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ABSTRACT

Climate change poses significant challenges to arid and semi-arid regions, where rising temperatures and variable
precipitation patterns exert increasing pressure on water resources. This study investigates future climate projec-
tions for southern Iraq, focusing on Basrah, Dhi Qar, and Al-Muthanna, using the LARS-WG8 stochastic weather
generator driven by outputs from four CMIP6 global climate models under the SSP2-4.5 and SSP5-8.5 scenarios.
Historical daily records (1995-2024) of precipitation, maximum temperature (Tmax), and minimum temperature
(Tmin) were employed for model calibration and validation. The results indicate a consistent warming trend across
the study area. Annual Tmax is projected to increase by approximately 3.1 °C under SSP2-4.5 and 4.6-4.9 °C under
SSP5-8.5, while Tmin is expected to rise by 2.7-2.9 °C and 3.9-4.2 °C, respectively. This trend reflects a reduction
in the diurnal temperature range and suggests intensified heat stress conditions. In parallel, projected annual precipi-
tation exhibits a gradual decline, ranging from 3—6 mm in the near future to 5-10 mm in the far future. The com-
bined effects of increasing temperatures and decreasing precipitation highlight the growing climate vulnerability of
southern Iraq and emphasize the urgent need for effective adaptation strategies. These findings provide valuable in-
sights for climate risk assessment and support sustainable water resource management in arid and semi-arid regions.
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INTRODUCTION

Climate change has emerged as a characteris-
tic problem of the twenty-first century because it
has reached across all spheres of the atmosphere,
hydrological processes, and socioeconomic mech-
anisms of the planet (Spiridonov et al., 2025;Al-
Maliki, 2025). The escalating levels of green-
house gases are currently closely associated with
the growing surface air temperatures, changes
in the regimes of precipitation, and the growing
frequency and intensity of climatic extremes, ac-
cording to the Intergovernmental Panel on Cli-
mate Change (IPCC) (Allan et al., 2023; Forster
et al., 2025). Such changes are especially sharp in
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arid and semi-arid areas, the climatic variability of
which has a direct bearing on water resources, ag-
riculture, human health, and ecosystem function-
ing (Xu and Yang, 2017; Alkandari et al., 2026).
These observations are consistent with recent
studies emphasizing that climate change has be-
come a major obstacle to sustainable development
in arid and semi-arid regions, where increasing
temperatures and climate variability pose growing
challenges for water resources, food security, and
socioeconomic resilience (Alsufyani, 2025).

As one of the regions the most suscepti-
ble to the effects of climate change, the Middle
East, and Iraq, in particular, is characterized by
the overwhelmingly dry climate, great rates of
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evapotranspiration, and dependence on surface
and groundwater resources with limited nature
(Adamo et al., 2022; Al-Hussein et al., 2024; Ri-
yadh et al., 2026). It can be seen in observational
analysis and climate projections that the warming
trend is persistent across Iraq, and the frequency
of heatwaves and altered precipitation patterns put
water security, agricultural productivity, and en-
vironmental sustainability at risk (Al-Naffakha et
al., 2025; Shehab and Alsltany, 2025). As an ex-
ample, the recent climate evaluations indicate that
there is severe warming in both the mid and south-
ern parts of Iraq with trends anticipated under dif-
ferent scenarios of emissions (Abdulhussein et al.,
2024). In addition, localized research involving
sophisticated climate models has pointed to the
fact that the minimum and maximum tempera-
tures will rise during the middle of this century,
and the amount of precipitation is unpredictable as
a result of the variability of models (Abdulsahib et
al., 2024; Reyad and Fahad, 2025).

The impact of these shifts is not limited to the
changes in temperature and precipitation trends
but to more environmental and socioeconomic is-
sues. The reduction in river flows, the rising num-
ber of droughts, and the escalation of water scar-
city have already affected the agricultural produc-
tion and the rural livelihood of people in Iraq (El-
taif et al., 2024). The findings are consistent with
those of the research indicating that there were
severe instances of climate-induced droughts in
West Asia that would have been significantly less
severe without the anthropogenic warming (Al-
Ibady et al., 2026). These pressures make it im-
perative to have solid climate projections at scales
that are pertinent to local decision-making. In ad-
dition to reliable climate projections, sustainable
water resource management requires continuous
assessment of water quality because climate vari-
ability may alter the physicochemical character-
istics of aquatic systems and influence ecosystem
functioning (Nyamweha et al., 2025).

