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Abstract Article Info.

This study investigates the spatial and temporal trends in selected climatic and

environmental variables across various regions of Iraq from January to May during Keywords:

2003 to 2024 using Geographic Information System (GIS) techniques and the Mann-  Iraq, Soil-Adjusted
Kendall trend test. The analysis focuses on five variables: air temperature, methane  Vegetation Index (SAVI),
(CHy), carbon monoxide (CO), carbon dioxide (CO;), and the Soil-Adjusted GIS, Climate, Methane.
Vegetation Index (SAVI). A comprehensive dataset was compiled by integrating

satellite-based observations of climatic and environmental variables, MODIS remote  Article history:
sensing imagery for SAVI estimation, and observational air temperature data Received: Sep. 28, 2025
obtained from the Iraqi Meteorological Organization and Seismology. Temporal Revised: Jan. 18, 2026
trends were assessed using the Mann-Kendall test, a non-parametric method for Accepted:Feb. 01, 2026
detecting monotonic changes, while the Theil-Sen slope estimator was used to Published:Jun. 01,2026
quantify the rate of change over time. For spatial analysis, Iraq was classified into

three climatic regions: northern, middle, and southern regions. This regional division

facilitated clearer identification of spatial and seasonal variations in climate and

environmental conditions. Results reveal strong regional contrasts. Middle and

southern governorates experienced the highest warming rates, while northern

regions showed weaker thermal changes. CHy increased significantly across all

regions, whereas CO declined markedly. CO; exhibited a consistent upward trend

nationwide. SAVI trends varied across regions: northern governorates showed

positive vegetation responses, whereas southern and western regions showed

stagnation or decline. Overall, middle and southern Iraq face the highest

environmental stress due to accelerated warming, increasing greenhouse gas

concentration, and reduced vegetation resilience, emphasizing the need for targeted

adaptation measures and sustainable land management strategies.

1. Introduction

In the context of accelerating global climate change, remote sensing has emerged as an
effective method for analyzing environmental data and understanding climatic phenomena
through quantitative surface classification. Within this context, the land surface temperatures of
the Al-Hammar Marshes in Iraq for the years 1991, 2000, 2015, and 2017 were estimated using
Landsat thermal bands processed in ENVI 5.1 to produce spatial temperature maps. The results
demonstrated a steady increase in surface temperatures, rising from approximately 41.5 °C in 1991
to 47.9 °C in 2017, indicating a pronounced warming trend and underscoring the mounting
climatic and environmental stress on the marshland ecosystem [1].

Iraq ranks among the top five countries most vulnerable to the impacts of climate change,
particularly concerning water scarcity, food insecurity, and extreme temperatures. Climate studies
spanning the period 1971-2020 indicate a marked increase in temperatures and a decrease in
precipitation, especially in southern regions. Future projections under various emissions scenarios
suggest that these trends are likely to intensify [2]. At the local scale, a study in Sulaymaniyah
Governorate utilizing the Mann—Kendall test and Sen’s slope estimator showed significant annual
temperature increases at most meteorological stations. Rainfall trends were statistically
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insignificant at the 95% confidence level, although slight localized fluctuations were observed [3].
Similarly, a 70-year analysis (1940-2010) in Sinjar District revealed a significant long-term
decrease in annual rainfall, with monthly trends showing increases in October and April, while
the rest of the months exhibited declining patterns [4]. An analysis of minimum, maximum, and
mean temperatures across Mosul, Kirkuk, Baghdad, Rutba, and Basra over 1950-2021 revealed
statistically significant upward trends in 99% of the months, with minimum temperatures
increasing more sharply than maximums, particularly in Basra, highlighting the persistent impact
of climate change on Iraq’s temperature patterns [5]. Also, the analysis of precipitation data from
twenty stations (1992—-2010) using the Mann—Kendall test and Kendall-Tiehl estimator revealed
significant downward trends in rainfall across most regions. The findings indicate an overall
decline of about 3.5% in mean annual precipitation, emphasizing growing climatic stress and the
progression toward drier conditions [6].

Analysis of air temperature records (Tmean, Tmax, and Tmin) from seven Iraqi stations
(1941-2013) revealed notable temporal and spatial warming trends. Using linear regression and
the Mann—Kendall test, the study identified stronger warming during summer months, accounting
for nearly 89% of significant monthly trends. Results showed southern Iraq was most affected in
Tmean and Tmax, while Tmin exhibited pronounced warming in northern and southern regions.
Overall, inter-annual variations aligned with global warming patterns, with 2010 recorded as the
hottest year across all stations [7].

Another study examined the relationship between climate variables and dust activity in the
Tigris—Euphrates alluvial plain, one of the main dust storm zones in the Middle East. Using LSTM
modeling and emission scenarios SSP2-4.5 and SSP5-8.5, the study projected increases in aerosol
optical depth (AOD) by 10.5% and 15.2%, respectively, between 2021 and 2040. Key influencing
factors included temperature, precipitation, and vegetation cover [8]. From 1980 to 2022, eleven
thermal bioclimatic indicators were analyzed across Iraq using ERAS reanalysis data. The Mann—
Kendall test revealed significant warming trends, with the annual mean temperature (Biol) rising
between 0.28 and 0.48°C per decade, well above the global average. These changes were most
pronounced in northern and eastern Iraq and included reduced diurnal temperature ranges and
intensified summer heat [9].

