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Abstract:
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Climate and hydrology-related stresses arise in central and southern Iraq as
a result of both the impacts of climate change and declining river flows, and
long-term assessments are still limited. This study aims to address two ques-
tions: how have climatic and environmental conditions changed over time
in the study area, and what is the relationship between climate change and
drought in the region. A Geographic Information System (GIS) with remote
sensing data was utilized to study climatic, hydrological, and ecological var-
iables. The Mann—Kendall test and Sen’s slope estimator were used for trend
analysis. To assess the vegetation and surface water conditions, the Vegetation
Condition Index (VCI) and Normalized Difference Water Index (NDWTI) were
utilized. The final results illustrated a strengthening pattern of hydroclimatic
stress, with a significant decline in rainfall alongside a rise in mean temperature
and land surface temperature, which led to increased evaporation rates and
declined relative humidity. The surface water decreased from 22 to 15% and the
percentage of land affected by extreme drought expanded from 37 to 43%. Also,
growing winds and dust storm events underscore a self-enhancing feedback
mechanism associated with land degradation. These changes are further in-
tensified by declining inflows from the Tigris and Euphrates rivers because of
upstream control over these river systems.
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1. Introduction

Climate change describes a long-term change in the average weather patterns
in many regions across the Earth and globally over multiple decades or longer. This
can be manifested through average climatic conditions changes and through chang-
es in the statistical distribution frequencies of weather events [1]. Climate change is
among the most prominent challenges beleaguering Iraq, as it translates into a de-
crease in cropland, fluctuation of water availability, and negative health outcomes
due to drought [2]. Iraq is marked by dry climatic conditions that expose it to the risk
of climate change effects and make it one of the most highly sensitive countries in
terms of variability in different climatic parameters such as temperature and precip-
itation [3]. Long-term climate change can affect the frequency and intensity of wild-
fires, which release large amounts of smoke and particulate matter into the atmos-
phere, and therefore correlate with air pollution deterioration and human-health
effects [4]. Climate change affects worldwide economies and societies through ex-
treme episodes of climatic hazards, water quality deterioration, and rising trends in
temperatures [5]. Iraq in Southwest Asia is situated in the northern part of the Arabi-
an Peninsula. Its distance from the major water bodies that have a notable impact on
the climatic characteristics of the country is determined by its geographic position.
The climate of Iraq occupies a semi-arid region, where rainfall is mostly concentrat-
ed during the winter and spring seasons, while the summers are dry [6]. The annual
rainfall in Iraq shows a direct spatial gradient from less than 100 mm in the southern
regions of the country to about 1,200 mm in the northeast, with the winters being
cool to cold, while the summers are mainly dry and hot — hot or extremely hot — due
the semi-arid climatic conditions that prevail over a large part of the national territo-
ry [7]. Satellite remote sensing provides an overview of the Earth’s surface and val-
uable information, making it a powerful means for studying spatial distribution and
temporal dynamics in climate change as well as phenomena such as drought [8].
Remote sensing is an alternative to traditional surveys which uses satellite data to
provide a variety of spatial information including urbanizing regions, land use and
cover type, green space distribution maps (GS), water body charts, etc. [9].

2. Literature Review

The spatiotemporal dynamics of climate, hydrology, and vegetation have
been well studied under a variety of ecological settings. For example, Al-Timimi
and Al-Khudhairy [10] studied long-term variations in maximum surface air tem-
perature using meteorological stations over the period 1980-2015 for Iraq. The
Mann-Kendall statistical method they used showed significant warming trends in
all seasons, with the highest temperatures observed during summer months — lim-
ited to the south of their study site — and progressively lower temperature values
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toward its north. Vegetation affected by environmental variability was analyzed by
Mzuri et al. [11], who evaluated vegetation changes in the Duhok area from 2000
to 2019 by Landsat images and the Modified Soil Adjusted Vegetation Index with cli-
matic and terrain-related variables. They found that the improved vegetation condi-
tions in northern mountainous regions contrasted with declining vegetation cover in
low-elevation regions, largely influenced by rainfall, elevation, temperature, slope,
and aspect. In the same line of work, Aljuhaishi et al. [12] analyzed near-daily at-
mospheric circulations over Iraq for 1999-2020 and highlighted five dominant cir-
culation systems, indicating significant season—spatial variation, such as more sum-
mer monsoonal low-pressure systems in southern parts of the country compared
to those in the north under the Siberian high that predominates during winter.
Al-Maliki et al. [13] explored future climate trajectories using statistically down-
scaled climate projection scenarios that predicted significant warming and uncertain
climatic trends for rainfall at the end of the twenty-first century and beyond, indicat-
ing as much drought and thus likely more water stress. In addition, Muter et al. [14],
using MODIS NDVI data from 2000 to 2021, evaluated spatiotemporal trends of veg-
etation cover across Iraq and illustrated significant spatial/temporal variability in
greenness; a low positive correlation with rainfall; more abundant vegetation cover
was found in the humid northern and eastern regions, while central areas illustrat-
ed a substantial declining trend consistent with decreased rainfall as well as ever-
expanding urbanization. Also, Alemu [15] analyzed long-term precipitation and
temperature trends in Dessie Zuria from 1981 to 2022, utilizing the Mann—Kendall
test and Sen’s slope estimator to assess regional climate change. He highlighted high
monthly precipitation variability and a general rise in thermal indices, confirming
the local impact of global climate shifts.

Spatial interpolation using GIS has been widely applied in environmental and
climatic studies, and cross-validation is usually used to assess the predictive per-
formance and reliability of interpolation models by comparing observed and pre-
dicted values. For example, Radi¢ et al. [16] investigated the effectiveness of several
interpolation models for predicting wind speed and direction at unknown locations
based on a network of climate stations (distributed across the Split-Dalmatia Coun-
ty). They used the natural neighbor interpolation, inverse distance weighting (IDW),
kriging, and ordinary kriging methods. Finally, they concluded that ordinary krig-
ing has the lowest prediction error compared to the other methods. Meanwhile,
Feng et al. [17] used interpolation methods such as kriging, IDW, and the spline
to obtain a spatial distribution map of air temperature for Jiangxi Province based
on weather stations. According to cross-validation, they concluded that the kriging
method was more suitable for the spatial interpolation of temperatures in the study
area. Also, Pandey et al. [18] performed spatial interpolation techniques on rainfall
data to predict the unspecified values in the Bisalpur catchment. They used six in-
terpolation models: natural neighbor, IDW, Trend, Spline, kriging, and topo to ras-
ter. They concluded that the geostatistical interpolation (kriging and topo to raster)
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methods produced better results than other models because they are based on the
spatial variability of data.

