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the area has only 33.25 km? (3.05%) of area with acceptable air quality, with most of
the area, 1057.68 km? (96.95%), being poor or unhealthy. These results show that a
large part of the territory of the study is under the influence of massive air pollution
deterioration.
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1. Introduction

One of the primary causes of health issues in cities is air pollution (Ibrahim & Khidhir, 2023) Pl. Among the most serious
environmental issues of the 21 st century, air pollution has far-reaching implications on human health, climate change, and
sustainable ecosystems (Gul & Das, 2023) [, Millions of premature deaths per year are attributable to exposure to ambient air
pollution, which is closely linked to respiratory and cardiovascular diseases, particularly in urban and industrial areas (Santos &
Parés, 2025) 1. Air pollutants including nitrogen dioxide (NOZ2), sulfur dioxide (SO2), ozone (O3), carbon monoxide (CO),
formaldehyde (HCHO), and methane (CH4) are known to be the biggest contributors towards air quality deterioration and
environmental stress (Garajeh et al., 2023) [,

Traditional air quality monitoring schemes are predominantly ground-based stations that give precise measurements at particular
points (Brauer et al., 2019) . Yet, in most of the developing world, as is true in some areas of the Middle East, monitoring
networks are either few and far between, or not well distributed to capture spatial variability in pollution levels (Bagkis et al.,
2025) 1, This has created gaps in the coverage of large areas making it hard to effectively manage the environment and formulate
policies.
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Satellite remote sensing has become an effective substitute of
large-scale monitoring of the atmosphere (Mahmood Ajaj et
al., 2023) [, The Sentinel-5 Precursor (Sentinel-5P)
satellite, which carries the Tropospheric Monitoring
Instrument (TROPOMI), offers high-resolution
measurements of atmospheric trace gases, with almost daily
global coverage (Lindqvist et al., 2024) ['3]. The accuracy of
Sentinel-5P products in assessing air quality of regions and
cities, specifically NO2, SO2, and CO, has been validated by
many studies (Santos & Parés, 2025) [21,

Geographic Information Systems (GIS) are crucial in
processing, analyzing, and visualizing the environment data
collected by satellites (Mohammad Aman Ullah Sunny,
2024) 181, Spatial interpolation methods (IDW) of GIS have
been extensively used to interpolate pollutant concentrations
in unmeasured locations and to create continuous maps of
surfaces (Elumalai et al., 2017) 1. IDW is fairly very simple
and computationally efficient but its performance is affected
by density and spatial distribution of data (Sajid et al., 2013)
[20]

Moreover, the multi-criteria decision analysis (MCDA)
methods are beginning to find application in the
environmental assessment field to incorporate various
variables as composite indicators (El et al., 2018) B, One of
the most popular methods of MCDA has been the Analytic
Hierarchy Process (AHP) and has been successful in giving
relative weights to air pollutants in terms of their health and
environmental effects (Nozad & Shareef, 2024) [¢],

The above-mentioned features of Kirkuk Governorate
include intensive industrial operations, oil production plants,
growing towns and cities, and large traffic systems, which are
the causes of high air pollution rates. Although it is of great
environmental significance, extensive spatial analyses of air
quality in the area are still lacking. Thus, the paper will
combine the Sentinel-5P satellite information, GIS-driven
IDW and AHP weighting to approximate the Air Quality
Index (AQI) in Kirkuk Governorate. The suggested method
offers an effective and affordable system of monitoring air
quality and environmental decision making in the region.

2. Study Area

Kirkuk Governorate is in northern Irag, to be found in the
transitional zone between the mountainous land of the
Kurdistan Region and the central Iraqgi planes (Rasoul, 2017)
(191 The governorate is situated some 240 km north of
Baghdad and is surrounded by Erbil Governorate to the north,
Sulaymaniyah Governorate to the east and Salah ad-Din
Governorate to the south and west. The region, which is
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located in the area of approximately 9,600-10,000 km2 has
predominantly flat plains fragmented with low hills and
seasonal valleys. It has a semi-arid climate with hot and dry
summers and mild to moderately cold winters with seasonal
rainfall which sustains agricultural activities.

