, 0.815, 0.949, 0.787, 0.781, 0.825, 0.755, 0.926 and 0.841, at Arak, Birjand,
Esfahan, Fasa, Ghazvin, Kerman, Sabzevar, Sanandaj, Shiraz and Tehran stations, respec-
tively. In barley, the CC between simulated and predicted A, were significant at 0.01 level
at Arak, Esfahan, Fasa, Ghazvin, Sabzevar, Sanandaj, Shiraz and Tehran stations in all-
time scales (Table 9). The CC in 33.33% and 96.30% of reference periods were significant
at 0.01 level, respectively and in 66.67% and 3.7% of reference periods were significant at
0.05 level at Kerman and Birjand stations, respectively. Table 9 showed that the mean of
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CC was 0.929, 0.374, 0.518, 0.782, 0.831, 0.369, 0.615, 0.840, 0.552 and 0.794 at Arak,
Birjand, Esfahan, Fasa, Ghazvin, Kerman, Sabzevar, Sanandaj, Shiraz and Tehran stations,
respectively. In rapeseed the CC between simulated and predicted A, at all stations and all-
time scales were significant at 0.01 level (Table 10). According to Table 10, the average of
CC was 0.730, 0.777, 0.714, 0.899, 0.779, 0.536, 0.753, 0.776, 0.896 and 0.811 at Arak,
Birjand, Esfahan, Fasa, Ghazvin, Kerman, Sabzevar, Sanandaj, Shiraz, and Tehran stations,
respectively. Therefore, it can be concluded that the GEE model was highly capable of pre-
dicting A, at all stations and all under-evaluated species.

3.5 Susceptibility Test of Winter Wheat, Barley and Rapeseed to Drought Using CCF

According to the result of susceptibility test of winter wheat, barley and rapeseed to
drought using CCF method at Arak, Birjand, Esfahan, Ghazvin, Sabzevar, Sanandaj, Shi-
raz and Tehran stations, it can be concluded that rapeseed with the highest values of ICCF1
between simulated A, using the AquaCrop model and SPEI in more selected time scales
was the most sensitive species to drought. In addition, barley with the lowest values of
ICCF! in more selected time scales was the most resistant species to drought (Tables 11,
12 and 13). The results indicated that at Arak, Birjand, Esfahan, Ghazvin, Sabzevar, San-
andaj, Shiraz and Tehran stations in 14 out of 27, 15 out of 27, 16 out of 27, 16 out of 27,
22 out of 27, 14 out of 27, 17 out of 27and 22 out of 27 of reference periods, respectively,
rapeseed had the highest values of ICCFI and in 15 out of 27, 27 out of 27, 19 out of 27,
15 out of 27, 25 out of 27, 20 out of 27, 21 out of 27and 23 out of 27 of reference periods,
respectively, barley had the lowest values of ICCFl. Winter wheat with the highest values
of ICCFI in more selected time scales was the most sensitive species to drought, and barley
with the lowest values of ICCF1 in more selected time scales was the most resistant species
to drought at Fasa and Kerman stations (Tables 11, 12 and 13). The results indicated that
winter wheat had the highest values of ICCFl in 17 out of 27 and 14 out of 27 of reference
periods, and barley had the lowest values of ICCF| in 26 out of 27 and 20 out of 27 of ref-
erence periods at Fasa and Kerman stations, respectively. Therefore, it can be concluded
that based on the CCF method, rapeseed and barley were the most sensitive and the most
resistant species to drought at almost all stations, respectively, and winter wheat had mod-
erate drought sensitivity compared to barley and rapeseed. Some factors such as shorter
growth period in barley than winter wheat and rapeseed, less evapotranspiration in barley
than winter wheat and rapeseed, etc. play an effective role on the results of the study. Kat-
erji et al. (2009) assessed the sensitivity of wheat and barley to drought. The results of this
research indicated that the sensitivity of wheat to drought is more than barley. It seems that
the results of this paper are comparable to our results.

4 Conclusions

Given the importance of sustainable food security in the world and the central role of
wheat, barley, and rapeseed in this field, recognizing the effective parameters on the yield
of the above-mentioned species can help to reduce the risk of food security. Drought occur-
rence is one of the effective parameters on the yield of the mentioned species. Therefore, in
the present study, we tried to assess the susceptibility of winter wheat, barley and rapeseed
to drought using GEE and CCF models. The results of this study indicated that based on
the GEE model used at all stations, rapeseed was the most sensitive species to drought
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and barley was the most resistant species to drought. The CCF analysis to susceptibility
assessment of mentioned species to drought showed that rapeseed and barley were the
most sensitive and the most resistant species to drought at Arak, Birjand, Esfahan, Ghaz-
vin, Sabzevar, Sanandaj, Shiraz and Tehran stations, respectively, while winter wheat and
barley were the most sensitive and the most resistant species to drought at Fasa and Ker-
man stations. Finally, based on the results, it is suggested that barley can be the first choice
of cultivation, wheat can be the second and rapeseed can be the third for farmers in order
to reduce the negative effects of drought on the annual yield of the mentioned species,
and reduce economic losses, especially in the central and southern parts of Iran where the
occurrence of drought is more frequent.
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