The large body of research focused on vegetation dynamics and climate var-
iability has not yet led to distinct improvements of our understanding about
climate-environment interactions as previous studies have typically relied on ei-
ther one or a few variables-based analyses or cover relatively small zones or have
separately looked at isolated data sources. Especially in the highly vulnerable re-
gions, few studies have explored integrated influences across a number of climatic
variables (temperature, rainfall, humidity, evaporation, wind speed, or dust storm
activity) on plant or water area. This identified a clear research gap in the absence
of an integrated, multi-source framework that describes the systematic relationship
between climatic stressors and ecological responses over longer timeframes. To fill
this gap, the present study employs a combination of ground-based observations
and satellite datasets within a GIS framework with statistical techniques for per-
forming a spatially explicit spatiotemporal assessment of hydroclimatic variability
in central and southern Iraq together with environmental vulnerability during the
period from 2001 to 2024.

Thus, this study aims to address the following research questions:

1) How have climatic and environmental conditions changed over time in the

study area?

2) What is the relationship between climate change and drought in the region?

These questions lead us to hypothesize that the broad study area has transi-
tioned to greater aridity and environmental susceptibility, with climatic changes di-
rectly driving increases in drought and ecological deterioration.

3. The Study Area

The Central and Southern region of Iraq, which extends over about 165,282 km?
and is located between latitudes 29°0'0"N and 33°0'0"N and longitudes 43°0'0"E
and 49°0'0"E, was selected to be the study area. It consists of parts of nine governo-
rates, which are Qadissiya, Babylon, Kerbala, Najaf, Thi Qar, Wassit, Missan, Basrah,
and Muthanna (see Fig. 1). In recent decades, Iraq has experienced increasing cli-
matic variability and recurrent droughts, causing significant environmental and so-
cio-economic impacts. These include loss of arable land, water supply instability,
population displacement, reduced soil fertility, marshland shrinkage, groundwater
depletion, and intensified dust storms, particularly in the central and southern re-
gions. These areas are vital agricultural zones with substantial economic importance
but continue to face challenges from climate change, water scarcity, and declining
crop yields. Despite these issues, few studies have utilized remote sensing and GIS
to investigate climate-related phenomena in these regions.
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Fig. 1. A location map illustrating the study area in Iraq.

The map highlights central and southern governorates within Iraq,
displays neighboring countries, and includes major geographic features
such as water bodies, rivers, administrative boundaries,
and an inset map showing Iraq’s location in the world

Source: own elaboration based on [19]

4. Research Methods
4.1. Data Used and Methodology

This study used a range of climatic variables, such as mean monthly temperature,
rainfall, relative humidity, evaporation rate, wind speed/direction, and dust storm
event frequency. Climate data were collected using a two-source approach. Evapora-
tion and dust storm measurements were obtained from the primary source, which was
the Iraq Meteorological and Seismological Organization. To fill in time gaps occurring
at local stations, in particular from 2003 to 2006, the other climate variables were ex-
tracted from the NASA Power database [20] in CSV format. The study area consists of
nine climate observation stations: Qadissiya, Babylon, Kerbala, Najaf, Thi Qar, Wassit,
Missan, Basrah, and Muthanna. MODIS imagery [21] over the same time was also used
to calculate the Vegetation Condition Index (VCI), and Normalized Difference Water In-
dex (NDWI), while Land Surface Temperature (LST) data were extracted from MODIS/
Terra 8-Day L3 Global 1km. All spatial analyses and map production were performed in
the ArcGIS 10.4 program. The implemented spatial interpolation procedures (specifical-
ly kriging) were performed using the Geostatistical Analyst extension, which converted
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point-based meteorological observations into continuous spatial climate surfaces. The
interpolated outputs provided a means to map climatic irregularities, hotspots, and
the distribution of areas exposed to climatic extremes. In parallel, temporal analyses
were performed to identify interannual variability and recent hydroclimatic variability
behavior across the study region. The presence of statistically significant monotonic
trends was determined using the non-parametric Mann-Kendall test, and Sen’s slope
estimator was used to compute both the magnitude and direction of change using the
RStudio program. Figure 2 illustrates the methodology that was applied in this study.

Fig. 2. Flowchart of methodology work

4.2. Geostatistical Analyst to Produce Climatic Maps

Geostatistical analysis is a statistical discipline that deals with spatial or spa-
tiotemporal datasets. This approach works based on a semivariogram, which is an
object used to quantify the level of spatial correlation between tuples. The semi-
variogram plots the variance of differences between pairs of observations against
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the distance separating them, providing a measure of dependence in space. This
relationship is essential in geostatistical interpolation because it makes it possible
to predict the values of other unsampled locations. Modeling the spatial depend-
ence using the semivariogram assists in determining the weights assigned to the
observed data, which leads to more precise predictions of locations where data were
not measured [22]. Interpolation can be classified into two main broad types: de-
terministic and geostatistical methods. Deterministic interpolation methods, such
as inverse distance weighting (IDW) and Thiessen polygons, attribute values to
locations based on the neighboring observed values and mathematical equations
that determine how smooth the created surface is. Geostatistical approaches such as
kriging are based on statistical models prone to autocorrelation [23]. In the present
study, ArcMap 10.4 was utilized to create continuous spatial distribution maps of
the climate from point-based data, including both measured and predicted samples.
The interpolation was carried out using the kriging method. This approach is at
its core founded on the notion of spatial autocorrelation, described by a variogram
model. Instead of only the observed values, this model describes the spatial depend-
ence structure within the data. Once a robust variogram model is established, the
optimal interpolation weights are calculated with a data-driven process. It aims to
reduce the variance of prediction by minimizing the estimation of the bias using the
following weights [24]. Mathematically, the predicted value at a specific location (u)
can be expressed as follows [25]:

2(0) = Y b 1)2(0,) (1)

In the model, a random variable at a certain location u, is represented as z(u,).
The n data locations are indicated by u, ordinary kriging weights represented
by A(u), and the predicted value by z(u). And here, A,(u) is in the process of be-
ing weighed. Instead of just considering the distance from the sample points to
the prediction location as a basis for the weighting, these scales also consider the
overall spatial distribution of the measured data. To use the spatial distribution in
weighing, the spatial autocorrelation must first be quantified. Therefore, in ordinary
kriging, the weight, A,(1) depends on a model fitted to the points measured, the
distance to the prediction location, and the spatial relationships between the meas-
ured values around the prediction location [25].