Kirkuk Governorate is administratively divided into four
main districts: Kirkuk District, Daquq District, Hawija
District and Dibbis District. Kirkuk District is home to the
provincial capital of Kirkuk city that forms the political,
economic, and administrative center of the governorate. The
Daquq District is located south of the capital, and it is semi-
urban and mixed agricultural in nature. Hawija District
dominantly rural, is found in the southwestern region of the
governorate with most of the people relying on farming
activities. Dibbis District is located to the northwest of
Kirkuk city and it houses significant infrastructure such as
oil-based facilities and irrigation systems. All these districts
together form the administrative government and
developmental planning of the governorate.

Kirkuk is an important economic, political and cultural city
in Irag. It is also among the most significant oil producing
regions in the country; it is also home to some of the largest
oil fields which have over the years generated substantial
national income. Kirkuk has become a strategic location
nationally and regionally due to the fact that the country is
endowed with giant petroleum reserves. Besides oil,
agriculture is also a significant contributor in the local
economy especially in the production of wheat and barley. In
terms of culture, Kirkuk is a culturally diverse environment
where Kurds, Arabs, Turkmens, and other groups live in the
area. Politically, the governorate is a strategic territory, since
it is a disputable territory and an element of general federal-
regional relationships in Irag.

Kirkuk suffers severe environmental problems especially the
pollution despite its economic benefits. One of the main
issues is air pollution, which is to a great extent caused by oil
mining, gas flaring, industrial emissions, and vehicle exhaust.
The emissions these sources emit into the air are sulfur
dioxide, nitrogen oxides, carbon monoxide, and particulate
matter that have harmful impacts on the quality and health of
the air and people. The problem of soil and water pollution is
also acute because the oil spill, industrial waste, and
inefficient waste management activities endanger
agricultural fields and underground water sources. Also, the
high rate of urbanization and lack of environmental
infrastructure have exerted strain on natural resources. The
solution to these environmental issues should be a key to
realizing sustainable development in Kirkuk Governorate.
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Fig 1: The study region (Kirkuk Governate)

3. Data Sources

3.1. Sentinel-5P Satellite Data

Sentinel-5P, operated by the European Space Agency (ESA),
is dedicated to monitoring atmospheric composition (Martin,
C., Amigo, J. M., & Castro, 2023) [¥1. The Tropospheric
Monitoring Instrument (TROPOMI) onboard Sentinel-5P
provides daily global coverage of key air pollutants
(Morozova et al., 2022) [*7],

In this study, raster datasets for the following pollutants were
obtained:

Methane (CH4)

Carbon Monoxide (CO)

Formaldehyde (HCHO)

Nitrogen Dioxide (NO:)

Ozone (03)

Sulfur Dioxide (SO2)

All the datasets were downloaded in the raster format and
analyzed using the GIS software. Administrative boundary
data of Kirkuk Governorate was used to clip and mask the
satellite datasets. The unification of the coordinate reference
systems was done to provide spatial consistency.

4. Methodology

The research is performed in a framework of remote sensing,
spatial analysis and multi-criteria decision-making. The
current research methodology includes AQI calculation,
mapping of pollutants, spatial interpolation, assigning
weights using AHP, and data processing. Figure 2 shows the
methodology of this research.
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Fig 2: Flowchart of generating AQI spatial map
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4.1. Data Preprocessing

In order to restrict the analysis to the research area, Sentinel-
5P raster data initially extracted to the Kirkuk Governorate's
administrative boundary. The quality control criteria which
arrived with the satellite products were used to filter out
invalid pixels, noise, and cloud-contaminated data (Singh &
Pal, 2025) 221,

subsequently that, each pollutant raster was converted into
spatial point features, each of which indicates a pixel center
and the concentration value that corresponds with it. This
raster-to-point conversion helps with missing or irregular
data patterns and makes spatial interpolation easier.