Satellite-based observations from AIRS and OMI for the years 2017-2019 showed
distinctive seasonal patterns in atmospheric pollutants such as carbon monoxide (CO), ozone (O3),
and nitrogen dioxide (NOz). CO concentrations peaked in winter and spring, O3 in late winter to
late spring, and NO: levels were highest in densely populated areas, particularly Baghdad. The
early months of the COVID-19 pandemic, particularly during curfews, were associated with
temporary improvements in air quality [10]. On a broader temporal scale, data from seven Iraqi
meteorological stations between 1972 and 2022 demonstrated clear temperature increases,
reductions in solar radiation and wind speed, and declining rainfall trends. An increase in the
frequency and severity of dust storms was also noted, further highlighting the profound impact of
global warming on Iraq’s climate system [11]. Another study analyzed the carbon dioxide
intensity (CI) alongside total carbon dioxide (CO-) emissions and per capita CO, emissions using
data from CDIAC for the period 1971-2018. Results showed CI peaked at 7.188 kg/kg oil
equivalent in 1971, decreased to 1.707 kg/kg in 1997, and then gradually rose to 3.63 kg/kg in the
last decade [12]. Total CO2 emissions strongly correlated with oil production, reaching 188.1 Mt
in 2018, a 65.18% increase over the study period, and were inversely related to CI. Per capita CO»
emissions fluctuated around 3.49 t/person, peaking at 4.99 t/person in 2013 [13].

Finally, a study analyzing tropospheric O3 and associated atmospheric variables such as
skin temperature, CO, and water vapor (H>0) between 2003 and 2021 showed clear seasonal
variations. Ozone concentrations peaked in spring, CO in winter, while skin temperature and water
vapor were highest in summer. Spatially, pollutant levels were generally higher in northern Iraq.
Trend analysis indicated rising trends in skin temperature and water vapor, a stable pattern for
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ozone, and a significant decline in CO, offering essential insights for formulating effective air
quality management strategies[14]. This study aims to investigate the spatiotemporal trends of
selected climatic and environmental variables across Iraq during the period 2003-2024 using
Geographic Information System (GIS) techniques and the Mann—Kendall trend test. The analysis
focuses on air temperature, key atmospheric gases (CHs, CO, and COz), as well as vegetation
dynamics represented by the Soil-Adjusted Vegetation Index (SAVI). Spatial analysis was applied
to identify regional variability, while temporal analysis was used to detect long-term trends. The
selected study period was based on the availability of consistent satellite observations and ground-
based data, allowing for a reliable assessment of recent climatic and environmental changes.

2. Study Area

Iraq covers an area of approximately 438,314 square kilometers and is located between
latitudes 29.05° and 37.22° North, and longitudes 38.45° and 48.45° East (see Fig. 1). The country
exhibits marked spatial variability in climate and environmental conditions due to its diverse
topography and position at the junction of arid and semi-arid zones. Northern and northeastern
mountainous areas experience cooler temperatures, higher and more evenly distributed
precipitation, and distinct seasonal dynamics, while the middle and southern lowlands are
characterized by higher temperatures, lower rainfall, and greater susceptibility to drought. These
climatic and topographic gradients directly influence vegetation patterns, hydrological processes,
and the distribution of atmospheric constituents, making them essential for spatially explicit
environmental assessments. To capture these regional differences, Iraq was divided into three
climatic zones: northern, middle, and southern, allowing a targeted analysis of temperature trends,
greenhouse gas concentrations, and vegetation responses across distinct ecological and climatic
contexts [15].
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Figure I: Map of Iraq.

3. Data and Methodology
3.1. Data Source
In this research, a set of data was used, such as monthly average air temperature data
obtained from the Iraqi Meteorological Organization and Seismology. Methane (CH4) and CO
concentrations were sourced from the Atmospheric Infrared Sounder (AIRS), while CO>
measurements for the period 2003 to 2014 were acquired from AIRS, and from 2015 to 2024, data
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were obtained from the Orbiting Carbon Observatory-2 (OCO-2), Data were obtained from the
NASA Goddard Earth Sciences Data and Information Services Center (GES DISC). Additionally,
MODIS satellite imagery was used to calculate the monthly SAVI. Table 1 summarizes the
climatic and environmental datasets used in the study, including sensor sources and their spatial
and temporal resolutions. Also, ArcGIS 10.8 and SPSS software were used to analyze and output
the results. Fig. 2 shows samples of the used data.

Table 1: The spatial and temporal resolutions of climatic and environmental datasets

Variable Sensor / Mission Spatial Resolution | Temporal Resolution
CHa AIRS / Aqua ~1° % 1° (~100 km) Monthly
CO AIRS / Aqua ~1° % 1° (~100 km) Monthly
CO2 AIRS / Aqua ~1° % 1° (~100 km) Monthly
CO: 0CO-2 ~1.3 x2.25km Monthly
Surface Reflectance MODIS / Terra 500 m 8-day composite

3.2. Methodology

To effectively assess the spatiotemporal dynamics of climatic and environmental variables
within a study area, it is essential to employ appropriate analytical tools and indices. Three
fundamental components often used in such analyses are the Mann-Kendall Test, the SAVI, and
Spatial Interpolation. Each plays a unique role in capturing and interpreting both temporal trends
and spatial patterns in environmental data. This paper compiles monthly air temperature data from
ground-based stations and applies spatial interpolation techniques to generate continuous surfaces
covering the study area, which is Iraq. The resulting data were saved in (GeoTIFF) format. As
indicated in Table 1, the spatial resolution of the datasets varied; therefore, a resampling procedure
based on bilinear interpolation was applied to standardize all datasets to a common spatial
resolution of 0.1° x 0.1°, ensuring consistency and suitability for regional-scale analysis. It should
be noted that atmospheric composition variables (CH4, CO, and CO:) were extracted at the 500
hPa pressure level. The concentrations of CHs and CO are expressed in mole fraction units
(mol mol ™), while the CO: concentration is expressed in parts per million (ppm) . The 500 hPa
level was chosen because near-surface atmospheric layers often suffer from data gaps and
incomplete spatial coverage over the study area, particularly when using reanalysis and satellite-
derived products. Data availability at lower pressure levels close to the Earth’s surface does not
provide continuous and homogeneous spatial coverage over Iraq. In contrast, the 500 hPa level
offers more spatially complete, consistent, and reliable datasets, making it more suitable for
spatiotemporal analysis at the regional scale.

