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Abstract: Assessment of possible changes in crops water stress due to climate alteration is essential
for agricultural planning, particularly in arid regions where water supply is the major challenge for
agricultural development. This study aims to project climatic water availability (CWA) and crop
water demand (CWD) to outline the possible future agricultural water stress of Iraq for different
radiative concentration pathways (RCPs). The ensemble means of downscaled precipitation and
temperature projections of the selected global climate models (GCMs) were used in a simple water
balance model for this purpose. The modified Mann–Kendall (mMK) trend test was employed to
estimate the tendency in CWA and the Wilcoxon rank test to evaluate CWD alteration in three future
time horizons compared to the base period (1971–2000). The results revealed a decrease in CWA at a
rate of up to −34/year during 2010–2099 for RCP8.5. The largest declination would be in summer
(−29/year) and an insignificant decrease in winter (−1.3/year). The study also showed an increase
in CWD of all major crops for all scenarios. The highest increase in CWD would be for summer crops,
approximately 320 mm, and the lowest for winter crops, nearly 32 mm for RCP8.5 in the far future
(2070–2099). The decrease in CWA and increase in CWD would cause a sharp rise in crop water stress
in Iraq. This study indicates that the increase in temperature is the main reason for a large increase in
CWD and increased agricultural water stress in Iraq.

Keywords: general circulation models; climate change; crops water availability; trend analysis

1. Introduction

Hydrological variations are the most impending and major impacts of anthropogenic
climate change [1]. Agriculture’s dependence on water resources has made it highly sus-
ceptible to climate variability [2,3]. Limited availability of arable land in arid regions
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has made their maximum use for cultivation, and therefore, livelihoods of the majority
population depend on agriculture [4,5]. Despite the success of agriculture in arid regions,
water availability is still the primary barrier to agricultural practices [6,7]. Global warming
is supposed to affect the arid region’s climate more severely than other climate zones [8–10].
The dry areas of West Asia are believed to be affected more than other areas [11–13]. The
temperature of West Asia is increasing much faster than the global average, while a substan-
tial decrease in rainfall is also perceived [14–16]. Iraq is one of the most affected countries
in the region due to climate change [17–19]. A decrease in climatic water availability (CWA)
and an increase in crop water demand (CWD) are already evident in the country [7]. The
anticipated changes in the future climate from GCM simulations indicate a continuous
rise in CWD and declination in CWA in Iraq, which may cause severe water scarcity in
this already water-stressed country and risk to the livelihood of agriculture-reliant large
inhabitants [20,21]. Streamlining the governmental policies for building a climate-resilient
society is vital for people’s well-being in Iraq. A better understanding of the ongoing
changes and the probable future variability in water availability and demand is essential
for formulating effective strategies to combat the growing water stress.

Atmospheric water balance and crop water requirements are principally dependent
on the precipitation amount and potential evapotranspiration [22–24]. These two climate
variables decide hydrologic budgets at varying scales [25]. In 1948, Thornthwaite first
defined the principles of atmospheric water balance and applied the same for CWA and
CWD estimation [26]. CWA is mainly useful in analyzing water resource availability and
droughts [27–29]. It significantly influences biological diversity and ecological variabil-
ity [30]. Higher CWA increases the crop growing period and helps in better crop growth,
and enhances productivity [31]. Therefore, it is a critical determinant of the productivity of
different crops of a region. CWA is also an indicator of potential drought stress [32]. The
high variability of CWA indicates high fluctuation of precipitation and potential evapotran-
spiration (PET), and thus, the susceptibility of a region to hydrological hazards [7].

The CWD provides a rough measure of water availability and agricultural water
needs. Therefore, it indicates water abundance or scarcity in a region [33,34]. It is also
the deciding factor of crop water efficiency, and thus, a measure of climate resiliency and
sustainability of agriculture [1]. Plausible changes in CWD in the near and far future are
essential for water resources planning. It is also important for irrigation rescheduling
and sustainable agriculture management under changing environments. Due to limited
availability, uninterrupted water supply augmentation is not possible. Therefore, irrigation
demand management would be the key option for climate change adaptation to water
resources [1]. Projection of CWD can help decide the needed control of irrigation demand
for climate resilience water management [35]. Therefore, estimation of probable alterations
in CWA and CWD are important for understanding the possible changes in water stress,
ecology, crop productivity, and hazard susceptibility of a region.