4.2. IDW Interpolation

Pollutant concentration estimations at unsampled locations
were created using Inverse Distance Weighting (IDW) (Choi
& Chong, 2022) ¥]. The method is predicated on the idea that
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nearby points have a greater influence than those who are
further away (lkechukwu et al., 2017) 29 IDW is a widely
used tool in air quality research due to its ease of use and
efficiency (Jumaah et al., 2019) 14,

Each pollutant was interpolated separately, and in order to
increase accuracy, ideal parameters like power value and
search radius were chosen through experimental testing.

4.3. Pollutant Map Generation

The IDW results yielded six continuous surface maps of the
spatial distribution of CH4, CO, HCHO, NO,, O3 and SO..
The visual examination and statistical evaluation of these
maps were done to demonstrate spatial consistency. All the
layers of pollutants were then given a standard scale of
between 0 and 1 so as to be integrated into the AQI model.
The spatial distribution of six pollutants is presented in a form
of concentration in Figure 3.
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Fig 3: Pollutants concentration in June 2025, (a) CHs, (b) CO, (c) HCHO, (d) NOz, () Og, (f) SO2

4.4. Fuzzy AHP weights

Analytic hierarchy Process (AHP) was used to provide
relative weights to the various pollutants in terms of their
effects on human health and the environment (Chompook et
al., 2023) [, Expert judgment and literature evidence were
used to make a pairwise comparison matrix (Kou et al., 2016)
[12]

Eigenvector analysis was performed to derive priority
weights, and the Consistency Ratio (CR) was calculated to
validate the reliability of comparisons. Only matrices with
CR values below 0.10 were accepted. The following are the
calculation steps with required equations (1-11) of assigned
weights by Fuzzy AHP.

(1) Triangular Fuzzy Number (TFN)

ay = (jpmwg), Ly < my < w; 1)
(2) Fuzzy Pairwise Comparison Matrix
e ain
i=|: s @)
C_lnl anm
a; = (V/wy, 1/my; 1/15) 3)

(3) Fuzzy Geometric Mean

5 n @ (qn @ (qn @
8i = (Hj:l lij)™ '(Hj=1 my;)'n :(Hj:l u;)w (4)

(4) Fuzzy weight vector
W = 8 X Q=187
(5) Inverse of a Triangular Fuzzy Number

= (Imu™?

(6) Defuzzification (Centroid Method)
_ li+ m; +u
=T

(7) Normalization of Crisp Weights

— _ Wi
I/Vi_n

i=1 Wi

(8) Consistency Ratio

_ (Amax—1)
¢ = (n-1) ’
CI
CR = =
Where;

i,j indices representing criteria (pollutants),
n is the total number of criteria

()

(6)
()

(®)

©)

(10)

(1)
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Table 1: Pollutant criterion pairwise computation

Criteria NO: o3 SO2 CO HCHO CH4
NO: 1.000 1.000 2.000 3.000 4.000 5.000
03 1.000 1.000 2.000 2.000 3.000 4.000
S02 0.500 0.500 1.000 1.000 2.000 3.000
CcO 0.333 0.500 1.000 1.000 2.000 3.000
HCHO 0.250 0.333 0.500 0.500 1.000 2.000
CH4 0.200 0.250 0.333 0.333 0.500 1.000
Sum 3.283333333 3.583333333 6.833333333 7.833333333 125 18

Table 2: Pollutant criterion normalize computation

Criteria NO: 03 S0O2 CcOo HCHO CH4 AHP Weights FAHP Weights

NO: 0.305 0.279 0.293 0.383 0.320 0.278 0.310 0.310
03 0.305 0.279 0.293 0.255 0.240 0.222 0.266 0.266
S0O2 0.152 0.140 0.146 0.128 0.160 0.167 0.149 0.149
CO 0.102 0.140 0.146 0.128 0.160 0.167 0.140 0.140

HCHO 0.076 0.093 0.073 0.064 0.080 0.111 0.083 0.083
CH4 0.061 0.070 0.049 0.043 0.040 0.056 0.053 0.053
Sum 1 1 1 1 1 1 1 1

4.5. AQI Computation

The Fuzzy AHP weights were multiplied with the normalized
pollutant maps. The raster overlay techniques in GIS were
then used to add the weighted layers to create the final AQI
map.

