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ABSTRACT

The climate change has become a significant threat to the water security and agricultural productivity,
particularly in arid and semi-arid regions. The overall aim of this paper is to demonstrate the compatibility of
the current crop patterns with the climate change in the semi-arid areas, using the Abu Ghraib Irrigation Project
(AGIP)- one of Iraq’s most significant irrigation projects- as a case study. The observed climate data from 1993
to 2023 were used to forecast the climate parameters for 2025-2075 under the Shared Socioeconomic Pathway
(SSP) 2-4.5 scenario, utilizing the LARS-WG weather generator and the HadGEM3-GC31-LL model for RCP 5. The
CROPWAT 8.0 model was employed to assess the crop water requirements, including the calculations of
evapotranspiration and irrigation demands for the summer and winter cropping patterns based on the
Penman-Monteith equation. The results indicate a consistent increase in both the maximum and minimum
temperatures, accompanied by a slight decline in the annual precipitation. As a result, the Net Irrigation Water
Requirements (NIWR) for most crops are projected to have increased by up to 80% by 2075 compared to the
historical baselines. Crops, such as wheat, alfalfa, eggplant, and dry onion, exhibited high sensitivity to climatic
changes, whereas others, like barley, cowpea, and spinach, demonstrated greater adaptability. The findings
indicate that the current cropping patterns are not suitable for the future climate conditions. This highlights the
need to modify the farming strategies by selecting drought-resistant crops and adopting modern irrigation
techniques. The study also provides valuable information to help improve the water management and support
the agriculture in dry and semi-dry regions.

Keywords-climate change; drought-tolerant crops; CROPWAT 8.0; crop water requirement; AGIP; irrigation
management

I.  INTRODUCTION

crucial for assessing their effects on hydrology, meteorology,

One of the most pressing problems is that of global
warming, also known as climate change, and the world has
begun to recognize its environmental, economic, and social
impacts. This has generated an international interest in the
climate issues and their potential future implications through
the conduct of comprehensive and in-depth studies and
research. Therefore, predicting the future climate conditions is

and agriculture. The climate change has led to water scarcity
issues in semi-arid regions due to increased shortages. As a
result, arid and semi-arid areas experience water scarcity for
irrigation projects [1]. Thus, the climate change has led to
reduced efficiency in agricultural projects. Additionally, some
regions face extreme precipitation, while others experience less
rainfall, witnessing an increase in the drought frequency,
intensity, and duration [2-6]. Consequently, many areas'
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agricultural systems will be heavily impacted by the land
degradation, such as erosion and desertification, which will
seriously affect the human activities and food security,
prompting the migration from Iraq [7-9]. Iraq, which is
characterized by its arid and semi-arid climate zones, remains a
concern due to the ongoing climate changes and their potential
future effects on the water and food security [10]. Climate
change impacts the crop yields because the irrigation needs
depend on the climate data, including temperature, rainfall,
humidity, and wind speed. To calculate the NIWR, advanced
methods, such as the Penman—Monteith equation and crop
coefficients (Kc), are used to estimate the actual crop
evapotranspiration (ETc), which indicates the crop's water
usage [11].

Additionally, the amount of water needed varies depending
on the crop type, growth stage, and soil type, necessitating
precise irrigation strategies. The accurate water estimates and
proper amounts help improve the agricultural productivity and
guide the irrigation practices to address the climate change
challenges. The climate change primarily impacts the plant
growth and development by inducing water stress through
altered precipitation patterns and rising temperatures. Each
growth stage responds differently. The responses to water
stress vary among species, cultivars, and environments, making
it crucial to understand these effects for effective water
management and improved agricultural water use efficiency.
The climate change impacts the crop yields in several ways. As
temperatures increase and humidity fluctuates, the crops react
differently; some are highly sensitive, leading to increased
irrigation needs or significant yield losses [12], while others are
more resilient and better suited to tough conditions [13]. The
rising temperatures influence the crop productivity in five key
ways: higher temperatures accelerate the growth, shorten the
growing period, and reduce the yields [14, 15]; they also
disrupt photosynthesis, as C4 crops, like maize and sugarcane,
tolerate the heat better than C3 crops, like rice and wheat,
though both decline under extreme heat [16]. The elevated
temperatures increase the Vapor Pressure Deficit (VPD),
causing plants to close their stomata, which reduces
photosynthesis and increases the canopy temperature [17]. The
heat stress during reproduction can increase sterility, decrease
yields, and lead to crop failure [18]. Finally, the rising
temperatures and CO2 levels enhance the pest survival and
facilitate the disease spread, further threatening the crop
production [19].