Southern Iraq is highly vulnerable to the im-
pacts of climate change, with Basrah, Dhi Qar, and
Al-Muthanna representing key provinces charac-
terized by critical wetland ecosystems, extensive
agricultural landscapes, and rapidly expanding
urban populations (Cornforth et al., 2022; Muhai-
meed et al., 2025). These governorates are sub-
ject to significant environmental stress, including
wetland degradation, desertification, and height-
ened sensitivity to climatic extremes. Previous
studies employing downscaling approaches to

assess future climate trends in southern Iraq have
consistently reported rising temperatures; howev-
er, projections of precipitation remain uncertain,
with both increasing and decreasing trends de-
pending on the selected climate model and emis-
sion scenario (Hadi et al., 2024).

In order to overcome the problem of spatial
differences between the coarse global climate
model outputs and local climate effects, downscal-
ing techniques, including stochastic weather gen-
erators, are commonly employed. Long Ashton re-
search station weather generator (LARS-WG) has
been already applied in several studies conducted
in the area, revealing that they are able to repro-
duce the observed climatology and provide future
predictions of the daily weather variables (Pun-
yawansiri and Kwanyuen, 2020). As an example,
the LARS-WG has been used to predict precipita-
tion patterns in cities in Northern Iraq, which once
again justifies its application in the evaluation of
the impact of climate on the region (Abed et al.,
2025).

Recent advances in climate modeling through
the sixth phase of the Coupled Model Intercom-
parison Project (CMIP6) introduced the shared
socioeconomic pathways (SSPs), which integrate
socioeconomic development pathways with green-
house gas emission trajectories, enabling more
comprehensive assessments of future climate un-
der different mitigation and adaptation scenarios.
Building on these advances, this study employs
the latest LARS-WG8 weather generator to down-
scale outputs from four state-of-the-art CMIP6
Global Climate Models (HadGEM, CanESM,
BCC-CSM2-MR, and CMCC-Micro6) under
SSP2-4.5 and SSP2-8.5. The model was calibrated
and validated using observed daily precipitation,
minimum temperature, and maximum tempera-
ture records for the baseline period (1995-2024).
Future climate projections for 2025-2060 were
analyzed over two climatological periods (2025—
2042 and 2043-2060) using a multi-model en-
semble approach to reduce projection uncertainty.
The study provides high-resolution monthly and
annual projections of temperature and precipita-
tion for three climate-vulnerable governorates in
southern Iraq, offering robust scientific informa-
tion to support water-resource management, ag-
ricultural planning, environmental management,
and climate adaptation strategies.
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MATERIALS AND METHODS

Description of the study area

Iraq lies in arid to semi-arid Middle East, the
hydrological system of which is characterized by a
high evaporation of the land and the small amounts
of precipitation per year. It is specifically in South-
ern Irag, which is among the most heat-prone areas
in the world, that the heat may sometimes reach
over 45 °C during summer (Muslih and Abbas,
2025). The hottest period of the year is August,
whereas the coldest month is January, with an av-
erage monthly temperature varying between 5 °C
and 10 °C. The rainfall is mainly received during
winter (October-May) and has a considerable in-
terannual variability because of the regional cli-
matic oscillations (Salman et al., 2019).

The present study focuses on three governor-
ates in southern Iraq, Basrah, Dhi Qar, and Al-
Muthanna, which represent some of the most
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climate-vulnerable and environmentally stressed
regions in the country (Figure 1). These areas are
characterized by high ecological sensitivity, per-
sistent water scarcity, and a pronounced suscepti-
bility to the long-term impacts of climate change
(Nile et al., 2025).

Table 1 represents three meteorological sta-
tions that were sampled in each governorate to
determine alterations in precipitation and tempera-
ture using projected climate conditions. The data
of these stations will be of high quality in terms of
daily observation documents in the year 1995-2024
which were utilized as reference data in calibration
and validation of LARS-WGS weather generator.

Observational climate data

Historical daily meteorological data, includ-
ing precipitation (mm), minimum air temperature
(Tmin, °C), and maximum air temperature (Tmax,
°C), were obtained from the Iraqi Meteorological
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Figure 1. Distribution of the selected meteorological monitoring stations within the study region
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Organization and Seismology (IMOS) for the
Basrah, Dhi-Qar (Nasiriyah), and Al-Muthanna
(Samawah) meteorological stations. The data-
sets cover the baseline period 1995-2024 and
were acquired through an official data request to
IMOS. The data were supplied in digital spread-
sheet format (Microsoft Excel) as continuous
daily records for each station.

Prior to their use in the LARS-WGS8 weather
generator, the observational data underwent com-
prehensive quality control and preprocessing to
ensure accuracy, consistency, and completeness.
The datasets were examined for missing values,
duplicate records, inconsistencies in dates and
measurement units, and temporal continuity.
Short gaps (<3 consecutive days) were filled us-
ing linear interpolation for temperature variables
and nearest-neighbor temporal interpolation for
precipitation, whereas longer gaps were recon-
structed using data from the nearest meteorologi-
cal station with similar climatic characteristics
when available. Potential outliers were identified
through statistical screening based on monthly
climatological ranges, z-score analysis, and vi-
sual inspection of time-series data. Suspected
anomalous values were verified against neighbor-
ing station records and retained only when consis-
tent with regional meteorological conditions; oth-
erwise, they were treated as missing values and
reconstructed using the adopted gap-filling proce-
dures. Records containing physically unrealistic

measurements or prolonged missing periods that
could not be reliably reconstructed were excluded
from the analysis.