Several studies have assessed the atmospheric water balance to recognize the climate
influence on CWA and CWD in different regions of the world [28,36–41]. Few studies have
also been conducted on the possible change in precipitation and water availability in the
Arabian Peninsula [42–44]. However, no study has focused on a detailed assessment of the
influence of future climate variability on CWA and CWD during crop growing seasons in
the highly vulnerable arid region of West Asia. The possible effect of climate variability on
CWA and CWD and thus impending water stress in predominantly arid Iraq was quantified
in this study. The downscaled GCMs simulations were used in a simple water balance
model to evaluate possible alterations in CWA and CWD. The non-parametric MannKendall
(MK) test is generally used for trend assessment [14,45,46]. It has been observed that the
trend significance substantially changes by the autocorrelation in data series [45]. Therefore,
an improved version of the MK test (mMK) was employed for unbiased estimation of the
changes in water availability [46]. Besides, the non-parametric Wilcoxon rank test was used
to measure the difference in climate variables for different periods [4,7]. The methodical
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framework presented in this study can be employed for similar analysis in any other region
to aid policy formulation for improving climate resiliency in agriculture.

2. Case Study and Data Description
2.1. Iraq Region Climate Characteristics

Iraq, situated in the south of West Asia, covers a land area of 438,320 km2. The
geographical location of the country is presented in Figure 1. Summer and winter are
the major seasons of Iraq. The summer starts in June and ends in September, and the
winter begins in November and ends in March [47,48]. Almost all rainfall (nearly 90%)
occurs in winter, and therefore, the summer is extremely dry [49]. The amount of rainfall
in Iraq varies according to regions; the southwestern part of Iraq receives <100 mm annual
rainfall while the northern part receives more than 1000 mm annually [50]. Iraq records
the lowest temperature of about 0 to 5 ◦C in winter in the northeast mountains while the
summer daytime temperature is usually >45 ◦C in the south [51]. Most of Iraq experiences
a subtropical desert climate (BWh), followed by sub-tropical steppe (BSh) and dry summer
sub-tropical (Csa) climates, as depicted in Figure 1. Owing to the collective impacts of
extreme temperature and low rainfall, most of the country is extremely dry. Furthermore,
Iraq is highly prone to natural disasters due to a larger variability in climate [19].
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2.2. Agricultural Lands of Iraq

The country’s agriculture heavily depends on the water supply of two main rivers:
Euphrates and Tigris [52]. Therefore, nearly 70% of the arable lands in the country lies in
the central and southeast region along the major rivers, where crop production is mainly
dependent on irrigation schemes (Figure 2). The remaining 30% of cultivated lands are
mostly in the northern region and are grown under rain-fed [53].
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water demand were estimated.

2.3. The Crop Growing Seasons

Five major crops of Iraq were considered in this study, which includes two winter
crops, wheat (Triticum aestivum) and barley (Hordeum disticum), and three summer crops,
millet (Panicum miliaceum), sorghum (Sorghum halepense), and potato (Solanum tuberosum).
The winter crops are cultivated in nearly 70% of the cultivated land, while the rest is used
for summer crops. The sowing to harvesting periods of the crops are presented in Figure 3.
The present study assessed the climate change impacts on CWD for one major crop in each
season. CWDs of other crops of the same season are similar, and therefore, not presented
to avoid repetition. The crop needs water until the end of the growing stage. Therefore, the
CWDs for the sowing and growing periods were analyzed in this study.
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2.4. Climate Data
2.4.1. Gridded Rainfall and Temperature

The monthly precipitation of global precipitation climatology Centre (GPCC) and
mean temperature of Climatic Research Unit (CRU) gridded at a resolution of 0.5◦ were
extracted for the period 1971–2000 to be used as reference data for the estimation of climate
change impacts on CWD. Literature review suggests GPCC and CRU as the best datasets
for assessing the region’s climate [4,14].

2.4.2. GCM Data

Four GCMs, HadGEM2-AO, HadGEM2-ES, MIROC5, and MIROC-ESM, were em-
ployed in this study. Salman et al. [54] compared the suitability of CMIP5 GCMs for Iraq
using different performance indices. They reported these four GCMs as the best for climate
change projection of the country [55]. Details of the GCMs are given in Table 1. Simulations
of these four GCMs for all the four RCPs were employed to understand the range of climate
change impact on water stress.

Table 1. Description of the global climate model employed in this study.