In this study, the ordinary kriging method was adopted as a geostatistical inter-
polation technique based on cross-validation and numerous previous studies that
have demonstrated its efficiency in representing and analyzing climatic data. This
method relies on statistical modeling of the spatial correlation among observed val-
ues, which contributes to improving the accuracy of estimating values in unmeas-
ured locations. The studies by Batool et al. [26], Jannah et al. [27], and Jang et al. [28]
highlighted the effectiveness of kriging in environmental and climatic data analysis.
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4.3. Vegetation Condition Index (VCI)

For this study, the VCI was calculated using the NDVI values obtained
from MODIS (8-day 500-meter surface reflectance data (MOD09A1, Collection)) sat-
ellite data to compare drought conditions determined by analyses conducted for the
study area. Accordingly, the VCI time series was obtained using satellite data cov-
ering the years 2001-2024 for each 500 m satellite cell within the study area bound-
aries. The VCl-based drought metric equation was developed into a global drought
watch system using VCI derived from NDVI data. The VCI was calculated by apply-
ing the following equation to the final NDVI data [29]:

(NDVI,-NDVI,_,.)
(NDVI,,,.—NDVI,,,)

VCI =

1100 @)

where NDVI, is the NDVI value of the pixel during a specific year i, and NDVI,,,
and NDVI,,;, are the maximum and minimum NDVI values.

The maximum and minimum values of the denominator reflect the best and
worst conditions of vegetative growth, and the difference between them somewhat
reflects the condition of the local vegetation. The VCI contains both real-time and his-
torical information of the NDVI. The VCI ranges between 0 and 100, in which small-
er VCI values indicate worse vegetation growth and higher degrees of drought [29].
The VCI describes the spatial and temporal variations in vegetation cover and indi-
cates the impact of weather on vegetation. High VCI values indicate non-drought or
healthy vegetation conditions, while values close to zero indicate severe drought.
VCI values below 35% denote drought conditions, while values near 50% or higher
indicate normal or relatively good thermal conditions [30].

4.4. Normalized Difference Water Index (NDWI)

The utilization of remote sensing data in the field of environmental hydrolo-
gy is experiencing rapid progress. The NDWI is an algorithm used to detect wa-
ter bodies with the capacity to absorb visible and infrared wavelengths strongly.
It is a popular index used for identifying humidity and dryness [31]. It is formu-
lated as a numerical indicator generated using mathematical expressions such as
band ratio calculations. A classification threshold is then applied to this indicator
to enable the separation of aquatic features from non-water surfaces based on their
distinct spectral responses. By exploiting absorption properties, the applied mathe-
matical transformations enhance the contrast between water and surrounding land
features while concurrently reducing the influence of systematic noise. Such noise
commonly arises from sensor-related uncertainties and external environmental fac-
tors, including illumination variability, soil background effects, surface topography,
and atmospheric interference [32]. MODIS 8-day 500-meter surface reflectance data
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(MODO09A1 Collection) were used to extract NDWIs in this study based on the fol-
lowing formula [33]:
NDWI = (Green— NIR) 3)
(Green+ NIR)
where Green and NIR are the green and near-infrared bands of a MODIS image. In
general, the NDWI ranges from -1 to +1, and theoretical threshold values for this
index greater than 0 indicate water bodies in the study area.

4.5. Mann-Kendall (MK) Test

The Mann—Kendall test is one of the most important non-parametric tests used
by researchers, especially in the study of trends in climatic elements. One of the
advantages of this test is that it is non-parametric and does not require a normal dis-
tribution of data. Moreover, in the case of inhomogeneous time series data analysis,
having low sensitivity to sudden breaks is the second most important advantage
of the test. According to the null hypothesis (HO) of the test, there is no trend, and
the data are randomly and independently ordered. The judgement of the null hy-
pothesis is tested by the alternative hypothesis (H1), which assumes the existence of
a trend [34]. The Mann—Kendall test statistic is calculated as [35]:

o +1, if(x;—x;,)>0

§=%> sign(x; - x;), sign(x;—x;)=1 0, if(x;-x,)=0 4)
o -1, if (x;-x,) <0

A positive S value indicates an upward trend, while a negative value indicates

a downward trend. The variance of the variable is calculated to obtain the z-value.
The variance (S) is computed as:

n(n—l)(2n+5)—iti(ti —1)(2t, +5)

Var(S) = )

18

A tied group (m) is a set of variable data with the same value when the sample
size is n > 10. The normal Z test statistic is calculated by the equation:

z=-—>%L ©6)

A Var(S)

This equation uses S-1if $>0, S+ 1if <0, and Zis 0 if S=0. A positive value
of Z indicates an increasing trend. Otherwise, it indicates a downward trend [35].

4.6. The Test of Sen’s Slope Estimator

This is one of the most frequently used models for linear trend identification.
This method requires, however, the assumption of residual normality. The Sen’s
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slope estimator is found to be a powerful tool for developing linear relationships.
Sen’s slope has the advantage over the slope of regression in the sense that gross
data series errors and outliers do not affect it significantly. The slope of the Sen was
determined to be the mean of all pairwise slopes for any pair of points in the dataset.
The following equation is used to estimate each individual slope (mij) [36]:

mij = ~— @)
j—i
where Y;and Y; are data values at time j and i (j > i), respectively. If there are n values
of Y;in the time series, estimates of the slope will be N =n (n - 2)/2. The slope of the
Sen estimator is the mean slope of such sloped N values. Sen’s slope is:

m if n is odd

2

M= 1(
—|m,+m
2

()

n+2

2

if n is even
2
A positive Sen’s slope indicates an upward trend, while a negative Sen’s slope

indicates a downward trend.