Following preprocessing, the final dataset pro-
vided a continuous and internally consistent 30-
year daily climate record (1995-2024) suitable for
calibrating and validating the LARS-WG8 model
and for generating reliable downscaled climate pro-
jections. The observational datasets are subject to
IMOS data-sharing regulations and are therefore not
publicly available; however, they are available from
the corresponding author upon reasonable request
and, where required, with permission from IMOS.

Overview of the modeling framework

A combination of modeling was used to cre-
ate high-resolution site-specific daily climate
forecasts of southern Iraq. The method is a com-
bination of past-based observations, stochastic
weather modeling, global climate models, and
emission scenarios to come up with a credible
downscaled projection, as shown in Figure 2.

The model was calibrated and validated us-
ing historical daily records of precipitation,
minimum temperature (Tmin), and maximum
temperature (Tmax) obtained from meteorologi-
cal stations. Based on these observations, there
are correct methods of reproducing local climate
patterns. This was then followed with analysis
of the LARS-WGS stochastic weather generator

Table 1. Geographic locations of the selected meteorological stations in southern Iraq and the length of their

observational records

No. Station Latitude (N) Longitude (E) Altitude (m a.s.l.) Record length
1 Basra 30°31'N 47° 48'E 2 1995-2024
Dhi-Qar 31°03'N 46° 16'E 5 1995-2024
Al-Muthanna 31°19'N 45°17'E 11 1995-2024

Collection of
Observed Data

LARS-WGS
Weather
Generation

Data Quality
Control

Incorporation of
Socioeconomic
Scenarios
(SSP2-4.5 & SSP5-
8.5)

Global Climate
Model Projections
(CMIP6)

Generation of
Downscaled
Temp. & Precip.
Daily Projections

Figure 2. Conceptual framework for generating site-specific daily climate projections using observed data,
LARS-WGS, CMIP6 GCMs, and SSP scenarios
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to produce several synthetic climate sequences,
maintaining the statistical distribution, and tem-
poral correlation of the observed variables.

Four CMIP6 global climate models (Had-
GEM, CanESM, BCC-CSM2-MR and CMCC-
Micro6) were used to obtain future climate
projections. The uncertainty of each individual
model was minimized by a multi-model ensemble
approach which also produced an extensive spec-
trum of possible climate futures. The effect of the
various greenhouse gas trajectories on the climate
of the location was assessed by using two con-
trasting shared socioeconomic pathways (SSP2-
4.5) and SSP5-8.5, which presented moderate
mitigation and high emissions respectively.

Lastly, LARS-WGS8 combined the outputs
and SSP signals of the GCM models to generate
downscaled climatic projections on a daily, site-
specific basis (NASA, 2026). These estimates
capture both local climatological features and
global changes in climatic features, and they
are a powerful instrument to determine future
variations in temperature and precipitation in
southern Iraq.

LARS-WGS8 weather generator

The LARS-WGS stochastic weather genera-
tor was configured using the default semi-em-
pirical probability distributions implemented in
the software to reproduce the statistical charac-
teristics of daily precipitation, Tmin, and Tmax.
Model calibration was performed independently
for each meteorological station using the ob-
served daily climate records for the baseline peri-
od (1995-2024). During calibration, LARS-WG8
automatically estimated the statistical parameters
describing wet and dry spell distributions, daily
precipitation occurrence and amounts, and the
probability distributions of daily Tmin and Tmax
for each month of the year.

Following successful calibration, the model
generated synthetic daily weather series repre-
senting the baseline climate, which were com-
pared with the observed records through statis-
tical validation. Future climate projections were
then produced by applying the CMIP6-derived
climate change factors for each selected GCM
and SSP scenario. For each station, 100 stochas-
tic realizations were generated for every GCM—
SSP combination, each having the same length
as the corresponding projection period (18 years
for 2025-2042 and 18 years for 2043-2060).
Ensemble averages of the generated realizations
were used in the subsequent analyses to minimize
stochastic variability and improve the robustness
of the projected climate signals.

The model was executed using the standard
LARS-WGS configuration without modification
of the internal stochastic generation algorithms.
Monthly statistics derived from the synthetic
datasets were subsequently analyzed to evalu-
ate projected changes in precipitation, maximum
temperature, and minimum temperature under the
selected climate scenarios.