In addition, other environmental variables were processed, including CH4, CO, and CO>).
Furthermore, MODIS satellite imagery, composed of four tiles to ensure complete spatial
coverage of Iraq, was used to calculate the monthly SAVI. Subsequently, climatic and
environmental data were extracted for twelve selected Iraqi governorates and grouped into three
regional clusters (north, middle, and south). Northern Iraq includes Duhok, Erbil, Sulaymaniyah,
and Nineveh and is generally characterized by higher elevations, relatively cooler temperatures,
and more favorable conditions for vegetation. Middle Iraq comprises Salah al-Din, Baghdad,
Anbar, and Babil and represents a transitional zone with moderate climatic conditions and
increasing exposure to anthropogenic and thermal stress. Southern Iraq includes Najaf, Maysan,
Muthanna, and Basra and is characterized by low-lying terrain, arid to semi-arid climate, high
temperatures, and limited precipitation, making it the most environmentally vulnerable region. To
perform the Mann—Kendall trend test using the default significance level (a = 0.05), and to
visualize the temporal changes of the analyzed variables, as shown in Fig. 3.
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Figure 2: Examples of the datasets employed in this study: (A) air temperature (°C), (B) atmospheric
CO; concentration (CO:, ppm), (C) CO concentration (CO, mol mol™), (D) SAVI and (E) CH;
concentration (CH4, mol mol™).
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3.2.1 Mann-Kendall Test

The Mann—Kendall (MK) test is a widely adopted non-parametric statistical method used
to detect monotonic (consistently increasing or decreasing) trends in time series data, particularly
in environmental and climate-related studies [16, 17]. Being non-parametric, the MK test does not
require the data to follow a normal distribution, which makes it robust to missing values, outliers,
and non-normal data distributions. Given a time series dataset of size n, represented as {xi, x, ...,
Xn} [16].

The MK test evaluates the sign of all pairwise differences between data points at different
time steps. Specifically, for every pair where j > 1, the difference xj- X; is evaluated using the sign
function. The Mann—Kendall statistic (S) is calculated by Eq. (1)[17]:

S= nz_l Zn: sgn(xj - Xi) (D

i=1 j=it+1

where n represents the number of data points in the time series, xi and x; represent data values at
times 1 and j, respectively.
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sgn(0) represents the sign function, defined as Eq. (2)[18]:

+1, if0>0
sgn(@) =<0, if6=0 (2)
~1, if6<0

Under the null hypothesis Ho (no Temporal change), the expected value of S is zero. For
sufficiently large samples (usually n>10) where n represents the sample size, the distribution of S
approaches normality with variance Eq. (3) [16]:

n(n—1)2n+5) Y2t — D2t +5)

Var(S) = 18 3)

where m represents the number of tied groups, and ti is the size of the i™ tied group. The
standardized test statistic Z is then calculated by Eq. (4) [16]:

S—-1
—, S>>0
v/ Var(S)
Z=<0, S=0 4)
S+1
l—, S<0
v/ Var(S)

The significance of the Temporal change is assessed by comparing Z to the standard
normal distribution for a chosen significance level a (commonly 0.05). To quantify the rate of
change (slope) in the data, the Theil-Sen estimator is used alongside the MK test. It calculates the
median slope of all pairs by using Eq. (5) [17]:

Xj

X.
Q=median(], - ),foralli<j (5)

where Q represents the estimated slope o, xiX; represent the values at time steps j and 1,
respectively, j—1 represents the time difference between observations.

3.2.2 Soil Adjusted Vegetation Index (SAVI)

The SAVI s a spectral vegetation index designed to minimize the influence of soil brightness
in areas where vegetation cover is sparse. It was introduced by Huete as a modification of the
Normalized Difference Vegetation Index (NDVI) to account for the background soil reflectance
[18], which often distorts vegetation signals, especially in arid and semi-arid environments. SAVI
is calculated using Eq. (6) [19]:

savi= —NR—Red) 1 11 6
~ (NIR +Red + L) ( ) (6)

Where NIR represents reflectance in the near-infrared band, Red = reflectance in the red band,
and L represents the soil brightness correction factor; typically, L = 0.5 for intermediate vegetation
densities.
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3.2.3 Spatial Interpolation

Spatial interpolation is a geostatistical method used to estimate the values of variables at
unsampled locations based on known values from sampled points in space. It assumes spatial
autocorrelation, meaning nearby points are more likely to have similar values [20]. There are two
main types: deterministic methods (Inverse Distance Weighting and spline), which rely on
mathematical formulas, and geostatistical methods (Kriging), which consider both the distance
and the spatial structure of the data. These methods are widely used in climatology, hydrology,
and environmental sciences to generate continuous surfaces from discrete data. Proper selection
of the interpolation technique depends on the nature of the dataset and the spatial variability [21].
In this paper, the Kriging method was specifically employed to generate the temperature maps.