The assessment of the impact of climate change on the
global agricultural productivity indicates that the climate
change has resulted in a 21% reduction in productivity since
1961, with projections indicating a further decline to 28% by
2060 [20]. The application of the Aqua-Crop model to estimate
the yield and water productivity suggests that the irrigation
water productivity is expected to have increased by 28% in
2060 under climate change conditions. Iraq, classified within
arid and semi-arid climatic zones, is among the most severely
affected countries, experiencing longer, more frequent, and
more intense droughts [6]. For this reason, Iraq was selected as
a case study because it is considered one of the critical cases.
The climate change projections derived from multiple General
Circulation Models (GCMs) and Representative Concentration

Pathways (RCP 2.6, 4.5, and 8.5) indicate increasing annual
mean temperatures and evapotranspiration, accompanied by a
declining trend in the annual precipitation. Toward the end of
the century, temperature increases of 1.86-5.36 °C and
fluctuations in precipitation will be observed [21-24]. The
AGIP, located in the central region of Iraq, classified as arid to
semi-arid, was selected as the case study due to its significance
as one of the country’s leading irrigation schemes. It features
diverse crops and irrigation systems, faces challenges such as
water scarcity and desertification, and offers strong potential
for improved management. This paper aims to assess the
impact of climate change on irrigation requirements for
different crops within the cropping patterns in semi-arid
regions, with a particular focus on Iraq. The study also
evaluated the suitability of the current cropping patterns under
changing climate conditions to develop sustainable agricultural
strategies that support the food security and resource
management. Specifically, it evaluated the crop pattern of the
AGIP under the present climate conditions and projected the
long-term impacts of the climate change on the agricultural
planning. The crop sensitivity, resilience, and adaptability to
climate variations were examined to determine their influence
on productivity. Furthermore, the crop water requirements were
analyzed under different climate scenarios to propose strategies
for optimizing the irrigation and improving the water-use
efficiency. By generating climate-related agricultural data from
a semi-arid region, the study contributes to the global scientific
literature. It provides valuable guidance for policymakers and
researchers in regions facing similar climate challenges.

II. MATERIALS AND METHODS
A. Study Area

1) Location and Area

Iraq is one of the countries most severely affected by the
climate change. It is located between 29.5-37.22 N latitudes
and 38.45-48.45 E longitudes. The middle and southern regions
of Iraq lie within the arid and semi-arid continental zones of the
Middle East. The AGIP is one of the largest and most critical
agricultural projects in central Iraq, making it a key example
for assessing the impact of the climate change on irrigation and
farming. Its strategic position within a semi-arid zone and
dependence on the Euphrates River underscore its importance
for the national food security and water resource management.
AGTIP is situated 35 km southwest of Baghdad and bordered by
the Saglawiyah and Radhwaniyah Irrigation Projects, the Main
Outfall Drain, and Fallujah’s agricultural lands (Figure 1).
Covering 515 km2, it is irrigated through the 23 km Abu
Ghraib Canal. Its semi-arid climate, characterized by hot, dry
summers and cool winters, makes it an ideal model for
studying sustainable agricultural practices under the changing
climate conditions [25].

2) Climatic Characteristics and Datasets

Irag’s climate is predominantly arid to semi-arid,
characterized by hot, dry summers and very low annual
rainfall, including in Baghdad. In the Baghdad Governorate,
where AGIP is located, the average minimum summer
temperature is around 28 °C, with maximum summer values
reaching 48 °C. The annual precipitation ranges from 70 to 200
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mm, and the dry northwesterly winds are frequent [26]. These
climatic conditions, combined with limited rainfall, make
AGIP a key location for assessing the effects of the climate
change on the cropping patterns and emphasize the need for
effective irrigation and agricultural practices.

Iraq

-

Pioneering Abu Ghraid
Irrigation Project

sy 355 a4 a5 %10 ETOT

Fig. 1. Location and irrigation network of the AGIP.

Climatological data were collected for the period 1980—
2023 in 10-year intervals from the Baghdad Meteorological
Station (Table I). The dataset includes daily temperature (°C),
wind speed (m/s), relative humidity (%), sunshine duration
(hours/day), and precipitation (mm). The accuracy and
completeness of the temperature and radiation data were
verified using NASA sources [27]. Precipitation records were
obtained from the CLIMATE ENGINE platform and the
CHIRPS satellite dataset [28] at a spatial resolution of 0.05 x
0.05 degrees. The use of these global datasets is preferable due
to their geographical coverage, temporal consistency, and
reliability. NASA satellite products have also been widely
applied in recent feasibility studies of solar energy projects in
Libya to evaluate the solar levels across multiple sites,
demonstrating their robustness as a data source for regional,
environmental, and energy analyses [29].

TABLE L SOURCES OF CLIMATIC DATA

No Data source Climate variable Period
NE:@‘;Z;Z&???SS’ Tmax, Tmin, Pr, | 1980 - 1990 -
1 Ot Humidity, Wind, | 2000 - 2010 -
ganization an Sun-S 2020 - 2023

Seismology

Tmax, Tmin, Pr 2025-2035 -
2 LARS-WGS.0 g R A]‘D b 2045- 2055-
- 2065 - 2075

Authors in [30, 31] emphasize the importance of providing
free, up-to-date information supported by advanced
technologies, such as satellites. In this study, climate data were
collected over a 30-year period (1993-2023) to calibrate and
validate the LARS-WG 8.0 software. This duration was
selected as it represents a standard reference period for
analyzing the climate variability, reducing the short-term
fluctuations, and capturing the recent climate patterns and
extreme events, thereby enhancing the accuracy of future
projections. The RCP 4.5 was adopted as a moderate

stabilization pathway consistent with the global mitigation
strategies [32]. The HadGEM3-GC31-LL model was selected
for its comprehensive representation of the climate processes
and participation in CMIP6, providing reliable climate
projections [33]. Additionally, the SSP 2-4.5 was considered a
middle-ground scenario, suitable for assessing the future
climate impacts. Previous research has highlighted the
relevance and importance of these approaches in similar
contexts [21, 34, 35].