The model that is used to determine the daily
occurrence of precipitation is a two state Mar-
kov chain:

P =Pr(Xpy1 =j 1 X, =10),i,j €{0,1} (1)
where: X, is the day’s state (0 = dry, 1 = wet).

The amount of the precipitation and the tem-
perature are produced through resampling of
the empirical cumulative distribution functions
(CDFs) and are correlated with the precipitation
occurrence.

The model was calibrated using the records that
were observed and tested on another independent
subset. Table 2 provides an overview of performance
indicators of statistical performance that have been
applied to assess LARS-WGS simulations.

Table 2. Statistical performance indicators for LARS-WGS calibration and validation

Indicator Description Formula / Notes Limitations
RMSE Root mean square error - 0 to +e
1 n
MBE Mean bias error MBE = HZ (S;—0) -0 {0 +e0
i=1
R2 Coefficient of determination R*=1- Z(OL—_S—L)Z Oto1l
%(0; - 0)?
Assesses similarity between
KS test Kolmogorov—Smirnov test observed and simulated Otol
distributions
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Global climate models (CMIP6)

In the present study, four CMIP6 global cli-
mate models (GCMs) were employed to gener-
ate robust projections of future climate conditions
in southern Iraq. These models were selected for
their capability to effectively simulate key cli-
matic processes in arid and semi-arid regions,
including temperature variability, precipitation
extremes, and seasonal distribution patterns. To
reduce uncertainties associated with individual
models, a multi-model ensemble approach was
adopted, providing a more reliable assessment of
future climate trends. The characteristics of the
selected models are summarized in Table 3.

Emission and socioeconomic scenarios

To determine the future climate conditions,
two Shared Socioeconomic Pathways (SSPs) were
taken into consideration with the opposite trajec-
tories of greenhouse gas emissions and radiative
forcing. These situations offer an opportunity to
consider intermediate and high-risk southern Iraq
climate future. Radiative forcing (AF) drives the
projections of the selected GCMs and is defined as:

AF = F, — F, @)

where: F is the radiative forcing at time t and
F, is the pre-industrial baseline. The two

scenarios used in this study are summa-
rized in Table 4.

Time-period definition

Three periods of time were used in the study
to compare the past climatic conditions and fu-
ture projections in southern Iraq. These inter-
vals allow the evaluation of the performance
of calibration as well as climate trends within a

near- and far-term period. The weather genera-
tor is calibrated and validated using the baseline
period (1995-2024). The near-future period
(2025-2042) entails the early signals of climate
change, and the far-future period (2043-2060)
enables the analysis of the medium-term trends
and possible consequences. Table 5 summarizes
the information about the time periods that were
employed in this study.

Model calibration and validation

The LARS-WGS weather generator was cali-
brated by modifying the model parameters to re-
duce the difference between measured (O,) and
simulated (S) climatic variables of daily varia-
tion. Independent subset of the observations was
used in validation. The root mean square error
(RMSE), mean bias error (MBE), coefficient of
determination (R?) and Kolmogorov-Smirnov
(KS) test of similarity of distributions were used
as tools to assess model performance.

Findings verified that LARS-WGS is a reli-
able reproducer of both precipitation and tem-
perature patterns, such as local variability and
extremes. This guarantees that the downscaled
climate projections capture the future climate be-
havior in the selected SSP scenarios, which will
serve as a solid basis to future impact assessment.

To ensure the reproducibility of the proposed
methodology, the complete workflow adopted in
this study is summarized in Figure 3.

RESULTS AND DISCUSSION

Model validation

The workability of the LARS-WG8 weather
generator was examined by evaluating the results

Table 3. Characteristics of the selected CMIP6 global climate models used in this study for southern Iraq projections

Model Institution Resolution Key Features Relevance Ref.
) o o High-resolution mid- Captures temperature Guarino et al.,
HadGEM UK Met Office 0.83° x 0.56 latitude simulation | and rainfall variability (2020)
Canadian Centre for o . | Advanced carbon cycle | Reliable projection of
CanESM Climate Modelling 2817 %219 and climate feedback temperature extremes Swart etal. (2019)
. Regional monsoon vari- Represents wet/dry
BCC- Beijing Climate o R e L A o
CSM2-MR Center 1.1°x1.1 ability and precipitation | spellsin ar!d/seml arid Wau et al. (2020)
extremes regions
CMCC- Mediterranean and Captures local season- Cherchi et al
. CMCC, Italy 0.75° x 0.75° Middle East climate ptur '
Micro6 . al climate patterns (2019)
representation
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Table 4. Characteristics of the selected shared socioeconomic pathways (SSPs) used for climate projections in

southern Iraq

Scenario Radiative forcing (W/m?) Emissions Relevance
SSP2-4.5 4.5 Moderate mitigation Intermediate climate change scenario
SSP5-8.5 8.5 High emissions High-risk, strong warming scenario