No GCM Developing Institute Resolution
(Lon × Lat)

1 HadGEM2-AO National Institute of Meteorological Research, South Korea 1.87◦ × 1.25◦

2 MIROC5 Japan Agency for Marine-Earth Science and Technology,
Japan

1.4◦ × 1.4◦

3 MIROC-ESM 2.8◦ × 2.8◦

4 HadGEM2-ES Met Office Hadley Centre, UK 1.87◦ × 1.25◦

Salman et al. [54] downscaled the selected GCMs at a resolution of 0.5◦ using GPCC
and CRU data. The ensemble mean of the projected average temperature and rainfall
were used for CWA and CWD change analysis. Projected changes in the ensemble mean
temperature during 2070–2099 compared to the CRU temperature for the period 1971–2000
(base period) in the three climate zones of Iraq for four RCPs are presented in the left panel
of Figure 4. The figure shows the projected ensemble mean rainfall for different months
during 2070–2099 in different climate zones for different RCPs and GPCC precipitation for
the base years.

The temperature showed a rise in all months and RCPs, with a higher increase in
summer than winter. Rainfall showed an increase in winter while no variation in summer
for all RCPs. The temperature rise was projected to be higher in Zone-I, whereas the rainfall
increases more in Zone-III in winter.
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3. Methodological Overview
3.1. Climatic Water Availability (CWA)

The CWA is the available water after losses through evapotranspiration. Thus, the
estimation of the CWAi of the month, i is done as follows:

CWAi = Pi − PETi (1)

where Pi and PETi are the rainfall and PET of i-th month. The Thornthwaite method was
employed for PET estimation, considering that only the mean temperature projections are
available for future periods. Thornthwaite PET is estimated [56] as:

PETi = 16Ki

(
10Ti

H

)m
(2)

where Ti is the average monthly temperature (◦C) and Ki represents the correction coef-
ficient for the i-th month. Note that the Thornthwaite method overestimates PET [57].
However, it will not affect the results as the relative changes in CWA and CWD were
evaluated in this study, nullifying the biases in estimated PET by the Thornthwaite method.

3.2. Crop Water Demand (CWD) Estimation

The FAO-56 model [58] can be used for the estimation of CWD as follows:

CWD = ETcrop − Pe (3)
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where ETcrop = crop evapotranspiration and Pe = effective precipitation. The ETcrop is
estimated thus:

ETcrop = Kc × ETo (4)

where Kc represents the crop coefficient. The FAO suggested Kc, as presented in Figure 5 [59],
was adopted to estimate CWD in this study.
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3.3. Change Assessment

The Sen’s slope (Q) calculates the change in CWA as [60]:

Q = median
[

∆y
∆t

]
(5)

where ∆y is the difference between two consecutive CWA due to the difference in time, ∆t.
The significance of Q is estimated using the mMK test, where the CWA series is

first detrended if found significant using the classical MK test. The series is then ranked
to estimate the normal variants to determine the Hurst coefficient (H) and estimate the
auto-correlation function. For significant H, the variance of the series is estimated, and its
bias is corrected for significance assessment using Z-statistics. The article of Hamed (2008)
can be consulted for details [46]. Changes at a significance of 0.05 (p = 0.05) were used in
this study.

3.4. Wilcoxon Signed-Rank Test (WS)

The non-parametric WS test [61] was employed to estimate the significant change in
CWD in the future for different RCPs against the base period (1970–2000). The WS test can
be employed without considering the distribution and sample size of CWD. The WS test
ranks the CWD values for both periods and calculates the absolute differences to estimate
WS test statistics (W), which are subsequently used to calculate Z-statistics for significance
estimation. The null hypothesis of the WS test is CWD in the base and future periods have
the same median, meaning no change in CWD if the null hypothesis is rejected [62].

4. Modelling Results and Analysis
4.1. Trends in Climatic Water Availability

Ensemble mean projections of rainfall and temperature were employed to assess
the probable future changes in CWA in Iraq for the period 2010–2099. Trends in winter
and summer CWA for different RCPs during 2010–2099 are displayed in Figures 6 and 7,
respectively. The colors in the maps indicate the amount of change in CWA, and the sign
(+ or −) specifies an increase or decrease in CWA estimated by the mMK test at p = 0.05.
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Figure 6. Spatial variations of winter CWA trends for different RCPs during 2010–2099, the sign
(+ or −) specifies an increase or decrease in CWA estimated by the mMK test at p = 0.05.