3) Soil Information

Salinity and waterlogging are the main constraints limiting
the agricultural productivity in AGIP. The soil has a medium
texture and a groundwater table at a depth exceeding 2 m.
These issues are primarily attributed to the poor drainage and
over-irrigation. Although partial reclamation has been carried
out in some areas, salinity remains a persistent challenge (Table
1) [25, 36].

TABLE II. MAIN SOIL CHARACTERISTICS IN AGPI
. Heavy Light | Medium
No Soil name (clay) (sand) (loam)

1 Tptal available soil 200 60 290
moisture (mm / meter)
2 Maximum rain infiltration 40 40 40
rate (mm / day)
Maximum rooting depth
(cm)

Initial soil moisture
depletion (as % TAM)
5 In'mal available soil 200 60 290
moisture (mm / meter)

900 900 900

4) Water Resources and Irrigation Network

The AGIP is irrigated by the Abu Ghraib Canal, a 23 km
concrete-lined canal with three branches (East, North, and
South). The unified Al Faluja supplies the Iskandariyah Main
Canal, which diverts water from the FEuphrates River
approximately 20 km downstream of Al Faluja, with a
maximum discharge of 28 m3/s. Irrigation mainly relies on
gravity, supplemented by five pumping stations that house 18
pumps with a total capacity of 7.35 m?¥s.

5) Crop Patterns

The cropping pattern in AGIP is balanced between grains
and vegetables, with fodder crops accounting for 3.2% of the
cultivated area. Summer cultivation accounts for approximately
35% of the annual cropped land, which may be attributed to
irrigation water shortages during this period [25]. The selection
of a cropping pattern can be viewed as a strategic decision
made before the planting season. Table III summarizes the
planned crops, planting, and harvesting dates provided by the
Ministry of Agriculture and Irrigation, together with the
national strategic study for water and land resources. The total
planned agricultural area was 51,500 Ha (approximately 515
km?), with planting and harvesting dates subject to slight
variations depending on the water availability [25].
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6) Crop Sensitivity Analysis

Climate change has a significant impact on the plant growth
and development, primarily through the water stress resulting
from altered precipitation patterns and rising temperatures.
Each stage of the plant growth reacts differently to the water
stress.

1. Germination Stage: Adequate soil moisture is essential
for the seed germination. The water deficiency during
this phase can cause lower and delayed germination
rates, which can negatively impact the plant density and
future yield.

2. Vegetative Growth Stage: In this stage, the plants
depend on adequate water to support the photosynthesis

and fast growth. Water stress can reduce the vegetative
growth, limiting the leaf area for light absorption and
impacting the plant's ability to produce essential
nutrients.

3. Flowering Stage: This stage is susceptible to water
stress. Not enough water during flowering can reduce
the number of flowers produced and increase the flower
drop, directly affecting the crop yield.

4. Fruit or Grain Development Stage: The water stress
during this stage impacts the size and quality of fruits or
grains. Insufficient water can lead to smaller fruits,
lower sugar content, and an overall decline in the
product quality.

TABLE IIL PLANTING DATE, HARVESTING DATE, SENSITIVE STAGES FOR WINTER AND SUMMER PLANS OF THE MINISTRY OF
AGRICULTURE
Winter cro Planting Harvesting Summer Planting Harvesting
P period period Sensitive stage crops period period Sensitive stage
Wheat Oct- Nov Apr- May Flowering and fertilization Maize Mar-May Jun-Sep Flowering and pollination
Barley Oct-Nov Apr- May Flowenngfﬁilii:arly gram Eggplant Feb-May Jun-Jul Flowering and fruit setting
Onion green Sep-Oct Feb- Mar Bulb formation Tomato Mar-May Jun-Jul Flowering and fruit setting
Potato Sep-Oct Jan- Mar | Tuber initiation and bulking| Cucumber Mar-May Jun-Jul Flowering and fruit setting
Broad bean Oct-Nov Mar- Apr Flowering and pod setting Cowpea Apr-May Aug-Sep Flowering and pod setting
Spinach Sep-Nov Dec- Jan Rapid vegetative growth | Watermelon | Mar-May Jun-Aug Flowering and fruit setting
Forage mixture Sep-Oct Feb- Apr Rapid vegetative growth | Sweet melon | Mar-May Jun-Aug Flowering and fruit setting
Every 60~70
Alfalfa® Sep-Oct day several Flowering Millet Apr-May Aug-Sep Flowering and early grain filling
Times/Year
Lettuce Sep-Nov Jan- Dec Head formation Maize forage | Mar-May Jun-Aug Vegetative growth
Vegetables Sep-Nov Jan-Dec Vegetatlvesitrtci)rlegh and fruit Onion Apr-May Jun-Aug Bulb formation
Potato Mar-May Jun-Jul Tuber initiation and bulking
Pepper Mar-May Jun-Jul Flowering and fruit setting
Vegetative growth and fruit
Vegetables Feb-May May-Sep setting