Table 5. Definition of baseline, near-future, and far-future periods for calibration and climate projection analysis

Period Years Purpose
Baseline 1995-2024 Calibration and validation
Near-future (NF) 2025-2042 Early climate change assessment
Far-future (FF) 2043-2060 Medium-term trend analysis

of the 1995-2024 historical climate data before
using the outcomes to analyze future climate pro-
jections. Model validation was conducted using
daily precipitation, Tmin, and Tmax data collect-
ed from three meteorological stations in southern
Iraq, namely Basrah, Dhi Qar, and Al-Muthanna.
As can be seen in Table 6, the model showed
a very good correlation with the monitored
data. The coefficient of determination (R?) val-
ues ranged from 0.87 to 0.95 for precipitation
and 0.92 to 0.95 for temperature, indicating

that LARS-WGS successfully captures both the
magnitude and temporal variability of observed
climate variables. The RMSE values were rela-
tively low, with precipitation errors between
2.3 and 2.5 mm and temperature errors between
0.8 and 1.1 °C, further confirming the accuracy
of simulated daily values. MBE values were
minimal, ranging from -0.12 to 0.15, reflect-
ing negligible systematic over- or underestima-
tion by the model. Additionally, Kolmogorov-
Smirnov (KS) test p-values were consistently

Data acquisition
Collect daily precipitation, Tmax, and Tmin records (1995-2024) from IMOS.

|¢

Data preprocessing

Perform quality control, including consistency checks, gap filling, and outlier detection.

Model calibration:

|¢

Calibrate LARS-WGS8 using the observed daily climate data for each station.

Model
Evaluate model performance using KS, R?, RMSE, and MBE statistics.

validation

Climate scenarios

Select four CMIP6 GCMs under the SSP2-4.5 and SSP2-8.5 scenarios.

Ensemble analysis

Combine the four GCM projections into a multi-model ensemble to reduce uncertainty.

A 4

Results analysis

alculate monthly and a

anges 1n temperature and precipitation relative to the baseline period

future climate trends.

Figure 3. Overall workflow of the climate downscaling and projection methodology adopted in this study
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above 0.75, indicating strong agreement be-
tween the observed and simulated distributions
for all variables.

Table 6 summarizes the projected annual
average Tmax, Tmin, and total precipitation
for the three meteorological stations (Basrah,
Dhi-Qar, and Al-Muthanna) under the baseline
period (1995-2024) and the two future periods,
namely the Near Future (2025-2042) and Far
Future (2043-2060), based on the SSP2-4.5 and
SSP2-8.5 climate scenarios. The table provides
an integrated overview of the expected long-
term changes in the regional climate, facilitat-
ing comparison among stations, future periods,
and emission pathways while highlighting the
projected warming trend and changes in annual
precipitation across southern Iraq.

Taken together, these findings (Table 7) sug-
gest that LARS-WGS is very effective in repro-
duction of statistical properties of historical daily
climate in southern Iraq. The high validation of
the model on various metrics gives the assurance
that the model can be used to reliably produce
downscaled CMIP6 climate simulations that can
be used to undertake in-depth evaluations of fu-
ture temperature and precipitation variability in
the SSP2-4.5 and SSP5-8.5 scenarios.

Temperature projections

The estimated monthly temperatures of Bas-
rah, Dhi-Qar, and Al-Muthanna in Figures 4 and 5
show that all months show a strong and consistent
increasing trend of temperatures compared to the

Table 6. Seasonal and annual average temperatures and total precipitation

. . . Annual Annual Annual precipitation
Station Period Scenario Tmax (°C) | Tmin (°C) (mm)
Baseline (1995-2024) - 32.3 19.4 125
SSP2-4.5 33.8 20.5 120.1
Near Future (2025-2042)
Basrah SSP2-8.5 34.6 21.3 121.8
SSP2-4.5 35.2 22.1 117
Far Future (2043-2060)
SSP2-8.5 36.9 235 119.4
Baseline (1995-2024) - 31.9 18.9 133.1
SSP2-4.5 335 20.3 127.2
) Near Future (2025-2042)
Dhi-Qar SSP2-8.5 34.5 21.1 128.7
SSP2-4.5 35 21.6 123.2
Far Future (2043-2060)
SSP2-8.5 36.7 22.9 125.1
Baseline (1995-2024) - 31.5 18.1 125
SSP2-4.5 33.1 194 119.9
Near Future (2025-2042)
Al-Muthanna SSP2-8.5 34.1 20.2 121.4
SSP2-4.5 34.7 20.8 116.3
Far Future (2043-2060)
SSP2-8.5 36.3 22.1 118.5