4. Results and Discussion
The analysis of selected climatic and environmental variables is presented as follows:

4.1 Air Temperature

The analysis indicates weak to moderate positive temporal trends in monthly mean air

temperature across most Iraqi provinces. The Mann—Kendall Z-values generally range between
0.87 and 3.15, with more pronounced warming trends observed in several middle and southern
provinces, particularly Baghdad, Muthanna, and Najaf (Tables 2—4).
Although positive Z-values dominate the results, many monthly trends remain statistically non-
significant (|Z| < 1.96), especially during February and March. In contrast, statistically significant
warming signals are evident in selected months, such as January and May, reflecting the influence
of seasonal variability and long-term climatic forcing.

The Avg values reported in the tables were not calculated as a simple arithmetic mean of
the monthly Mann—Kendall statistics (Z and Q) displayed for January to May. Instead, the
averaging procedure was performed at the data level prior to trend analysis. Specifically, for each
year within the study period (2001-2024), monthly raster-based mean values (January—May) were
first spatially averaged for each province. These monthly means were then aggregated to produce
a single annual mean value per year. Subsequently, the Mann—Kendall test and Sen’s slope
estimator were applied to the resulting annual mean time series to derive the Avg Z and Q
statistics. Therefore, the Avg row represents the overall temporal trend of the interannual mean
conditions for the January—May period, rather than the arithmetic average of the individual
monthly Z or Q values shown in the tables.

Table 2: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for air
temperature trends in northern Iraqi provinces during the period 2003—2024.

Month Duhok Erbil Nineveh Sulaymaniyah
Q Z Q Z Q 4 Q 4
Jan 0.02 0.37 0.05 0.77 0.07 1.41 0.05 1.86
Feb 0.08 1.71 0.09 2.21 0.08 1.71 0.09 231
Mar -0.08 | -097| -0.06| -0.67| -0.05| -0.77| -0.04| -0.77
Apr 0.15 1.61 0.10 1.81 0.10 1.71 0.04 0.57
May -0.01 -0.21 -0.06 | -1.11 0.00 0.11 -0.01 -0.16
Avg 0.04 1.12 0.01 0.87 0.05 1.76 0.03 1.12
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Table 3: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for air
temperature trends in middle Iraqi provinces during the period 2003-2024.

Baghdad Babil Anbar Salah ad
Month Din

Q Z Q Z Q Z Q Z
Jan 0.11| 285 0.07| 1.86| 0.07 | 1.71| 0.08 | 1.27
Feb 006 | 1.17| 0.02| 042 | 0.06 | 1.36| 0.09 | 1.36
Mar 0.03 | 0.72 | -0.03 | -0.67 | -0.03 | -0.42 | 0.02 | 0.22
Apr 0.05| 1.02| 0.04| 0.87| 0.08| 1.71| 0.10 | 1.76
May 0.02| 058 0.02| 042 | 0.04| 090 | 0.02| 0.58
Avg 0.07| 280 | 004 | 1.41| 0.05| 2.11| 0.09| 2.55

Table 4: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for air
temperature trends in southern Iraqi provinces during the period 2003-2024.

Month Basra Maysan Muthanna Najaf
Q Z Q Z Q Z Q Z

Jan 0.09| 2.60| 0.07| 2.51(0.10| 1.91] 0.11 | 2.51
Feb 0.04| 0.87| 0.06| 1.22|0.05|1.07|0.07 | 1.81
Mar -0.01 | -0.37 | 0.01| 0.22]0.04|0.77 | 0.03 | 0.72
Apr 0.03| 0.72| 0.03| 0.82|0.04| 1.56| 0.06 | 1.96
May 0.02| 048 | -0.05| -1.32 | 0.08 | 2.01 | 0.09 | 2.11
Avg 0.05| 2.11| 0.04| 1.46|0.08|2.95]|0.08 | 3.15

The air temperature (°C) for Iraqi regions during the period 2003 to 2024 is illustrated in Fig. (4-6). The
time series exhibits a pronounced seasonal cycle, characterized by regular and recurrent
oscillations corresponding to annual temperature variability. These oscillations reflect the
alternation between higher temperatures during warm seasons and lower temperatures during cold
seasons, indicating a strong seasonal signal throughout the entire observation period.

In addition to the seasonal variability, the dashed trend line indicates a slight but consistent
long-term increase in mean air temperature over time. Although short-term fluctuations are
evident, the overall trend suggests gradual warming across the study period. This upward tendency
becomes more apparent when considering the cumulative behavior of the time series rather than
individual years, emphasizing the presence of long-term climatic change superimposed on
seasonal patterns. Moreover, the amplitude of seasonal temperature variations remains relatively
stable over time, suggesting that while average temperatures are increasing, the contrast between
warm and cold seasons has not undergone substantial alteration. Occasional extreme values are
observed; however, these deviations do not significantly disrupt the general seasonal structure or
the long-term trend. Overall, the temporal pattern of air temperature is dominated by strong
seasonal variability combined with a gradual increasing trend, highlighting the importance of
distinguishing between short-term seasonal dynamics and long-term climatic signals when
analyzing temperature time series.
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Figure 6: Air temperature in the Southern Iraqi regions during the period 2003-2024.