The plant responses to water stress differ depending on the
species, cultivar, and environmental conditions. Understanding
how the climate change and water stress impact each growth
stage is crucial for developing effective water management
strategies and improving the water use efficiency in agriculture.
The climate change and rising temperatures affect the crop
yields through several mechanisms. First, elevated
temperatures accelerate the crop development, leading to
shorter growth duration that is often associated with reduced
yields [12]. Second, the high temperatures influence
physiological processes, such as photosynthesis, respiration,
and grain filling. Crops with a C4 photosynthetic pathway,
such as maize and sugarcane, have higher optimum
temperatures for photosynthesis compared with C3 crops, such
as rice and wheat; however, even C4 crops exhibit reduced
photosynthetic efficiency under excessive heat [16]. Third,
warming increases the saturation vapor pressure of the air
exponentially. Under stable relative humidity, this raises the
VPD between the air and the leaf, which is defined as the
difference between the saturation vapor pressure and the actual
vapor pressure. The relative humidity has remained relatively
constant over large spatial scales, and it is expected to change
minimally in the future. Plants respond to high VPD by closing
their stomata, which reduces the photosynthesis and increases

the canopy temperature. Fourth, temperature extremes can
cause direct cellular damage and increase the probability of
heat stress during critical reproductive phases, leading to
sterility, reduced yields, or even complete crop failure [18].
Fifth, higher temperatures, combined with increased
atmospheric CO-, favor the proliferation of pests and diseases
affecting the crops [19]. The flowering and fruit or grain
development stages are among the most sensitive phases to the
water stress in a plant's lifecycle. Insufficient water during
flowering reduces the number of flowers and increases the
flower drop, while deficits during fruit or grain development
decrease the size and quality, negatively impacting both the
nutritional value and market potential [37].

B. Determination of Crop Evapotranspiration (ETc) and
Irrigation Water Demand

To estimate the water requirements of the project, the water
consumption of each crop must be calculated. CROPWAT 8.0,
developed by FAO, is a widely used model for estimating the
reference evapotranspiration (ETo), ETc, and NIWR for
multiple crops based on soil, crop, and climate data. The model
calculates ETo using the Penman—Monteith method, with
minimum temperature (Tmin) and maximum temperature
(Tmax), wind speeds, sunshine durations, and relative
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humidities from the designated climate station as inputs [36].
ETc is derived from ETo by applying the dimensionless Kc,
while adequate rainfall is estimated using the USDA Soil
Conservation Service method [38]. ETc is calculated for each
crop and across its different growth stages. The analysis of the
irrigation demands for both winter and summer cropping plans
provides valuable insights for improving the irrigation
scheduling and enhancing the water management efficiency.

C. Climate Change and Future Climate Parameters

To predict the future climate change and estimate the key
climatic parameters, the LARS-WG 8.0 weather generator was
employed to simulate the maximum and minimum
temperatures and precipitation based on historical climate data.
This software applies advanced statistical techniques to
downscale the outputs from global climate models, providing
high-resolution and accurate projections. A 30-year dataset
(1993-2023) was used for calibration and validation to ensure
reliable results. The HadGEM3-GC31-LL global climate model
was selected for its strong performance in representing the
climate variables in semi-arid regions, while the SSP2-4.5
scenario was adopted as a moderate greenhouse gas emission
pathway consistent with the global mitigation efforts. Previous
research has successfully applied the LARS-WG model to
generate synthetic rainfall and temperature data under both
historical and projected climate conditions [39]. The prediction
process involved calibrating LARS-WG 8.0 using observed
climate data, followed by validation to ensure the accuracy of
the projections. Future climate parameters were simulated at
20-year intervals (2025, 2035, 2045, 2055, 2065, and 2075) to
identify the long-term trends. The projections were analyzed to
assess the impacts of the climate change on the water resources
and agricultural sustainability. By integrating LARS-WG 8.0
with a suitable global climate model and emission scenario, this
study provides a robust framework for evaluating the potential
impacts of climate change on the irrigation projects and
cropping patterns in semi-arid regions, such as Iraq.

D. Computation and Evaluation Methodology

CROPWAT was applied to estimate the crop water
requirements for different crops during the years 1980, 1990,
2000, 2010, 2020, and 2023, covering both winter and summer
growing cycles. Subsequently, future climate data generated
with LARS-WG 8.0 were employed to calculate the crop water
requirements for 2025, 2035, 2045, 2055, 2065, and 2075.
Combining these two models provided a comprehensive
assessment of the crop water demand under both historical and
projected climate conditions, making CROPWAT a valuable
tool for identifying the suitable crop cycles. This analysis helps
optimize the cropping patterns in line with the expected climate
change and supports sustainable irrigation practices.