Table 7. Statistical performance indicators for LARS-WGS calibration and validation (1995-2024) across three

southern Iraq stations

Station Variable R2 RMSE MBE KS Statistic p-value

Precipitation 0.89 2.3 mm 0.12 mm 0.21 0.78

Basrah Tmin 0.95 0.8°C -0.10°C 0.18 0.82
Tmax 0.94 1.0°C 0.05°C 0.19 0.79

Precipitation 0.87 2.5mm 0.15 mm 0.25 0.75

Dhi-Qar Tmin 0.93 0.9°C -0.12°C 0.2 0.8
Tmax 0.92 1.1°C 0.08 °C 0.22 0.77

Precipitation 0.88 2.4 mm 0.14 mm 0.24 0.76

Al Muthanna Tmin 0.94 0.8°C -0.09 °C 0.19 0.81
Tmax 0.93 1.0°C 0.07 °C 0.2 0.78
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baseline period (1995-2024). Across all stations,
both maximum (Tmax) and minimum (Tmin)
temperatures increase under SSP2-4.5 and SSP5-
8.5, with warming intensifying from the near-fu-
ture (2025-2042) to the mid-future (2043-2060)
and being more pronounced under the high-emis-
sion SSP5-8.5 scenario.

Winter warming is moderate but meaningful,
with January Tmax rising by 2-3.5 °C and Tmin
by 2—4 °C under SSP5-8.5 by 2060, reflecting
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=
o 30
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5 20
o
E 10
0
= - —_— -
EE5255225322
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reduced cold-season variability. The most sub-
stantial warming occurs during summer months:
July and August Tmax frequently exceed 50 °C
under SSP5-8.5 in the mid-future, while Tmin
reaches 35-36.6 °C, indicating extreme heat
stress and limited nighttime cooling. Spring and
autumn months also warm significantly, with
Tmax increases of 3—4 °C, effectively extend-
ing the duration of hot conditions and shortening
thermally comfortable periods.

Basrah
60 ® Baseline
G50 ["NF SSP5-8.5
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E
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Figure 4. Comparison of observed average monthly maximum temperatures for the baseline period (1995-2024)
with projected changes under SSP2-4.5 and SSP5-8.5 scenarios for the near future (2025-2042)
and far future (2043-2060)
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Figure 5. Comparison of observed average monthly minimum temperatures for the baseline period (1995-2024)
with projected changes under SSP2-4.5 and SSP5-8.5 scenarios for the near future (2025-2042)
and far future (2043-2060)

In all stations, the increase in Tmin is, on
average, greater than the increase in Tmax re-
sulting to a decreased diurnal range of tempera-
tures, which might increase the nocturnal heat
stress, the cooling energy demand, and evapo-
transpiration. The difference between SSP2-4.5
and SSP5-8.5 is greater in the far-future which
indicates the sensitivity of the southern Iraq
thermal regime to emission pathways and the
importance of mitigation.

On the whole, the findings show that more
frequent and severe heat extremes, extended hot
seasons, and high nighttime temperatures are
likely in southern Iraq, and this threat is great
to the water resources, agriculture, and human
health, as well as infrastructure (Alsultani et al.,
2025). Such forecasts highlight the importance
of considering climate adjustment and mitigation
measures of heat risks when planning regions, es-
pecially in cases of high emission levels.
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Annual temperature changes

The projected annual temperature changes
for the three stations (Figures 6 and 7) indicate a
consistent warming trend across all CMIP6 mod-
els and scenarios. Both maximum and minimum
temperatures increase relative to the baseline
period (1995-2024), with stronger warming ob-
served under SSP5-8.5 and in the far-future pe-
riod (2043-2060).
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At Basrah, annual Tmax increases range
from 1.5-1.8 °C in the near-future under SSP2-
4.5 to 4.1-4.6 °C in the far-future under SSP5-
8.5. Corresponding Tmin increases are slightly
lower but still substantial, ranging from 1.2—-1.5
°C in the near-future to 3.4-3.9 °C in the far-
future. These projections indicate that Basrah
will experience intensifying heat extremes and
warmer nights, which may amplify heat stress
and water demand.

Basrah
.-
1%
i N
2 3
O 1
[}
é NF SSP5-8.5 FF SSP5-8.5
2 Model

® HadGEM ® CanESM # BCC-CSM2-MR  CMCC-Micro6

Dhi-Qar
_ 6
S
~5
%
§ 4
" 3
&
=2
S
S g
o
2 NF SSP5-8.5 FF SSP5-8.5
g
K Model

® HadGEM ® CanESM # BCC-CSM2-MR  CMCC-Micro6

Al-Muthanna
6
1
-5
g
2 4
" 3
)
g2
: JI
|
o
20 ‘
2, NF SSP5-8.5 FF SSP5-8.5
E) Model