4.2. Methane (CHa)

A consistently strong and statistically significant increase in CHs mol mol™! concentration
was observed across all Iraqi provinces and throughout the year. All Northern provinces exhibit
strong, consistent positive temporal changes in CH4 concentrations, with Sen’s slope values
ranging from 2.6x107° to 3.7x10~° (mol mol 'year!). The Mann-Kendall test is highly significant,
ranging between 5.64 and 6.20, well above the 99% confidence threshold. March notably shows
the greatest and most consistent upward temporal changes across all provinces. Among these,
Nineveh demonstrates the most pronounced increase, followed by Duhok, while Erbil and
Sulaymaniyah maintain slightly lower but still robust upward Temporal changes as demonstrated
in the Table 5. Middle provinces also display statistically significant upward Temporal changes
with Q-values between 2.7x10° and 3.8%10~° (mol mol 'year') and Z-values ranging from 5.75
to 6.26. February and March mark peak periods of temporal change strength. Anbar records the
steepest rate of increase, whereas Baghdad and Babylon show moderate but steady upward
temporal change, see Table 6. Southern provinces reflect similarly great positive Temporal
changes, with Q-values from approximately 2.2x10~° up to 4.3x10~° (mol mol'year!), and Z-
values spanning 5.70 to 6.32. March and April represent the months with the most significant
upward momentum, especially in Muthanna. While Basra, despite relatively lower Q-values,
maintains statistically significant Temporal changes as shown in Table 7.

Table 5: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for CH,4
trends in northern Iraqi regions during the period 2003 -2024.
Month Duhok Erbil Nineveh Sulaymaniyah
Q Z Q Z Q Z Q Z
Jan 3.1E-09 | 5.75 | 2.6E-09 | 598 | 3.5E-09 | 6.03 | 2.8E-09 6.03
Feb 3.0E-09 | 6.09 | 2.6E-09 | 5.70 | 3.2E-09 | 5.81 | 2.7E-09 6.03
Mar 3.4E-09 | 6.03 | 2.9E-09 | 6.03 | 3.7E-09 | 6.03 | 3.0E-09 5.98
Apr 3.1E-09 | 6.03 | 2.7E-09 | 5.92 | 3.4E-09 | 6.20 | 2.9E-09 5.92
May | 3.2E-09 | 598 | 2.7E-09 | 598 | 3.5E-09 | 592 | 2.9E-09 6.03
Avg 3.1E-09 | 6.15 | 2.7E-09 | 6.15 | 3.6E-09 | 6.09 | 2.9E-09 6.20
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Table 6: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for CH4
trends in the middle Iraqi regions during the period 2003 -2024.

Month Baghdad Babil Anbar Salah ad Din
Q V/ Q Z Q 4 Q V4
Jan 2.9E-09 6.03 | 2.9E-09 | 6.09 | 3.4E-09 598 | 2.9E-09 5.98
Feb 2.7E-09 6.20 | 2.9E-09 | 6.20 | 3.4E-09 6.03 | 2.8E-09 6.15

Mar 2.9E-09 6.15| 3.1E-09 | 6.20 | 3.8E-09 6.03 | 3.1E-09 6.15
Apr 2.8E-09 6.03 | 2.8E-09 | 598 | 3.8E-09 592 | 2.8E-09 6.20
May 2.8E-09 592 | 29E-09 | 5.75| 3.7E-09 587 | 2.8E-09 5.92
Avg 2.8E-09 6.09 | 29E-09 | 6.20 | 3.6E-09 6.09 | 2.9E-09 6.15

Table 7: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for CH4
trends in southern Iraqi regions during the period 2003 -2024.

Month Basra Maysan Muthanna Najaf
Q V4 Q 4 Q V/ Q Z

Jan 2.2E-09 | 598 | 3.6E-09 | 6.20 | 3.6E-09 5.70 | 3.4E-09 | 6.03
Feb 24E-09 | 5.81| 3.5E-09 | 598 | 3.9E-09 592 | 3.6E-09 | 6.03
Mar 24E-09 | 6.15| 3.6E-09 | 6.26 | 4.2E-09 598 | 4.1E-09 | 5.98
Apr 23E-09 | 6.03 | 34E-09 | 6.09 | 4.2E-09 6.03 | 3.9E-09 | 5.92
May 23E-09 | 6.09| 3.5E-09 | 6.03 | 4.3E-09 5.87 | 3.9E-09 | 5.81
Avg 23E-09 | 6.20| 3.5E-09 | 6.26 | 4.0E-09 598 | 3.7E-09 | 5.98

CHa levels exhibit a steady rise across Iraqi provinces, mirroring global Temporal changes
as shown in Figs. 7-9. All figures show a clear and persistent upward trend over the studied time
period, indicating a gradual and sustained increase in their values with time. Although short-term
fluctuations are evident throughout the series, these variations remain largely confined around the
long-term trend line and do not alter the overall increasing pattern. The temporal record reveals
recurrent oscillations characterized by alternating periods of relative increase and decrease.
However, both the lower and upper bounds of these fluctuations rise progressively over the years,
suggesting that the variability occurs around an increasingly higher baseline rather than
representing random or isolated anomalies. This behavior reflects a systematic long-term change
in the underlying process governing the variable.

CH4 concentrations showed almost linear increasing during the study, suggesting that
emissions are not just increasing, but doing so at a persistent rate. This trend is a clear byproduct
of local industrial and human activity. Looking at the northern governorates (such as Nineveh and
Dohuk), the rise is likely driven by agriculture, livestock, and waste decay, coupled with nearby
energy facilities. Central regions, however, face a different set of drivers: rapid urbanization, trash
management issues, and transport emissions. The most significant spikes appear in the south,
where heavy oil extraction and widespread gas flaring remain the primary culprits.
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Figure 9: CHy in the Southern Iraqi regions during the period 2003-2024.