II. RESULTS AND DISCUSSION

A. Prediction of Climate Change and Future Climate
Parameters

Understanding the future climate trends is crucial for
assessing their potential impact on the agriculture, water
resources, and the overall stability of irrigation projects.
Temperature variations, as a key climate parameter, play a

crucial role in shaping the regional climate conditions. Figure 2
shows the annual average maximum temperature records,
ranging from 30.2°C in 1980 to 33.0°C in 2010. The trend is
expected to continue rising, having reached 34.5°C by 2075.
Similarly, the annual averages of the minimum temperatures
show a consistent upward trend. In 1980, the average minimum
temperature (Tmin) was the lowest, at 14.4°C, and it had
increased to 18.0°C by 2010. It was found that the temperature
was 16.9°C in 2020; it is expected to have been 19.6°C by
2075, the highest recorded Tmin in the study period.

40 -

35 1
35 M
O
<25 -
-1
E 20
% 15 -
D —0— Tmax
=
10 A
—@— Tmin
N
0+ T T T T T T T T T T 1
1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080

Year

Fig. 2. Average Tmax and Tmin per year (°C).

As illustrated in Figure 3, the total annual precipitation
varied considerably across the study period. The lowest value
was recorded in 2000 (67.6 mm), while the highest occurred in
2023 (194.4 mm). The maximum temperature increased by
6.22%, the minimum temperature by 17.39%, while the
precipitation decreased by 4.63%. These results are consistent
with the findings of [40], which reported a 5.88%—6.05% rise
in temperature and a 30.68% reduction in precipitation using
the multicriteria decision-making technique.

B. Irrigation Water Demand

The AGIP includes two agricultural plans: a winter crop
plan and a summer crop plan. As shown in Figure 4, the crops
in the winter plan are affected by the climate change. The
annual water consumption increased from 1980 to 2020 at 10-
year intervals, with 2023 used as a reference year for all crops
(barley, onion, green onion, potato, broad beans, spinach,
forage mixture, lettuce, and vegetables).

Ao

g Mgl

250 4

g

g

—

N

1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080
Years

g

Precipitatipn (mm)
8

0

Fig. 3. Total annual amounts of precipitation (mm).
Variations in water use were observed depending on the
nature and growth requirements of each crop. These changes
are primarily attributed to the influence of the climate change.
For example, onion green recorded the lowest water
consumption in 2020 due to the abundant rainfall that year,
which satisfied most of the plants’ water requirements. Among
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the winter crops, wheat and alfalfa require the highest amounts
of water due to their longer growing periods, with wheat
averaging 240 days and alfalfa lasting a whole year, making
them more vulnerable to the climate variability. Projections for
northeastern Iran under the RCP8.5 scenario similarly indicate
a significant increase in the crop water demand and a decline in
the wheat yields, underscoring the need for adaptive
agricultural strategies. The research period was categorized into
two temporal groups to facilitate a more comprehensive
comparison of the data.

In Group A of the winter plan, as depicted in Figure 4,
NIWR in 2000 was among the highest across all crops due to
severe rainfall scarcity. In contrast, 2023 recorded the highest
rainfall, yet the crop water requirements remained high for a
different reason. Although it was a rainy year, the crops did not
benefit from the abundance of rain because it was not yet time
to plant them. Only certain crops, such as wheat and alfalfa,
were able to take advantage of the abundant rainfall since it
occurred during critical growth stages for these plants.

900

~8— \WHEAT
800
0\./'\.—/"\.—0— BARLEY
700
- ONION
Z 600 GREEN
£ 500 OTATO
& 400 ’___,/'\o——/—\—o— BROAD
z BEANS
7 300 —o— SPINACH
200 s ~8—FORAGE
3 47 \XTURE
100 = s E%’-o—um.m
0 ——LETTUCE
1980 1990 2000 2010 2020
- —6—VEGETABLES
Year
Fig. 4. NIWR of winter plan crops for Group A.

For Group B of the winter plan, as illustrated in Figure 5,
the crop water consumption showed a steady increase, nearly
doubling that of Group A for most crops. This increase is
mainly attributed to the higher maximum and minimum
temperatures. Although the annual rainfall was projected to
remain within normal ranges, the effect of the rising
temperatures on the crop water requirements was considerably
more pronounced than the variability in rainfall. These findings
are consistent with [41], where significant yield reductions
were reported, particularly for wheat, with decreases of
approximately 59.95% under climate change scenarios. Among
the winter crops, wheat and alfalfa exhibited the highest water
requirements due to their longer growing cycles and greater
cumulative evapotranspiration throughout the season.

Figure 6 displays the difference in NIWR among strategic
crops and their sensitivity to climate change, showing a
proportional increase in the water demand under the AGIP
summer plan. As shown in Figure 7, Group A crops exhibited
increased water requirements with slight decreases in the
response to variations in rainfall availability and temperature.
Overall, the summer crops in this group exhibited similar
responses to the climate change. In 1980, although rainfall was
relatively high and temperatures were moderate, the crop water
demand remained high because most of the rainfall occurred
before the planting period in May.

Vol. 15, No. 5, 2025, 27519-27529 27524
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Fig. 5. NIWR of winter plan crops of Group B.
1600
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Year
Fig. 6. Sensitivity of winter crops NIWR toward climate change.