® HadGEM ® CanESM # BCC-CSM2-MR * CMCC-Micro6

Figure 6. Differences in projected annual maximum temperatures at all stations for the two near and
far future periods relative to the baseline (1995-2024), under SSP2-4.5 and SSP5-8.5,
using four selected CMIP6 global climate models
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Figure 7. Differences in projected annual minimum temperatures at all stations for the two near and
far future periods relative to the baseline (1995-2024), under SSP2-4.5 and SSP5-8.5,
using four selected CMIP6 global climate models

For Dhi-Qar, Tmax increases are slightly
lower in the near-future (1.4—1.7 °C) and rise to
4.1-4.8 °C in the far-future under SSP5-8.5. Tmin
follows a similar pattern, increasing from 1.3—1.6
°C in the near-future to 3.64.1 °C by the mid-
future. This pattern reinforces the expectation of
intensified summer heat and warmer winters, po-
tentially impacting agriculture and human health.

In Al-Muthanna, Tmax projections are com-
parable to those of Basrah and Dhi-Qar, with

far-future SSP5-8.5 increases up to 4.9 °C, while
Tmin rises up to 4.2 °C. Across all stations, Tmin
increases slightly exceed or closely match Tmax
changes, indicating a reduced diurnal temperature
range, which is consistent with regional warming
patterns driven by greenhouse gas forcing.

The multi-model ensemble approach shows
good agreement among the four CMIP6 GCMs
(HadGEM, CanESM, BCC-CSM2-MR, CMCC-
Micro6), with differences of less than £0.3 °C in
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most cases. This strengthens confidence in the ro-
bustness of the projected warming trends.

Generally, the findings indicate, there is a
high level of climate stress in southern Iraq es-
pecially in SSP5-8.5 during far future, so that it
affects the heatwaves, scarcity of water, energy
demands and human health. The results highlight
the need to embed mitigation and adaptation
strategies to minimize susceptibility to increas-
ing temperatures along these extremely climate-
sensitive areas.

Figure 8 shows the estimates of the growth of
annual maximum (Tmax) and minimum (Tmin)
temperatures of the three southern Iraq stations
under SSP2-4.5, and SSP5-8.5. The trend of
warming is evident across all stations with the
greatest increase under SSP5-8.5 during the dis-
tant future. Tmax is projected to rise by 3.1 °C
under SSP2-4.5 and 4.64.9 °C under SSP5-8.5,
with Al-Muthanna experiencing the highest in-
creases, indicating heightened summer heat ex-
tremes. Tmin increases range from 2.7-2.9 °C
under SSP2-4.5 and 3.9—4.2 °C under SSP5-8.5,
slightly reducing the diurnal temperature range
and limiting nighttime cooling. These scenarios
imply aggravated heat stress to the populations,
agriculture, and energy systems. In general, the
findings identify the acceleration of warming in
southern Iraq, more specifically in a high-emis-
sion scenario, the experiment showing the acute
necessity to develop climate adaptation and miti-
gation strategies.

Precipitation patterns

The projected monthly precipitation of Bas-
rah, Dhi-Qar and Al-Muthannah, in both SSP2-4.5

W

and SSP5-8.5 as illustrated in Figure 9 portrays,
shows that both near future (2025-2042) and far-
future (2043-2060) projects of the projected rain-
fall decline in most months. The most significant
reductions can be seen in winter and early spring
months that are crucial to the water resources. As
an example, the January rainfall in Basrah is ex-
pected to decrease at a level of 26.9 mm (far-fu-
ture) with SSP5-8.5 compared to 28.4 mm (base-
line), and the same is the case with Dhi-Qar and
Al-Muthanna. March also indicates slight reduc-
tions, which is an indicator of possible pressure
on groundwater recharge and irrigation.

Summer months remain essentially rain-free,
consistent with historical arid conditions, while
transitional months (April-May and October-No-
vember) experience slight reductions (e.g., Bas-
rah April precipitation decreases from 6.8 mm to
6.3—-6.4 mm). Such minor but regular declines in
effect decrease the duration of the wet season and
decrease the time frame of water availability.

The scenario of SSP5-8.5 demonstrates a
slight increase in declines in comparison to SSP2-
4.5 with more intense reductions in the far-future
showing that increasing emission pathways am-
plify regional drying trends. In general, warming
and declining rainfall explain the potential effects
of increasing water shortage, high evapotranspi-
ration, and agriculture, water supply, and ecosys-
tem services in southern Iraq. The mitigation of
these new risks will require adaptation strategies
including water storage, efficient irrigation and
drought resistant crops.