4.7. Spatial Autocorrelation Analysis

Spatial autocorrelation helps in the understanding of the correlation between
a single variable at a location and its values in a relatively close or adjacent location
in a two-dimensional space [37]. Moran’s [ is one of the important measures in de-
tecting the spatial autocorrelation between the elements of the phenomenon studied
and determining whether the pattern of the spread of the phenomenon is disper-
sal, regular, or random [38]. Global Moran’s I [39] was used as the first measure of
spatial autocorrelation. Its values range from -1 to 1. The value “1” means a perfect
positive spatial autocorrelation (high values or low values cluster together), while
“~1” suggests a perfect negative spatial autocorrelation (a checkerboard pattern),
and “0” implies perfect spatial randomness [40]. Moran’s [ is the cross-product be-
tween the observed variable and its spatial lag, weighted based on its spatial weight
in the matrix [37]:

Zqu u
[=—A——— )

ZZZ

n

wherein for an observation in the spatial unit i and its neighbor j, z; =(x; —X),
where ¥ is the mean of variable x, S, =» % w; is the sum of all the spatial weights,
and 7 is the number of observations. ' J
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5. Results
5.1. Exploratory Data Analysis (EDA)

In this research, an EDA was conducted for all climatic data, which was used
to assess whether the data are, in fact, suitable for spatial modeling and which type
of modeling is suitable to represent the data. Because of the extensive volume of the
collected climatic data, rainfall was selected as an example to show the procedures
that were used for the EDA analysis. The results indicated the suitability of the da-
taset for geostatistical modeling. The histogram (Fig. 3) indicated robust distribu-
tional characteristics, with a mean of 118.28, a median of 108.85, and a kurtosis value
of 2.92, which closely aligns with the ideal normal distribution value of 3.0.

This normality was further supported by the normal Q-Q plot (Fig. 4), which
illustrated a consistent linear alignment of data points along the reference axis. From
a spatial perspective, the Voronoi map (Fig. 5) demonstrated a smooth color gradient
across all stations in the study area, confirming the absence of significant local outliers.

Fig. 3. Histogram of rainfall data

Fig. 4. Normal Q-Q plot of rainfall data
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Fig. 5. Voronoi map for spatial outlier detection

Also, the trend analysis (Fig. 6) showed a clear global trend following a specific
spatial curve. Finally, the semivariogram/covariance cloud, as illustrated in Figure 7,
provided definitive evidence of strong spatial autocorrelation, modeled utilizing
a lag size of 0.3619 with 10 lags. In the same way, these procedures were repeated
for the other climatic data that were used.

Fig. 6. Trend analysis of rainfall data

Fig. 7. Semivariogram and covariance cloud and surface
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5.2. Spatial Autocorrelation Results

To verify the spatial structure of the climatic variables and satisfy the essen-
tial assumptions of geostatistical interpolation, a global Moran’s I test was per-
formed, as illustrated in Table 1. The results showed that all variables exhibit posi-
tive Moran’s I values. The calculated z-values exceeded the threshold of 1.96, while
the p-values were significantly lower than the standard (a = 0.05). This indicated
a statistically significant spatial clustering pattern. Geographically, this confirmed
that high values tend to cluster near high values, and low values cluster near low
values in adjacent climate stations. Regarding dust storms, they have a positive
Moran’s I of 0.2409 and a z-value of 1.7158, establishing statistical significance at
a 90% confidence level (p = 0.086 < a.= 0.10). These results indicated that the data are
spatially correlated.

Table 1. Results of spatial autocorrelation for the climatic variables

Climatic variable Moran’s I z-score p-value E)i(rlfgztfd Variance
Rainfall rate 0.376759 2.321344 0.020268 -0.125000 0.046721
Mean temperature 0.592694 3.244224 0.001178 -0.125000 0.048939
Evaporation 0.306938 2.030756 0.042280 -0.125000 0.045241
Relative humidity 0.424934 2.409078 0.015993 -0.125000 0.052110
Dust storm 0.240938 1.715885 0.086183 -0.125000 0.045482
Wind speed 0.632254 3.270958 0.001072 -0.125000 0.053596
Wind direction 0.568423 2.941858 0.003262 -0.125000 0.055559

Note: All spatial autocorrelation parameters were calculated utilizing the global Moran’s I tool in the
ArcGIS program. Spatial relationships were determined by the inverse Euclidean distance method, uti-
lizing a standardized distance threshold of 133,268 m for all datasets.

5.3. Assessment of Performance of Interpolation Method

The spatial interpolation was performed using ordinary kriging, which belongs
to the geostatistical family of methods. This method was selected for its ability to
provide the best linear unbiased prediction by accounting for spatial autocorrela-
tion. To evaluate the performance of the interpolation method, cross-validation was
used within the ArcGIS program. The geostatistical wizard was used to refine the
model. The semivariogram variable was chosen with four ordinary kriging models:
circular, spherical, exponential, and Gaussian. The search neighborhood was defined
as standard circular, incorporating a sectoring scheme to ensure a balanced distri-
bution of sampled points. These parameters were selected to ensure that the spatial
variability of the climate data is represented with acceptance statistical confidence.
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Based on the cross-validation results for ordinary kriging models, the Gauss-
ian model appeared to be the most acceptable spatial interpolation method for all
climatic variables evaluated (rainfall rate, relative humidity, evaporation, mean
temperature, dust storms, wind speed, and wind direction), as it outperformed the
circular, spherical, and exponential models, as shown in Table 2 and Figures 8-14.
It showed acceptable predictive accuracy with the lowest bias compared with the
other models because it had lower values of mean error (ME), root mean square
error (RMSE), and average standard error (ASE). Furthermore, the mean standard-
ized error (MSE) values were closest to zero. In addition to this, its root mean square
standardized (RMSS) error was frequently near or closest to the ideal value of one,
supporting that it provided the most acceptable spatial interpolation for these data.
The final results of the assessment with the spatial autocorrelation analysis provided
a methodological justification for replacing the other approaches with the Gaussian
interpolation model to ensure unbiased and acceptable spatial predictions for all
studied climatic variables across the study region.