Rainfall mainly occurred during the first and last three
months of the year, outside the planting season, providing little
benefit to the crops. In contrast, although overall rainfall in
2010 was low, some of it coincided with the planting period,
allowing crops to benefit and decreasing their net irrigation
needs. As a result, the water demand in 2010 was relatively low
[42]. These observations confirm that the successive crop
production depends not only on the total seasonal or yearly
rainfall, but also on its temporal distribution [43].

650 —o—Maize
.\_.//”‘". —o—Eggplant
550 —e—Tomato
500 W &~ Cucumber
450 ———————— ———eo—* —e—Cowpea

—o—Watermelon
—e—Sweetmelon

B[O Millet

300 l—:’.::\\_._‘/.//’r. —e—Maize forage
250

. —&—Dry onion
200 ————————__ .  _—®—¢ —e—Potato
150 —o—Peper
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025e—Vegetables
Year

NIWR (mm)

Fig. 7. NIWR of summer plan crops of Group (A).

In Group B of the summer plan crop responses to the
climate change remained consistent, showing a gradual but
slight increase in the water consumption. This trend reflects the
relative adaptability of the agricultural patterns to the evolving
climatic conditions, as portrayed in Figure 8. In the summer
plan of Group B, the water demand varied among crops
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depending on their specific characteristics. Between 2065 and
2075, the consumption reached its peak, significantly
exceeding the levels observed in 2025. The trend line illustrates
a clear upward trajectory, indicating an expected annual
increase in the water demand. The most affected aspects
include the changes in phenological dates, crop season lengths,
crop water requirements, net irrigation requirements, and
related yield variations [44]. Among the summer crops,
eggplants, tomatoes, and dry onions exhibited the highest net
irrigation requirements due to their sensitivity to the water
stress and elevated transpiration rates during the peak growth
stages (Figure 9).

A comparison between Group B and Group A indicates that
the water consumption increased for all crops by approximately
1.8 times, confirming the influence of the climate change on
the crop water demand. This pattern is consistent when each
crop is evaluated individually and its response is monitored.
Table IV summarizes the overall linear and non-linear trends
observed for the crops in the winter plan. The results indicate
that the coefficient of determination (R?) ranges from 0.68 to
0.73, reflecting a strong relationship between the plant behavior
and water consumption under changing climatic conditions.
The most sensitive crops in the winter plan were those with the
steepest slopes in the regression index, namely winter wheat,
barley, and green onions. The linear relationships provide a
straightforward and efficient means of identifying the trends in
the crop behavior, such as the progressive increase in the water
demand over time. They are helpful for preliminary analysis
and forecasting in crops, such as wheat and barley, where the
patterns appear relatively stable. Although less precise than
nonlinear models, linear equations remain valuable for
capturing the general direction of crop—climate responses. The
considerable gap in R? values for wheat and green onion
indicates that their behavior follows a nonlinear pattern. Wheat
growth is influenced by multiple factors, including the rainfall
distribution and soil quality, while nonlinear models offer a
more accurate representation of the seasonal growth curves and
environmental variability. The considerable gap in R? values
for wheat and green onion indicates that their behavior follows
a nonlinear pattern. Wheat growth is influenced by multiple
factors, including the rainfall distribution and soil quality,
while nonlinear models offer a more accurate representation of
the seasonal growth curves and environmental variability.

Similarly, crops such as potatoes, spinach, and broad beans are
highly sensitive to temperature and moisture, which explains
the improved accuracy of the nonlinear approaches for these
cases.

Table V indicates that all summer crops achieved higher R2
values under nonlinear models compared to the linear models,
suggesting that complex functions better represent their
temporal behavior. Maize, eggplant, sweet melon, and potato
showed particularly high nonlinear R? values (above 0.9),
reflecting strong and consistent responses to climatic factors.
These crops likely follow stable seasonal cycles that are well
captured by sigmoid or Pearson-type models. For tomato, dry
onion, pepper, and vegetables, the nonlinear R? values were
slightly lower (approximately 0.93-0.98), indicating greater
variability in the water demand and sensitivity to the
environmental stress and timing. This distinction highlights that
even within summer crops, the level of predictability differs,
underscoring the need for crop-specific modeling approaches.
The high R? values in nonlinear models further suggest that
functions, such as Pearson V or Sigmoid provide more realistic
estimates of the crop water demand.