4.3 Carbon Monoxide (CO)

The Mann-Kendall analysis of CO concentrations across northern, middle, and southern
Iraqi provinces from January to May indicates a consistent and statistically significant decline.
Sen’s slope (Q) values are uniformly negative, ranging from -7.2x107'° to -2.1x10°°, while
corresponding Z-values span -4.85 to -5.98, all exceeding the 99% confidence threshold (Tables
8-10), confirming the robustness of this downward trend .Seasonally, the rate of decline varies
across regions. In the north, the steepest decreases occur in March—May, particularly in Nineveh
and Sulaymaniyah. Middle provinces, such as Anbar and Salah ad Din, show peak reductions in
February and March, whereas southern provinces, notably Muthanna and Najaf, reach maximum
decline mainly in March and April. Basra exhibits smaller slopes but maintains a consistent
decrease throughout the period. Spatially, the greatest reductions are observed in northern
provinces, followed by middle regions, with southern provinces showing slightly smaller yet
significant declines.

Table 8: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for CO
trends in northern Iraqi regions during the period 2003 -2024.

Month Duhok Erbil Nineveh Sulaymaniyah

Q V/ Q V/ Q V/ Q Z
Jan -1.5E-09 -4.96 -1.1E-09 | -5.08 | -1.7E-09 | -5.02 -1.2E-09 -5.24
Feb -2.0E-09 -4.85 -1.5E-09 | -5.02 | -2.1E-09 | -5.02 -1.5E-09 -5.30
Mar -1.6E-09 -5.19 -1.5E-09 | -4.91 -1.9E-09 | -5.30 -1.6E-09 -5.19
Apr -1.9E-09 -5.02 -1.6E-09 | -5.08 | -2.0E-09 | -5.08 -1.5E-09 -5.08
May -1.4E-09 -5.19 -1.3E-09 | -5.41 -1.6E-09 | -5.41 -1.4E-09 -5.02
Avg -1.7E-09 -5.47 -1.4E-09 | -5.64 | -1.8E-09 | -5.87 -1.4E-09 -5.87
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Table :9 Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for CO
trends in middle Iraqi regions during the period 2003 -2024.

Month Baghdad Babil Anbar Salah ad Din
Q V4 Q V/ Q V4 Q Z
Jan -1.3E-09 -5.36 -1.3E-09 | -5.41 -1.7E-09 | -5.30 -1.3E-09 | -5.64
Feb -1.4E-09 -5.70 -1.5E-09 | -5.41 -1.8E-09 | -5.47 -1.5E-09 | -5.64
Mar -1.5E-09 -5.47 -1.6E-09 | -5.53 -1.9E-09 | -5.30 -1.6E-09 | -5.41
Apr -1.5E-09 -5.36 -1.5E-09 | -5.30 -1.8E-09 | -5.19 -1.5E-09 | -5.13
May -1.3E-09 -5.24 -1.3E-09 | -5.19 -1.3E-09 | -5.19 -1.4E-09 | -5.19
Avg -1.4E-09 -5.87 -1.4E-09 | -5.87 -1.8E-09 | -5.92 -1.5E-09 | -5.87

Table 10: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for CO
trends in southern Iraqi regions during the period 2003 -2024.

Month Basra Dhi Qar Maysan Muthanna
Q V4 Q 4 Q Z Q V4

Jan -9.1E-10 -5.81 | -1.5E-09 | -5.64 | -1.5E-09 -5.58 -1.9E-09 -5.41
Feb -1.0E-09 -5.47 | -1.7E-09 | -5.53 | -1.7E-09 -5.58 -2.1E-09 -5.36
Mar -1.1E-09 -5.47 | -1.7E-09 | -5.70 | -1.7E-09 -5.70 -2.2E-09 -5.41
Apr -1.0E-09 -5.36 | -1.7E-09 | -5.24 | -1.8E-09 -5.24 -2.1E-09 -5.41
May -7.2E-10 -5.19 | -13E-09 | -5.47 | -1.4E-09 -5.24 -1.6E-09 -5.47
Avg -9.5E-10 -592 | -1.6E-09 | -5.81 | -1.6E-09 -5.75 -1.9E-09 -5.98

The CO concentration shows a fluctuating yet overall declining temporal change from
2003 to 2024, see Figs. 10-12. As shown in the figures, the examined variable demonstrates a
clear long-term decreasing trend over the analyzed time period, indicating a gradual and consistent
decline in its values with time. Despite the presence of pronounced short-term fluctuations, the
overall trajectory remains distinctly downward, as confirmed by the negative slope of the fitted
trend line. The time series is characterized by recurrent oscillations around the long-term trend,
reflecting notable short-term variability. However, both the peak and trough values exhibit a
progressive decline through time, suggesting that these fluctuations occur around a steadily
lowering baseline rather than representing random variability. This pattern points to a systematic
long-term reduction in the magnitude of the variable.

Moreover, the decline appears approximately linear across much of the study period,
implying a relatively stable rate of decrease and a sustained influence of the controlling factors
over time. In general, the temporal behavior of this variable can be described as a dominant long-
term downward trend accompanied by moderate to strong short-term variability, a pattern
commonly observed in environmental time series subject to gradual regulatory, atmospheric, or
climatic influences.
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Figure 10: CO in the northern Iraqi regions during the period 2003-2024.
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Figure 12: CO in the southern Iraqi regions during the period 2003-2024.