Table 2. Cross validation results of ordinary kriging interpolation models

Variable Model ME RMSE MSE RMSS ASE

circular -5.057 29.956 -0.058 0.695 35.557
spherical -5.444 30.456 -0.065 0.670 36.758

Rainfall rate
exponential -6.005 31.541 -0.078 0.688 37.978
Gaussian -4.390 26.338 -0.067 0.702 31.735
circular 4.215 18.540 0.094 0.742 29.850
spherical 4.486 18.920 0.102 0.736 30.140

Evaporation
exponential 4.732 19.380 0.115 0.728 30.620
Gaussian 3.761 16.249 0.080 0.824 26.416
circular 1.072 3.485 0.139 0.827 4.128
spherical 1.108 3.364 0.148 0.815 4.137

Relative humidity

exponential 1.159 3.449 0.152 0.824 4132
Gaussian 0.992 2.500 0.126 1.099 2.623
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Table 2. cont.

Variable Model ME RMSE MSE RMSS ASE
circular -0.038 0.630 -0.022 0.765 0.850
spherical -0.040 0.633 -0.024 0.766 0.852
Mean temperature
exponential -0.063 0.633 -0.040 0.775 0.863
Gaussian -0.012 0.595 -0.004 0.786 0.782
circular 0.287 6.977 0.046 0.783 6.926
spherical 0.298 6.970 0.051 0.772 6.964
Wind direction
exponential 0.434 6.946 0.064 0.750 7.170
Gaussian 0.199 6.738 0.034 1.011 6.694
circular 0.142 1.041 0.091 0.870 0.991
spherical 0.167 1.045 0.099 0.884 0.925
Dust storm
exponential 0.168 1.055 0.107 0.867 0.981
Gaussian 0.079 0.586 0.081 1.003 0.628
circular -0.219 0.678 -0.105 0.863 0.793
spherical -0.224 0.680 -0.110 0.864 0.795
Wind speed
exponential -0.234 0.656 -0.112 0.853 0.848
Gaussian -0.103 0.642 -0.086 1.019 0.668

Fig. 8. Comparison of observed and modeled rainfall rate distributions
over the study area in 2001-2024
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Fig. 9. Comparison of observed and modeled evaporation distributions
over the study area in 2001-2024

Fig. 10. Comparison of observed and modeled mean of relative humidity distributions
over the study area in 2001-2024

Fig. 11. Comparison of observed and modeled mean temperature distributions
over the study area in 20012024
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Fig. 12. Comparison of observed and modeled wind direction distributions
over the study area in 2001-2024

Fig. 13. Comparison of observed and modeled wind speed distributions
over the study area in 2001-2024

Fig. 14. Comparison of observed and modeled mean of dust storm distributions
over the study area in 2001-2024
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5.4. Spatiotemporal Dynamics of

Climate, Water, and Vegetation Variability

in the Study Area (2001-2024)

Rainfall Trend and Spatial Variability

The results of the Mann-Kendall test and Sen’s slope estimator for the peri-
od 2001-2024 indicated a general decreasing trend in the rainfall rate across most of
the studied stations.

Table 3. Results of rainfall temporal trend in the study area (2001-2024)

Station Kendall’s © z-value p-value Trend Sen'’s slope
Muthanna -0.767 -5.044 0 decreasing -2.003
Missan -0.334 -2.192 0.02817 decreasing -3.78
Basrah -0.597 -3.962 0.00007 decreasing -3.425
Thi Qar -0.644 -4.278 0.00002 decreasing -2.987
Qadissiya -0.665 -4.411 0.00001 decreasing -2.584
Babylon -0.306 -2.007 0.04458 decreasing -1
Kerbala -0.071 -0.449 0.65333 no significant -0.577
Wassit -0.178 -1.162 0.24521 no significant -2.817
Najaf -0.665 -4.411 0.00001 decreasing -1.322

The Muthanna, Missan, Basrah, Thi Qar, Qadissiya, Babylon, and Najaf sta-
tions exhibit negative Kendall’s t and z-values with statistically significant p-values
(p < 0.05), confirming a significant downward trend in rainfall. In contrast, the Ker-
bala and Wassit stations illustrated no statistically significant trend (p > 0.05) despite
having negative slope values. Furthermore, Sen’s slope results reveal that all stations
are characterized by declining rainfall rates of varying magnitudes, with the high-
est decreases observed in Missan, Basrah, and Thi Qar, and the lowest in Babylon,
indicating an overall tendency toward reduced rainfall during the study period as
shown Table 3 and Figure 15. With respect to spatial variability, the rainfall patterns
display a gradual increase toward the eastern portions of the region, as shown in

Figure 16.
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a) b) c)
d) e) f)
) h) i

Fig. 15. Trend and temporal variability of rainfall rates over the governorates (2001-2024):
a) Muthanna; b) Missan; c) Basrah; d) Thi Qar; e) Qadissiya; f) Babylon;
g) Kerbala; h) Wassit; i) Najaf

Fig. 16. Rainfall rate distribution over the study area (2001-2024)
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Mean Temperature Dynamic

The results of the mean temperature trend during the period 2001-2024 indi-
cated a general increasing trend across most stations: Muthanna, Missan, Basrah,
Thi Qar, Qadissiya, Babylon, Kerbala, and Najaf. The stations showed positive Ken-
dall’s T and z-values with statistically significant p-values (p <0.05), confirming a sig-
nificant upward trend in temperature. Meanwhile, the Wassit station exhibited no
statistically significant trend (p > 0.05), despite a very slight positive slope. Also,
Sen’s slope values demonstrated that all stations experienced rising temperatures
at varying rates, with the highest increases were observed in the Muthanna and Thi
Qar stations, and the lowest in the Wassit and Babylon stations, indicating an overall
warming trend in the region during the study period (Table 4, Fig. 17). Lower tem-
peratures occurred in the eastern areas, increasing toward the western areas in the
study area (Fig. 18).