C. Summer and Winter Patterns

For the summer plan, a clear distinction exists between the
past and future Groups A and B, with the predicted water
consumption in future years expected to have significantly
exceeded the historical levels. In agricultural practice, all crops
share water allocations and often have overlapping irrigation
dates. As shown in Figure 10, the monthly summer
consumption pattern for each year demonstrates that, regardless
of the crop type, estimating the monthly water requirements
provides a comprehensive assessment of the impact of the
climate change on the agricultural demand. It is important to
note that all consumption is concentrated within a specific
period due to the design of the AGIP agricultural plan, with
most crops planted in May and the peak water demand
occurring in June, July, and August. This period represents the
most sensitive stage in a plant’s life, encompassing flowering
and early fruiting. It is consistent with previous research
indicating that the summer annual strategy begins with spring
germination, progresses to summer flowering, and is followed
by extended seed dormancy.
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Fig. 8. NIWR of summer plan crops of Group (B).
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Fig. 9. Sensitivity of summer crops NIWR toward climate change.
TABLE IV. THE GENERAL TREND AND REPRESENTATIVE EQUATION FOR WINTER CROPS
Winter crops General trend R? Linear relationship General trend R? Nonlinear relationship
Wheat R2=0.721 y =5.3515x - 10261 0.981 y = (b*a/I'(a)) x 1 /x"a+1)) * er(=b/x), x > 0
Barley R?=0.699 y =2.729x - 5276.9 0.979 y=1/1 + e=x))
Onion green R2=0.709 y =3.1623x - 6123.4 0.985 y = (b*a/I'(a)) * 1/x"a+1)) * er(=b/x), x > 0
Potato R2=0.706 y=2.1131x - 4122.1 0.968 y = (b*a/I'(a)) * 1 /x"a+1)) * er(=b/x), x > 0
Broad beans R?=0.720 y = 1.7396x - 3391.9 0.970 y=1/1 + e=x))
Spinach R2=0.719 y =1.6724x - 3261 0.969 y=1/1 + e—x))
Forage mixture R%2=0.729 y =1.8621x - 3620.2 0.967 y = (b*a/I'(a)) x 1 /xa+1)) * er(=b/x), x > 0
Alfalfa R2=0.712 y =-0.1995x + 1160.3 0.989 y = A * §(t — t0)
Lettuce R%2=0.729 y =1.7116x - 3341 0.962 y = (b*a/I'(a)) x A1 /x"a+1)) * er(=b/x), x > 0
Vegetables R%2=0.729 y =1.8621x - 3620.2 0.972 y = (bta/I'(a)) x 1 /x"a+1)) * er(=b/x), x > 0
X represents the years, and y indicates the actual water consumption of the crop
TABLE V. R?THE GENERAL TREND AND REPRESENTATIVE EQUATION FOR SUMMER CROPS
Summer crops General trend R? | Linear relationship General trend R? Nonlinear relationship
Maize R?=0.7056 y=5.849x - 11172 0.996 y =1-e=((x —c)*e/b)*a)
Eggplant R2=0.7021 y =7.2175x - 13793 0.997 y = (bta/I'(a)) * (1 /x"(a+1)) *x er(=b/x), x > 0
Tomato R2=0.7012 y =7.1472x - 13658 0.935 y =a+ bx + cx"(15) + dx"(0.5) In(x)
Cucumber R2=0.6982 y =4.6568x - 8906.1 0.995 y = (b*a/I'(a)) * 1/x"(a+1)) * er(=b/x), x > 0
Cowpea R%=0.683 y =2.4017x - 4583.3 0.993 y=1/1 + e”(—x))
Watermelon R?2=0.7127 y =3.8144x - 7293.1 0.993 y =a+ bx + cx"(15) + dx"(0.5) In(x)
Sweet melon R2=0.7122 y =5.4064x - 10325 0.997 y=1/1+ eM—x))
Millet R?=0.7022 y =4.3161x - 8258.2 0.996 y=1/1+ eM—x))
Maize forage R?2=0.6929 y =3.6947x - 7076.3 0.994 y = ("a/Tl'(@) * 1/x"(a+1) * er(=b/x), x > 0
Dry onion R2=0.7044 y =7.32x - 14004 0.952 y=1-e=((x — c)"e/b)a)
Potato R2=0.7069 y = 6.4054x - 12239 0.997 y=1/0 + er—x))
Peper R2=0.7082 y =5.849x - 11172 0.987 y=1-e"=(x —o)"e/b)"a)
Vegetables R2=0.7065 y =4.5664x - 8712.4 0.962 y=a+bx+ cx"(1.5 + dx"(0.5) In(x)

For the AGIP winter plan, the yearly cropping pattern
indicates that the water demand peaks in July, followed by a
peak in May. This trend reflects the planting schedule, as most
crops are sown in November, with green onions and barley
planted in October, and some crops beginning as early as
September. Consequently, the two peaks in the water
consumption coincide with the driest months and the most
critical growth stages of winter-planted crops, as shown in
Figure 11. High temperatures and limited rainfall characterize
June. Despite these conditions, the water consumption
decreases significantly because the growing season of most

x represents the years, and y indicates the actual water consumption of the crop

crops ends before June. Each crop has a distinct lifespan, with
alfalfa persisting year-round, wheat growing for approximately
eight months, and short-cycle crops, such as potatoes, lasting
no longer than four months. As illustrated in Figure 12, the
agricultural patterns are divided into two groups: historical
years (Group A), which require less water, and future years
(Group B), where the consumption is expected to increase. This
confirms that the water demand and irrigation requirements are
projected to rise in response to future climate changes. The
application of climate-based irrigation scheduling resulted in
nearly 11% water savings compared to the conventional
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methods, highlighting the importance of selecting cropping
patterns that are compatible with the local climatic conditions
[45].
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Fig. 10.  Monthly irrigation requirement of summer pattern in (I/s’/ha) of
AGIP.
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Fig. 11.  Irrigation requirement of winter pattern in (I/s/ha) of AGIP.