AQl = YX(W; X Py) (12)

Where W; represents the weight of pollutant i, and P;
represents its normalized concentration. The resultant AQI
raster was categorized into standard air quality to ensure easy
interpretation and decision making. The interpolated
pollutant maps were each multiplied by the weight. This was
followed by the summation of the weighted layers to give the
final AQI raster using GIS based Map Algebra raster
calculator.

5. Results and Discussion

5.1. AQI Spatial Pattern

The final AQI map classified the study area into two distinct
air quality categories, as illustrated in the figure 4. According
to quantitative analysis, there are some 33.25 km2 (3.05
percent) of acceptable air quality in the study area, and
1057.68 km2 (96.95 percent) of poor/unhealthy air quality.
This distribution is a clear indication that there is a high
percentage of the study area under poor air quality conditions.
The spatial distribution of the AQI indicates that there is a
severe disproportion between the two classes, with the
acceptable air quality areas being an extremely small
proportion to the vastly contaminated ones. The short range
of the acceptable category indicates that clean air zones are
restricted to a few areas which are comparatively far away to
the key sources of pollution. On the contrary, the prevailing
air quality category of poverty indicates a general
environmental pressure in the study area.

The further analysis of the spatial distribution shows that the
regions related to the intensive human activity, including high
traffic density, urban growth, and localized emissions, are
mainly concentrated in the poor/unhealthy air quality
category. These regions have higher values of AQI because
of the constant production and accumulation of pollutants.
Regions that have lesser anthropogenic factors on the other
hand such as peripheral and less developed regions fall under
the acceptable air quality category which depicts relatively
lesser pollution levels.

Additionally, the AQI map demonstrates a clear regional
variance in the research area's air quality conditions. The
substantial impact of urbanization and transportation systems
on air pollution is shown in the likelihood that pollution rates
will increase in the periphery areas and move to the center
and more active locations. This gradient provides important
insights into the spatial dynamics of pollution concentration
and distribution.

By utilizing the spatial relationship between the measured
locations, the IDW interpolation also made a significant
contribution to the estimation of the AQI values in the
unsampled sites. This method effectively captured the locally
fluctuating air quality by providing a continuous surface
image of the air quality. In addition, the AHP weighting made
it feasible to methodically evaluate the relative importance of
the many contributing aspects, strengthening the model
stability and reducing its subjectivity.

The combination of these two methodologies (IDW and
AHP) resulted in a more accurate and scientifically sound
AQI map. By utilizing spatial interpolation and multi-criteria
decision analysis, the study was able to achieve an equal
balance between data and expert patterns. This will boost
trust in the results and make them more applicable to
environmental planning and management.
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Fig 4: Air Quality Index over Kirkuk City

6. Conclusion

Sentinel-5P satellite data, along with GIS-based IDW
interpolation and AHP multi-criteria analysis, proved to be an
excellent way to estimate the Air Quality Index in Kirkuk
Governorate. The division of the study region into two groups
provides a simple yet effective structure for interpretation of
air quality conditions. Although the classification is relatively
rudimentary, the results clearly show that there is a
substantial environmental issue, with the majority of the area
classed as having poor air quality. The significance of the
findings lies in the need for immediate mitigation actions and
educated planning in order to improve air quality and protect
public health.

The AQI mapping results show a critical environmental issue,
as the majority of the studied area (96.95% or 1057.68 km?)
has poor to harmful air quality, while only a minor portion
(3.05% or 33.25 km?) is in tolerable circumstances. This
distribution indicates the severity of the local air pollution
and emphasizes the need for adequate mitigation and
management strategies.
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