a) b) C)
d) e) f)
8 h) i)

Fig. 17. Trend and temporal variability of mean temperature over the governorates
(2001-2024): a) Muthanna; b) Missan; c) Basrah; d) Thi Qar; e) Qadissiya; f) Babylon;
g) Kerbala; h) Wassit; i) Najaf
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Table 4. Results of mean temperature temporal trend in the study area (2001-2024)

Station Kendall’s t z-value p-value Trend Sen’s slope
Muthanna 0.998 6.796 0 increasing 0.104
Missan 1 6.821 0 increasing 0.085
Basrah 1 6.821 0 increasing 0.065
Thi Qar 0.998 6.796 0 increasing 0.109
Qadissiya 0.998 6.796 0 increasing 0.054
Babylon 0.304 2.059 0.03952 increasing 0.042
Kerbala 0.507 3.448 0.00057 increasing 0.069
Wassit 0.011 0.050 0.96042 no significant 0.001
Najaf 0.464 3.150 0.00163 increasing 0.068

Fig. 18. Mean temperature distribution over the study area (2001-2024)

Land Surface Temperature (LST) Trend

The results of the mean LST showed a predominantly increasing trend across
the stations. The Muthanna, Missan, Basrah, Thi Qar, Qadissiya, Wassit, and Na-
jaf stations exhibit near-perfect positive Kendall’s t values with high z-statistics,
with statistical significance (p < 0.05), indicating a significant upward trend in LST.
Meanwhile, the Kerbala and Babylon stations showed no statistically significant
trend (p > 0.05) despite having positive slope values. Sen’s slope estimates further
confirmed that all stations were experiencing increasing LST at varying rates, with
the highest increases recorded in Muthanna and Najaf and the lowest in Babylon, as
illustrated in Table 5 and Figures 19 and 20.
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Table 5. Results of mean LST temporal trend in the study area (2001-2024)

Station Kendall’s t z-value p-value Trend Sen’s slope
Muthanna 1 6.655 0 increasing 0.205
Missan 1 6.655 0 increasing 0.144
Basrah 1 6.655 0 increasing 0.163
Thi Qar 1 6.655 0 increasing 0.179
Qadissiya 1 6.655 0 increasing 0.096
Babylon 0.075 0.475 0.63451 no significant 0.023
Kerbala 0.257 1.690 0.09098 no significant 0.068
Wassit 1 6.655 0 increasing 0.113
Najaf 1 6.655 0 increasing 0.240

a) b) <)
d) e) f)
8) h) i)

Fig. 19. Trend and temporal variability of LST over the governorates (2001-2024):
a) Muthanna; b) Missan; c) Basrah; d) Thi Qar; e) Qadissiya; f) Babylon; g) Kerbala;
h) Wassit; i) Najaf
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Fig. 20. Mean LST distribution over the study area (2001-2024)

Evaporation Pattern

The results for mean evaporation indicated a predominantly increasing trend
across several stations during the period 2001-2024. The Muthanna, Missan, Basrah,
Thi Qar, and Babylon stations exhibited positive Kendall’s T and z-values with sta-
tistical significance (p < 0.05), confirming a significant upward trend in evaporation.
In contrast, the Qadissiya, Kerbala, and Wassit stations showed no statistically sig-
nificant trends (p > 0.05), despite Kerbala and Qadissiya having slight positive slopes
and the Wassit station having a negative slope. Sen’s slope values further indicated
that most stations are experiencing increasing evaporation rates, with the highest
increases recorded in Muthanna and Basrah, while the lowest values are recorded in
Qadissiya and Kerbala, reflecting an overall tendency toward increased evaporation
rates during the study period, as shown in Table 6 and Figure 21. The spatial distri-
bution of the evaporation indicated elevated rates in the western part of the study
area, with a gradual decline toward the eastern parts, as shown in Figure 22.

Table 6. Results of mean evaporation trend in the study area (2001-2024)

Station Kendall’s © z-value p-value Trend Sen’s slope
Muthanna 1 6.821 0 increasing 5.002
Missan 1 6.821 0 increasing 2.416
Basrah 0.995 6.747 0 increasing 5.789
Thi Qar 0.355 2.406 0.01613 increasing 3.148
Qadissiya 0.163 1.091 0.27495 no significant 0.460
Babylon 1 6.821 0 increasing 2.380
Kerbala 0.036 0.223 0.82335 no significant 0.319
Wassit -0.203 -1.364 0.17249 no significant -2.003
Najaf 1 6.821 0 increasing 6.898
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a) b) 0)
d) e) f)
g) h) i)

Fig. 21. Trend and temporal variability of evaporation over the governorates (2001-2024):
a) Muthanna; b) Missan; c) Basrah; d) Thi Qar; e) Qadissiya; f) Babylon; g) Kerbala; h) Wassit; i) Najaf

Fig. 22. Mean of evaporation distribution over the study area (2001-2024)
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Relative Humidity Trends

The statistical results of the mean relative humidity during the period 2001-2024
indicated a general decreasing trend across several stations. The Muthanna, Missan,
Basrah, Thi Qar, Babylon, and Kerbala stations exhibited negative Kendall’s t and
z-values with statistical significance (p < 0.05), confirming a significant decrease in
relative humidity. In contrast, the Najaf, Wassit, and Qadissiya stations showed no sta-
tistically significant trends (p > 0.05), despite slight positive or negative slope values.
Sen’s slope estimates further indicated that most stations were experiencing decreas-
ing humidity at varying rates, with the most pronounced declines observed in Missan
and Thi Qar, while the lowest changes were recorded in Najaf and Wassit, indicating
an overall tendency toward decreased relative humidity during the study period, as
illustrated in Table 7 and Figure 23. The spatial patterns of relative humidity showed
a pronounced north-south gradient over the study region, characterized by lower
values in the southern parts and a gradual increase toward the northern parts (Fig. 24).

a) b) Q)
d) e) f)
g) h) i)