The seasonal analysis of summer and winter cropping
patterns in AGIP confirms that climate-based irrigation
scheduling can significantly reduce the water use, particularly
under future climate scenarios. These findings are consistent
with [13], where a 10-15% reduction in the irrigation demand
was reported through adaptive scheduling in central Iraq and
strong NIWR sensitivity was highlightedacross 16 crops, with
barley and maize identified as particularly climate-sensitive.
However, a peak demand was recorded in early spring, in
contrast to the mid-summer peak observed in Abu Ghraib. In
Jordan, authors in [46] demonstrated that shifting the planting
dates by 2—4 weeks reduced the water stress by up to 18% and
showed that the wheat and barley were vulnerable to early-
season droughts under rainfed conditions. Although the stress
peaks in [46] occurred earlier than those of the present study,
both studies emphasize the importance of revising the planting
calendars to adapt to semi-arid climates. Research in northern
Ethiopia, led by authors in [47], found that using 25% deficit
irrigation during the initial and late growth stages of potatoes
boosted the water productivity and net benefits without a
significant yield loss. This aligns with the current work’s
observation of the reduced irrigation needs in June, as the crop
cycle is complete. However, since authors in [47] focused
solely on potatoes, their findings may not fully apply to other
crops.

The findings of the current study are applicable to other
semi-arid regions with comparable climatic and agricultural
conditions. The combined use of LARS-WG and CROPWAT
has been successfully applied in neighboring arid and semi-arid
areas, such as the Diyala Basin in Iraq, where NIWR sensitivity
was found to increase by 0.1-44% across 16 crops under future
climate scenarios [13]. However, the differences in local soil
properties, irrigation infrastructure, and economic factors may
affect the model outputs. Local calibration and validation are
therefore proposed to ensure a reliable application across
different semi-arid settings. This methodology can also be
extended to other arid and semi-arid regions of Iraq, such as the
irrigation projects of Al-Mussaib, Al-Hussainiya, and Al-
Dalmaj. These areas are key agricultural zones characterized by
distinct soil textures, water availability challenges, and crop
patterns. Applying the proposed approach in these regions
while accounting for their specific soil characteristics,
irrigation systems, and crop choices could support more
accurate planning and strengthen the climate resilience in
future irrigation management strategies

IV. CONCLUSION

The findings of this study indicate that the climate change
directly influences the agricultural requirements, resulting in a
proportional increase in the water demand. Climate prediction
models further project a significant temperature rise
accompanied by a decline in precipitation, which together are
expected to intensify the future irrigation requirements. A
significant difference between the historical and future climate
conditions underscores the need to adopt modern irrigation
strategies and cultivate crop varieties that are more resilient to
the climate change. Satellite-based datasets, such as NASA
POWER and CHIRPS, have been widely used to analyze the
regional climate variability. Several studies in the Middle East
and North Africa have examined the temperature and
precipitation trends using similar approaches. Previous research
in Iraq [13] employed models, such as LARS-WG and
CROPWAT 8.0 to assess the irrigation water requirements and
crop sensitivity across four irrigation projects from 1990 to
2019, with projections extending to 2080.

A recent study in Wasit Governorate utilized LARS-WG
and CROPWAT 8.0 to predict the irrigation water demand for
the period 2030-2050 [48]. However, this study focuses on
Baghdad, covering a historical period from 1980 to 2023 and
including climate projections up to 2050, thereby providing a
unique local perspective on the urban climate dynamics. This
contribution enhances the scientific understanding of the
climate patterns in Iraqi urban environments, which remain
underrepresented in the existing literature. The water
requirements of winter wheat and alfalfa are higher than those
of other crops due to their longer growing periods and greater
cumulative evapotranspiration demands. Under conditions of
limited irrigation and projected climate change scenarios, this
extended growth duration underscores the need for more
efficient water management strategies to maintain the yield
stability and enhance the irrigation water productivity. Higher
cumulative evapotranspiration demands were observed for
summer crops, such as eggplants, tomatoes, and dry onions due
to their sensitivity to the water stress and high transpiration
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rates during the peak growth stages. These crops require a
continuous and sufficient water supply to prevent significant
yield losses. The results further indicate that the current
cropping patterns are unsustainable and incompatible with the
projected climate change, emphasizing the need for adaptive
strategies in the AGIP, located in Iraq’s central arid and semi-
arid region.

In general, it is proposed to avoid cultivating high-water-
demand crops during periods of water scarcity and to prioritize
more drought-tolerant species, such as barley and potatoes in
winter and maize and peppers in summer. This study enhances
the understanding of the impacts of the climate change on the
water requirements and provides valuable data to support
decision-makers and farmers in improving the irrigation
strategies. The proposed methodology can also be applied to
other irrigation projects with comparable climatic conditions,
particularly in arid and semi-arid regions. It is proposed to
adopt modern irrigation strategies, such as sprinkler and drip
irrigation systems, to meet the crop water requirements,
particularly during sensitive growth stages. Irrigation
scheduling should be improved to reduce the pressure during
the driest months and to distribute the water demand more
evenly across the year. To ensure agricultural sustainability and
maintain the food security, the irrigation projects must adapt to
the climate change, especially in the arid and semi-arid regions.
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