A decreasing winter CWA at p = 0.05 was noticed in most of the regions for all the
RCPs. The decrease was highest in central Iraq by −0.8 to −1.3 mm/year and the lowest
in the northern steppes and the southern coast by −0.1 to −0.4 mm/year for all the RCPs.
The winter CWA was also noticed to increase at a few grids in the far south and in the
north for RCPs 6.0 and 8.5 by 0.8–1.0 mm/year.

The summer CWA was found to decrease faster than winter CWA (Figure 7). The
decrease was found to be significant at p = 0.05 for all RCPs for almost all of Iraq. The
decrease was found to be more than 20 mm/year in most of Iraq for RCP8.5, while it was
found to be less than 5 mm/year for RCPs 2.6 and 4.5. The decrease was found to be higher
in the central region and relatively less in the north for all RCPs. Summer CWA was not
observed to increase at any grid.
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4.2. Geographical Distribution in CWD Changes for Winter and Summer Crops

Projected changes in CWD in future periods compared to the base period (1971–2000)
were estimated for both winter and summer crops. However, the geographical distribution
of the changes in the far future (2070–2099) only shows the maximum possible changes. The
results for the winter crop (wheat) for four RCPs are presented in Figure 8. The diameter
of the dots in the maps represent the volume of CWD change. The CWD for wheat was
noticed to increase for all RCPs for the entire cultivated areas. The highest increase was
observed to be 13–15 and 16–18 mm in the south for RCP 2.6 and 4.5, respectively; 16–21
mm in the southwest for RCP 6.0; and 31–35 mm in the southwest for RCP8.5. A higher
increase was observed for higher RCPs and vice versa. The water demand showed a
relatively less increase for wheat in the northeast for all RCPs.
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Compared to winter crops, water demand for summer crops (e.g., millet) showed a
much higher increase for all RCPs (Figure 9). The CWD for millet was also projected to
increase by 101–120, 151–175, 181–210, and 281–320 mm in the southeast of the irrigation
region for RCPs 2.6 to 8.5, respectively. The increase was found to be relatively less in
the northwest, in the range of 36–40, 60–75, 66–90, and 126–160 mm for RCPs 2.6 to 8.5,
respectively.
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4.3. Monthly Changes in CWD

The CWD changes for different growing months of wheat and millet in three future
time horizons with respect to the base period were estimated. The significance of the
change between the two periods was estimated using the WS test. The results obtained for
wheat are presented in Figure 10. A negative value of CWD indicates rainfall is sufficient
to compensate for the evaporative losses, and thus, there are no irrigation requirements.
Therefore, the months with no irrigation need are not shown in the figure. The changes
in CWD for four RCPs in the base period, 1961–1990 (blue), and three future periods,
2010–2039 (yellow), 2040–2069 (red), and 2070–2099 (black), are shown in the figure. The
sign ‘+’ above the bar indicates the change is significant by the WS test at p = 0.05.

Figure 10 shows the highest increase in wheat’s water needs in April followed by
March. The increase was found to be significant for April during 2040–2069 for all scenarios.
A significant increase in CWD in both March and April in the far future (2070–2099) for
RCPs higher than 4.5 was also observed. Overall, the increase in CWD in March and April
was found to increase with time and RCPs. Changes in CWD in the rest of the four months
(November to February) were found to be insignificant for all future periods and RCPs.

A large and significant increase in CWD for most of the months of the millet growing
period was observed (Figure 11). The largest rise was noticed in June by 490 to 789 mm for
the different RCPs. The increase was found to be higher for higher RCPs. A large increase
in CWD was also observed for May and July. The WS test estimated the changes significant
for May to July in the middle and far futures for all RCPs. The changes in CWD in March
and April were not significant for any future periods and RCPs.
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5. Discussion

This study projected a significant decrease in CWA in the future for all of Iraq. Recently,
Salman et al. (2020) [7] revealed a decrease in CWA in Iraq in recent years. They mentioned
that a large increase in temperature and no change in precipitation are the main reasons for
decreasing CWA in Iraq. Interpretation of the GCM simulations revealed an unceasing rise
in temperature at a high rate in Iraq [13]. This will cause a continuous decrease in CWA
in the country in the future. Increased evaporative losses also caused an increased CWD
demand in Iraq. The results of this study indicate a large increase in CDA in summer and
very little in winter. A large increase in the summer temperature but almost no variation in
rainfall will cause a large increase in summer CWD. The winter CWD will also increase due
to the rise of temperature, but it will be offset by increased rainfall in some winter months in
the future. Therefore, the water needs of winter crops will increase relatively less compared
to summer crops. Overall, the results revealed that rising temperature would play a major
role in Iraq CWD in the future. The region’s temperature is rising rapidly compared to
the rest of the globe [15,19], while the rainfall changes are not significant [13,16]. A large
evaporative loss due to higher temperatures would control the water balance and CWD
in Iraq.