Fig. 23. Trend and temporal variability of relative humidity over the governorates (2001-2024):
a) Muthanna; b) Missan; c) Basrah; d) Thi Qar; e) Qadissiya; f) Babylon; g) Kerbala; h) Wassit; i) Najaf
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Table 7. Results of relative humidity trend in the study area (2001-2024)

Station Kendall's © z-value p-value Trend Sen’s slope
Muthanna -0.394 -2.654 0.00788 decreasing -0.190
Missan -0.599 -4.068 0.00005 decreasing -0.415
Basrah -0.456 -3.051 0.00221 decreasing -0.199
Thi Qar -0.679 -4.589 0 decreasing -0.527
Qadissiya -0.109 -0.719 0.47194 no significant -0.167
Babylon -0.455 -3.076 0.00208 decreasing -0.333
Kerbala -0.502 -3.398 0.00067 decreasing -0.260
Wassit 0.054 0.347 0.72831 no significant 0.034
Najaf 0.015 0.074 0.94061 no significant 0.007

Fig. 24. Mean of relative humidity distribution over the study area (2001-2024)

Dust Storm Activity

The results of the mean dust storms indicated a statistically significant increas-
ing trend across all the studied stations from 2001 to 2024. All stations showed high
positive Kendall’s t values along with large z-statistics and highly significant p-val-
ues, confirming a strong upward trend in the frequency of dust storms. Sen’s slope
values further demonstrated that dust storms were increasing at varying rates, with
the highest rates observed in Muthanna, Kerbala, Basrah, Thi Qar, and Najaf, while
relatively lower increases were observed in Missan and Wassit. Generally, the re-
sults clearly showed dust storm activity throughout the study period, as shown in
Table 8 and Figure 25. The dust storm activity displays a distinct west—east spatial
gradient over the study area, with higher intensity observed in the western parts
and progressively lower intensity toward the eastern parts (Fig. 26).
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Table 8. Results of dust storms trend in the study area (2001-2024)

Station Kendall's © z-value p-value Trend Sen’s slope
Muthanna 0.959 6.276 0 increasing 0.500
Missan 0.919 5.755 0 increasing 0.250
Basrah 0.919 5.755 0 increasing 0.500
Thi Qar 0.948 6.127 0 increasing 0.500
Qadissiya 0.919 5.755 0 increasing 0.425
Babylon 0.931 5.903 0 increasing 0.250
Kerbala 0.925 5.829 0 increasing 0.538
Wassit 0.933 5.928 0 increasing 0.171
Najaf 0.950 6.151 0 increasing 0.500

a) b) <)
d) e) f)
8) h) i)

Fig. 25. Trend and temporal variability of dust storms over the governorates (2001-2024):
a) Muthanna; b) Missan; c) Basrah; d) Thi Qar; e) Qadissiya; f) Babylon; g) Kerbala; h) Wassit; i) Najaf
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Fig. 26. Dust storm distribution over the study area (2001-2024)

Wind Speed Variability

The statistical results for mean wind speed indicated a generally increasing
trend in most of the studied stations from 2001 to 2024. The Thi Qar, Missan, Qadis-
siya, Babylon, Kerbala, Wassit, and Najaf stations showed high positive Kendall’s t
and z-values with statistical significance (p < 0.05), confirming a significant upward
trend in the mean of the wind speed. On the other hand, the Basrah and Muthanna
stations showed no statistically significant trends (p > 0.05) despite slight positive
slope values. Sen’s slope estimates further indicated that wind speed was increasing
at varying rates, with the highest increase recorded in Missan and Wassit, while
the lowest changes were observed in Basrah and Muthanna, indicating an overall
tendency toward increasing wind speed during the study period, as illustrated in
Table 9 and Figure 27. The wind speed patterns demonstrated a clear west—east gra-
dient over the study region, with higher levels prevailing in the western parts and
gradually diminishing toward the eastern parts, as presented in Figure 28.

Table 9. Results of wind speed trend in the study area (2001-2024)

Station Kendall’s © z-value p-value Trend Sen’s slope
Muthanna 0.105 0.695 0.48722 no significant 0.02
Missan 0.998 6.796 0 increasing 0.087
Basrah 0.076 0.496 0.61972 no significant 0.02
Thi Qar 0.993 6.722 0 increasing 0.05
Qadissiya 0.996 6.772 0 increasing 0.044
Babylon 0.998 6.796 0 increasing 0.045
Kerbala 0.996 6.772 0 increasing 0.043
Wassit 0.996 6.772 0 increasing 0.095
Najaf 0.998 6.796 0 increasing 0.039
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a) b) c)
d) e) f)
g) h) i)

Fig. 27. Trend and temporal variability of wind speed over the governorates (2001-2024):
a) Muthanna; b) Missan; c) Basrah; d) Thi Qar; e) Qadissiya; f) Babylon; g) Kerbala; h) Wassit; i) Najaf

Fig. 28. Wind speed and direction over the study area (2001-2024)
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Vegetation Condition and Drought Severity

VCl data for 2001-2012, and 2012-2024 revealed that extremely drought-affected ar-
eas increased from 60,789.597 km? (37%) in 2001-2012 to 71,000 km? (43%) in 2012-2024,
while severely drought-affected areas decreased slightly from 57,894 km? (35%)
to 53,000 km? (32%). The areas affected by moderately drought maintained approxi-
mately the same ratio of 23,539 km? (14%) to 23,590 km? (14%), and mildly drought-
affected areas decreased from 15,284 km? (9%) to 13,000 km? (8%). In contrast, areas
with no drought conditions dropped significantly from 7,775 km? (5%) in 2001-2012
to 4,692 km? (3%) in 2012-2024, indicating a clear shift toward more severe drought
conditions, as shown in Figures 29 and 30.

a) b)

Fig. 29. Spatial distribution of drought over the study area:
a) 2001-2012; b) 20122024

Fig. 30. Area of drought classes in the study area across two periods spanning 2001-2024
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Surface Water Dynamics