Figure 10 illustrates the projected annual
precipitation for Basrah, Dhi Qar, and Al-Muth-
anna, revealing a consistent decline across all
four CMIP6 models under both SSP2-4.5 and

£
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Figure 8. Projected variations in annual maximum and minimum air temperatures at the Basrah, Dhi-Qar,
and Al-Muthanna meteorological stations under the selected climate scenarios
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Figure 9. Monthly precipitation for baseline means (1995-2024) plus the projected changes under SSP2-4.5
and SSP5-8.5 for Near-Future (2025-2042) and Far-Future (2043-2060)

SSP5-8.5 scenarios. The reduction is more pro-
nounced under the high-emission SSP5-8.5 sce-
nario, particularly when comparing the near-
future (2025-2042) with the far-future period
(2043-2060). In the near future, precipitation is
projected to decrease by approximately 3—6 mm,
while a more substantial reduction of 5-10 mm
is expected in the far future. The most significant
decline is observed at Al-Muthanna, where reduc-
tions range between 7 and 9.5 mm.

This drying tendency is strongly predicted
by the multi-model ensemble although there is
some inter-model variability caused by varying
sensitivity of regional precipitation and con-
vective parameterization. The gradual decrease
in precipitation, coupled with the increase in
temperature, indicates the fact that there is
growing climate stress in southern Iraq, which
underlines the importance of adaptive strate-
gies that include better water management,
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Figure 10. Differences in projected annual precipitation (AP, mm) relative to baseline (1995-2024)

harvesting of rainwater, and the use of drought-
resistant agriculture.

The projected climate changes are consis-
tent with previous studies conducted in Iraq and
the Middle East, which consistently report in-
creasing air temperatures and a general decline
in precipitation under future climate scenarios.
The projected warming across Basrah, Dhi-Qar,
and Al-Muthanna, particularly under SSP2-8.5,
agrees with recent CMIP6-based assessments
indicating intensified summer heat and increas-
ing climate stress in arid and semi-arid regions
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(IPCC, 2023; Almazroui et al., 2021; Salman
et al., 2022). Likewise, the projected reduction
in precipitation supports earlier findings that
southern Iraq is likely to experience increasing
water scarcity, although precipitation projections
remain more uncertain because of differences
among GCMs and downscaling methods (Chen
et al., 2020; Almazroui et al., 2021). Overall, the
agreement with previous studies enhances con-
fidence in the projected warming trends, while
highlighting the need for cautious interpretation
of future precipitation changes.



Ecological Engineering & Environmental Technology 2026, 27(9), 424—441

The results also demonstrate the increasing
vulnerability of southern Iraq to climate change.
Future climate adaptation strategies should in-
corporate continuous environmental monitoring
technologies capable of providing real-time in-
formation on environmental conditions and wa-
ter resources, thereby enabling timely responses
to climate-related risks and enhancing the effec-
tiveness of adaptation measures (Oladosu et al.,
2026). Furthermore, integrating high-resolution
climate projections with environmental risk as-
sessment frameworks can strengthen decision-
making processes, improve vulnerability assess-
ments, and support sustainable regional planning
under future climate scenarios (Onambele et al.,
2025). These approaches will contribute to more
resilient water-resource management, agricultural
planning, and climate adaptation in southern Iraq.

CONCLUSIONS

This study presents downscaled projections
of daily climate variables for southern Iraq us-
ing the LARS-WGS stochastic weather generator
combined with four CMIP6 General Circulation
Models under SSP2-4.5 and SSP5-8.5 scenarios.
The main conclusion can be summarized as:

1. The results indicate a clear and consistent
warming trend across Basrah, Dhi-Qar, and
Al-Muthanna. Annual maximum temperatures
(Tmax) are projected to increase by approxi-
mately 3.1 °C under SSP2-4.5 and 4.6-4.9 °C
under SSP5-8.5, while minimum temperatures
(Tmin) are expected to rise by 2.7-2.9 °C and
3.94.2 °C, respectively.

2. The reduction in the diurnal temperature range,
particularly under high-emission scenarios,
suggests elevated nighttime temperatures,
which may intensify heat stress on populations,
agriculture, and energy systems.

3. The projected precipitation results indicate a
consistent decline across all stations and sce-
narios, with more pronounced reductions under
SSP5-8.5, especially in the far-future period.

4. Annual precipitation is expected to decrease by
approximately 3—6 mm in the near future and
5-10 mm in the far future, reflecting a cumula-
tive drying trend.

5. The multi-model ensemble consistently cap-
tures this pattern, highlighting increasing vul-
nerability of water resources, soil moisture,
and agricultural productivity in southern Iraq.

Overall, the combined impacts of increasing
temperatures and decreasing precipitation em-
phasize the urgent need for targeted adaptation
and mitigation strategies. These should include
improved water resource management, the adop-
tion of drought-resistant agricultural practices,
and climate-resilient infrastructure planning to
reduce risks and enhance the resilience of com-
munities in this highly vulnerable region.

The observational climate data used in this
study were obtained from the Iraqi Meteorologi-
cal Organization and Seismology (IMOS) and are
subject to institutional data-sharing policies.
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