The results showed good consistency with that obtained in arid regions of nearby
countries and other parts of the globe. Shen et al. (2013) [63] evaluated the spatiotemporal
changes in CWD in northwestern China and showed an increase in CWD in recent years.
They concluded that April and May are the months with the greatest water deficit. Ragab
and Prudhomme (2002) [64] found a decline in water availability due to higher precipitation
declination in Iraq than in the other Middle Eastern countries. Climate change implications
on the future CWD of Saudi Arabia, which borders with Iraq in the southwest, were
investigated by Chowdhury et al. (2016) [42]. The study reported a temperature rise by
1(C), which would cause a 2.9% increase in overall CWD. The impact of rainfall was also
reported to be low on CWD compared to that of temperature. It is similar to the outcome of
the present study, wherein a large temperature rise was found as the reason for the CWD
increase. Rezaei Zaman et al. (2016) [40] employed a hydrological model and reported a
decrease in inflow into Lake Urmia (bordering northeast of Iraq) and the consequential
decrease in agriculture production by up to 50%. Using a similar hydrological tool in
northwest Iran, Azad et al. (2018) [44] demonstrated that an increase in PET due to the
temperature rise would affect CWD and eventually reduce crop yield by 24.1%. Zamani
et al. (2017) [43] also reported a higher risk in agriculture due to higher CWD in southwest
Iran due to climate change.

Climate change projections are associated with large uncertainty. The multimodel
ensemble mean of the best-performing GCMs of Iraq was used in this study to provide
reliable projections of CWA and CWD. However, Salman et al. [13] showed a large uncer-
tainty in temperature projections for different scenarios using the selected models. This
indicates the projected CWA and CWD are also associated with uncertainty. In the future,
CWA and CWD can be projected using individual GCMs to estimate the ensemble mean
and the associated uncertainty in CWA and CWD projections. The present study also
considered no change in Kc in the future. However, Kc may change in the future due
to climate change. The length of crop growth stages may also vary in the future due to
temperature changes [3]. The variation in CWD due to possible changes in Kc or crop
growing stages was ignored in this study.

Despite the uncertainty, the present study revealed a large increase in water demand
for major crops in Iraq. The country should use smart irrigation systems to increase
water efficiency to mitigate the climate change impacts on CWD [65]. Farmers should
be encouraged to use modern technologies like drip irrigation, need-based irrigation
considering soil moisture, enhancing soil water-holding capability using organic matters,
and planting cover crops to adapt to the changing climate. The native crop species of
Iraq are naturally adaptive to the large climate variability of arid regions. Therefore,
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the cultivation of indigenous species of crops should be encouraged for adaptation to
climate change.

6. Conclusions

The possible implications of climate variability on water availability and crop water
demand were evaluated in this study. Overall, the results pointed out a severe implication
of climatic changes on water availability and demand in Iraq. The future projections of
CWA and CWD showed the continuation of ongoing declination of CWA and an increase
in CWD for all RCPs for the entire agriculture region of Iraq. The impact will be relatively
less in the north and higher in southern Iraq. The effect was also found to increase with
time and RCPs. A faster temperature rise is the main reason for decreasing CWA and
increasing CWD. A higher rise in temperature and almost no increase in rainfall would
cause a huge increase in summer CWD in Iraq. However, the impact will be relatively
less in winter due to an increase in winter rainfall. This country needs to streamline the
existing strategies for building climate resiliency in water resources. Some of the high
potential strategies including turning wastewater into a valuable resource, increasing water
productivity, and increasing virtual water trade can be adopted. Besides, water supply
enhancement through dams and subsurface storage through recharge augmentation should
be considered. Major emphasis should be given to water demand management through
water pricing, water regulations, adoption of water-saving techniques, appropriate crop
selections, and farm practices. In the future, the uncertainty in projected CWA and CWD
can be evaluated. The obtained results can be further analyzed for the evaluation of the
impacts on catchment-scale water balance.
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