The NDWI results revealed a clear and persistent downward trend in sur-
face water extent throughout the study period, with the total area declining
from 36,692 km? (22%) in 2001-2012 to 25,275 km? (15%) in 20122024, indicat-
ing a continuous reduction in surface water coverage over time, as shown in Fig-
ures 31 and 32.

a) b)

Fig. 31. Spatial distribution of water cover over the study area: a) 2001-2012; b) 2012-2024

Fig. 32. Area of water cover in the study area across two periods spanning 20012024
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6. Discussion

This study indicated that the study area has experienced significant and accel-
erating climate and environmental changes over the period (2001-2024), reflecting
a clear transition toward hotter and drier conditions that can be interpreted within
the framework of ongoing drought. The Mann-Kendall test and Sen’s slope estima-
tor revealed a statistically significant decreasing trend in rainfall across most sta-
tions, particularly in Missan, Basrah, and Thi Qar, while non-significant negative
trends were observed in Kerbala and Wassit. The reduction in rainfall rates was the
main driver of environmental changes, starting from limited water availability that
reduces soil moisture and thus vegetation cover. While there was some spatial var-
iability indicating slightly more rainfall over the eastern parts of the region, these
observations were consistent with an overall decreasing temporal trend in rainfall.

At the same time, the results also showed a statistically significant increase in
air temperature at most stations and an unequivocal rise in LST. This warming tra-
jectory indicates a rise in the thermal energy of the system, thereby enhancing evap-
otranspiration processes and elevating water demand. Accordingly, the study indi-
cated growing evaporation at many stations, especially in Muthanna and Basrah,
and a regionally decreasing relative humidity over time. This combination clearly
demonstrates a poor hydrological status, with loss through evaporation greater than
replenishment by rainfall, and hence progressive soil drying leading to lessening wa-
ter storage capacity. This is consistent with the study by Khalbas and Kadhum [41].

The degradation of vegetation cover further supports this interpretation.
The VClI results indicated a marked increase in regions affected by extreme drought
during the period from 2001 to 2024, while regions classified as non-drought de-
creased during the same period. These results refer to a substantial degradation in
vegetation cover and a reduced ability of ecosystems to recover from climatic stress.
This decrease is closely linked to decreased rainfall, raised temperatures, and in-
creased evaporation, all of which engage with vegetation stress and decreased bio-
mass productivity. This is consistent with the study by Liu et al. [42].

Furthermore, the NDWI results illustrated a continuous decrease in surface wa-
ter area during the period from 2001 to 2024. This reduction reflects the combined
effects of decreased rainfall, increased temperature, and reduced river levels, lead-
ing to declined surface water resources. The lack of surface water not only affects
the hydrological balance but also places additional stress on ecological and agri-
cultural systems in the study area. This dynamic aligns with the outcomes of Bha-
ga et al. [43], who indicated that climate change and recurring droughts have placed
immense pressure on water resources in most parts of the world, particularly arid
and semi-arid regions, which have been the most affected. These impacts have been
especially pronounced on surface water resources.

Environmental stresses are also aggravated in the region by decreasing in-
flows from the Euphrates and Tigris rivers, caused mainly by water regulation
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upstream of those watersheds and dam construction within neighboring countries
that drastically decreased the water availability, further exacerbating climatic var-
iability and drought impacts in the region. This is consistent with the findings of
Al-Ansari [44], which confirmed that the policies of upstream countries (Iran and
Turkey) represent an important factor in the deterioration of the environmental
situation in the region.

The study also showed that all stations indicated a robust and statistically sig-
nificant increase in dust storm activity along with raised wind speeds over most
parts of the study area, which is consistent with the study by Al Ameri et al. [45].

The results indicated the existence of a positive feedback mechanism where de-
creased vegetation cover and soil moisture leave the Earth’s surface exposed, mak-
ing it more vulnerable to wind erosion. Higher winds produce more dust by lifting
it off the ground, resulting in an increased frequency and intensity of storms. Con-
sequently, these storms lead to the loss of fine soil particles, which are essential for
developing fertile ground and vegetation growth, contributing positively toward
land degradation processes.

Overall, the outcomes highlight a tightly interconnected system in which envi-
ronmental and climatic variables interact in a cascading manner. Decreasing rainfall
leads to a series of processes, including increasing temperatures, raising evaporation,
reduced relative humidity, soil moisture depletion, vegetation cover degradation,
reduced surface water, and increased dust storm activity. This series of interactions
indicates that the observed changes are not isolated phenomena but components of
an integrated environmental shift. Consequently, central and southern Iraq are un-
dergoing a clear transition toward a more arid and fragile environmental condition
due to coupled climate and land surface feedback mechanisms, underscoring the
need for adaptive strategies to manage water resources and mitigate or treat land
degradation under changing hydrological and climatic conditions.

7. Conclusions

This study hypothesized that the study area has transitioned to greater aridity
and environmental susceptibility, with climatic changes as a primary driver of in-
creases in drought and ecological deterioration. The results supported this hypoth-
esis and indicated that the central and southern Iraq region has been subjected to
significant environmental and climatic changes during the period from 2001 to 2024,
indicating a clear shift toward increasingly arid conditions. The outcomes showed
a statistically significant decrease in rainfall rate over most stations, accompanied
by rising LST and air temperature, which together increased evaporation rates and
decreased the relative humidity. This combination created a persistent imbalance
in the hydrological system, leading to decreasing soil moisture and increasing en-
vironmental stress. The analysis of vegetation conditions indicated a substantial in-
crease in regions affected by extreme drought from 37 to 43%, alongside a marked
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reduction in areas with no drought from 5 to 3%, reflecting decreasing ecosystem
health. Similarly, surface water dynamics indicated a continuous decrease in surface
water extent from 22 to 15%, due to reduced rainfall and increased evaporation.
These pressures are further increased by reduced inflows from the Tigris and Eu-
phrates rivers due to upstream water regulation, which has limited the region’s abil-
ity to compensate for climatic variability. Furthermore, the increasing wind speed
and frequency of dust storms highlighted a reinforcing cycle of land degradation in
the region, where vegetation loss and soil exposure enhance the susceptibility to ero-
sion. The results confirmed an ongoing process of drought, emphasizing the need
for sustainable water and land management strategies in the study area.
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