4.4. Carbon Dioxide (CO-)

CO: concentrations exhibited an extremely strong, consistent, and statistically significant
upward temporal change across all provinces and throughout the year. Z-values were remarkably
uniform, averaging around 6.4 to 6.49 in all months and regions, indicating a pervasive and
accelerating increase in CO: levels, as displayed in Tables (11-13). The Sen’s slope (Q) values,
representing the annual rate of increase, range approximately between 2.23 and 2.35 ppm/year,
quantitatively defining the yearly rise in CO: concentration .This homogeneity in both Z and Q-
values underscores the global nature of CO2 accumulation in the atmosphere, driven by sustained
and cumulative emissions. The consistent rise across Iraq, including northern regions, reflects
broader climate change trajectories, confirming that local temporal changes align with the long-
term global pattern of increasing greenhouse gas concentrations.

Table 11: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for CO>
trends in northern Iraqi regions during the period 2003 -2024.
Month Duhok Erbil Nineveh Sulaymaniyah

Q Z Q 7 Q 7 Q Z

Jan | 230 | 637 | 229 | 643 | 230 | 643 | 229 | 6.43
Feb | 233 | 649 | 229 | 643 | 229 | 649 | 229 | 649
Mar | 225 | 643 | 223 | 643 | 223 | 649 | 223 | 643
Apr | 229 | 649 | 227 | 649 | 223 | 649 | 228 | 643
May | 224 | 643 | 228 | 649 | 226 | 649 | 231 | 649
Ave | 229 | 649 | 228 | 649 | 226 | 649 | 228 | 649
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Table 12: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for CO2
trends in middle Iraqi regions during the period 2003 -2024.
Month | Baghdad Babil Anbar Salah ad Din
Q Z Q Z Q Z Q Z
Jan 230 649 | 230 | 649 | 232 | 649 | 2.29 6.49
Feb 2251 643 | 223 643 | 229 | 649 | 2.26 6.43
Mar 224 637 | 228 643 | 221 | 643 | 2.23 6.43
Apr 226 637 227 | 643 | 221 | 643 | 2.27 6.32
May 2291 649 | 231 | 649 | 222 | 649 | 2.27 6.49
Avg 227 643 | 228 | 649 | 2.25| 649 | 2.26 6.49

Table 13: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for CO2
trends in southern Iraqi regions during the period 2003 -2024.

Month Basra Maysan Muthanna Najaf
Q Z Q Z Q Z Q Z

Jan 2.31|6.43 2.35]6.49 2.27 | 6.49 2.29 | 6.49
Feb 2291 6.43 2.28 | 6.43 2.24 | 6.49 2.24 | 6.49
Mar 2.28 | 6.49 227 6.43 2.24 | 6.37 223 | 6.43
Apr 2.33 ] 6.49 2.31 | 6.49 2.30 | 6.49 223 | 6.43
May 2.35]6.43 2.34 | 6.43 2311 5.87 226 | 6.43
Avg 2.3216.49 2.30 | 6.49 2.27 | 5.87 2.25| 6.49

The concentration of CO; exhibits a steady and continuous upward trend over time. The
temporal variations and rate of increase are illustrated in Figs. 13—15. The analyzed variable
displays a strong and persistent increasing trend over the entire study period, reflecting a
continuous rise in its values with time. The temporal pattern is characterized by a remarkably
consistent upward trajectory, as evidenced by the close agreement between the observed values
and the fitted trend line. Short-term fluctuations are present but remain relatively small in
magnitude compared to the overall increase, indicating limited interannual variability. These
minor deviations around the long-term trend do not disrupt the dominant pattern of growth;
instead, they suggest stable system behavior with modest temporal variability. The increase
appears largely linear throughout the observation period, implying a steady rate of change and a
sustained influence of the driving factors over time. Overall, the time series can be described as
exhibiting a pronounced long-term upward trend with minimal short-term variability, a behavior
commonly observed in atmospheric and environmental variables influenced by cumulative and
persistent forcing mechanisms.

4.5. SAVI

The SAVI analysis (2003-2024) revealed substantial spatial and temporal variability in
vegetation across Iraq. Northern provinces such as Erbil and Sulaymaniyah showed significant
positive trends (Z > 2.0), particularly in March and April, while Duhok exhibited only sporadic
increases. Conversely, Nineveh experienced weak or negative trends, indicating localized
vegetation stress as demonstrated in the Tables (14-16). In central Iraq, Babil displayed strong
improvements (Z > 4.0), whereas Anbar showed no meaningful change (Z = —0.12). Southern
regions, particularly Basra, experienced weak or declining trends (Z = 0.72), highlighting potential
environmental degradation, while Maysan, Muthanna, and Najaf showed modest positive
changes. Overall, these findings underscore marked disparities in vegetation dynamics, with some
regions improving and others stagnating or declining. The results highlight the urgency of targeted
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ecological measures in areas exhibiting weak or negative trends to mitigate vegetation loss and

Figure 13: Carbon Dioxide in the northern Iraqi regions during the period 2003-2024.
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Figure 14: Carbon Dioxide in the middle Iraqi regions during the period 2003-2024.
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Figure 15: Carbon Dioxide in the southern Iraqi regions during the period 2003-2024.

Table 14: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for SAVI
trends in northern Iraqi regions during the period 2003 -2024.

Month Duhok Erbil Nineveh Sulaymaniyah
Q V/ Q V/ Q Z Q Z

Jan 1.3E-03 | 1.02 | 2.5E-03 | 2.06 | 7.7E-04 1.02 | 3.1E-03 2.36
Feb 1.7E-03 | 1.51 3.5E-03 | 2.06 1.5E-03 0.92 | 3.0E-03 1.81
Mar 2.6E-03 | 2.01 | 4.7E-03| 2.65 1.0E-03 0.62 | 3.9E-03 2.65
Apr 1.5E-04 | 0.12| 2.7E-03 | 1.71 | -83E-04| -0.67 | 2.8E-03 2.11
May -1.2E-04 | -0.07 | 7.6E-04 | 097 | -4.7E-04 | -0.47 | 3.5E-04 0.42
Avg 1.5E-03 | 196 | 28E-03| 2.70| 9.1E-05 0.07 | 2.6E-03 2.75

Table 15: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for SAVI
using the MK test for middle Iraqi regions during the period 2003 -2024.
Month Baghdad Babil Anbar Salah ad Din
Q Z Q Z Q Z Q Z
Jan 1.2E-03 1.22 | 2.7E-03 | 3.10| -5.5E-05| -0.17 | 2.0E-03 2.06
Feb 9.8E-04 0.57 | 2.7E-03 | 2.31 48E-05| 0.27| 2.2E-03 1.27
Mar 1.4E-03 1.46 | 3.0E-03 | 290| 3.4E-05| 0.07 | 1.8E-03 1.46
Apr 1.5E-03 2.16 | 24E-03 | 4.04| 23E-04| 1.76 | 1.7E-03 2.51
May 1.4E-05 0.00 | 9.8E-04 | 2.01 1.5E-04 | 1.31 | 4.3E-04 1.41
Avg 1.1E-03 1.46 | 2.5E-03 | 3.45| -9.2E-06 | -0.12 | 1.4E-03 1.61
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Table 16: Monthly and annual-average Mann—Kendall (Z) and Sen’s slope (Q) statistics for SAVI
trends in the southern Iraqi regions during the period 2003 -2024.

Month Basra Maysan Muthanna Najaf

Q Z Q Z Q Z Q Z
Jan 4.7E-04 2.21 1.5E-03 | 2.41 8.5E-04 2.36 6.3E-04 2.16
Feb 4.6E-04 0.92 1.3E-03 | 1.07 6.3E-04 1.27 6.6E-04 1.12
Mar -1.1E-05 -0.02 1.1E-03 | 1.51 3.3E-04 1.07 3.8E-04 1.31
Apr -3.1E-05 -0.22 8.7E-04 | 2.4l 3.9E-04 2.11 5.3E-04 3.20
May -2.6E-04 -1.36 4.2E-04 | 1.07 1.6E-04 1.51 2.9E-04 1.96
Avg 9.3E-05 0.72 1.1E-03 | 1.51 3.8E-04 1.41 4.5E-04 1.91

The SAVIindex reveals a declining temporal change in many provinces, as shown in Figs.
(16-18), signaling reduced vegetation health or coverage. This decline is linked to prolonged
droughts, desertification, and urban encroachment on agricultural land.

The SAVI displays marked interannual fluctuations around a mean of ~0.20 from 2005—
2025, with peaks above 0.30 and troughs near zero, overlaid by a subtle upward linear trend
indicating gradual vegetation enhancement. This oscillatory pattern reflects pulsed responses to
rainfall variability in semi-arid settings, underscoring SAVTI's utility for tracking dynamic soil-
vegetation interactions amid climatic forcing. Values consistently above 0.10 confirm moderate
greenness resilience, punctuated by transient bare-soil phases.
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Figure 16: SAVI northern Iraqi regions during the period 2003 -2024.
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Figure 17: SAVI middle Iraqi regions during the period 2003 -2024.
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Figure 18: SAVI southern Iraqi regions during the period 2003 -2024.
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5. Conclusions

The analysis results showed clear spatial and thematic variation in the temporal behavior
of climatic, atmospheric, and vegetation variables in the Iraqi regions studied. The highest and
most statistically significant warming rates were recorded in the middle and southern
governorates, particularly Baghdad, Muthanna, and Najaf. In contrast, the northern governorates
showed relatively weaker warming signals, reflecting a north-south gradient in thermal sensitivity.
This suggests that middle and southern Iraq are more susceptible to prolonged heat stress, which
could lead to increased evaporation rates, extreme heat effects, and more frequent droughts.
Furthermore, CH4 concentrations showed a strong, statistically significant upward trend across all
regions and months, with particularly high rates of increase in the governorates of Nineveh, Anbar,
and Muthanna. The rise in CH, concentrations is strongly associated with large-scale atmospheric
processes rather than local factors. In contrast, CO shows a strong and statistically significant
downward trend across all governorates, with the largest decreases recorded in northern and
middle regions such as Nineveh, Sulaymaniyah, and Anbar. Carbon dioxide (CO:), on the other
hand, exhibits the most homogeneous behavior among all the studied variables, characterized by
a strong, continuous, and statistically significant upward trend across all regions. The close
convergence of Z and Q values confirms that the accumulation of CO; in the atmosphere over Iraq
follows general global trends. Meanwhile, the SAVI index, which reflects vegetation dynamics,
reveals significant spatial variation. Northern governorates, such as Erbil and Sulaymaniyah, show
statistically significant positive trends, indicating relative resilience or improvement in vegetation
cover. Conversely, governorates such as Nineveh, Anbar, and Basra record weak or negative
trends, indicating drought and land degradation. Overall, the integrated results indicate that middle
and southern Iraq are the most affected regions.
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