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ABSTRACT

This review presents a clear comparison of the most popular air quality modeling
techniques. The main aims of the review were to compare the generally applied
air quality modelling methods regarding assumptions, data demand, and
applicability, assess how they can be used in urban areas with limited data, and to
support the choice of the Box Model BM to assess air quality in Kirkuk, Iraq. The
reviewed modeling approaches were Gaussian Dispersion Models GDM and
Lagrangian Models LM of point source emissions in meteorological inputs.
Computational Fluid Dynamics CFD and Eulerian Grid Models EGM to perform
the high-resolution spatial and temporal analysis. The BM simplified model
incorporates homogeneous mixing of pollutants in a given volume. The BM was
used in this research to estimate the pollutant levels in Kirkuk, which allows
referring to its limitations in combination with the Air Quality Index AQI analysis.
The findings on the relevance of the BM in Kirkuk indicate that it can be utilized
in initial analyses and rapid scenario testing in cities with limited data. Although
the spatial detail is lower, it gives quite satisfactory pollutant estimates in
combination with the analysis of AQI. Comparison indicates that BM is a relevant
policy and cost-effective tool with minimal data access used to support air quality
management in Kirkuk.
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1. Introduction

Air pollution is also being seen as one of the
most important environmental and human health
issues of our era [1]. This issue has many different
origins, such as rapid urbanization, industrialization,
energy utilization, and the use of fossil fuels that are
not going to end [2]. The scale of the problem has
always been warned by the World Health
Organization WHO, which associates the millions of
untimely deaths each year with low air quality [3].
Although the industrialized countries have come up
with superior mechanisms to check and reduce
emissions, most developing areas are faced with
insufficient infrastructure, monitoring networks, and
resources, and therefore, whole populations in these
areas face high risks [4].

Iraq, and especially the petroleum centre of
Kirkuk, is one of such areas where the issue of air
pollution lacks thorough research despite its huge
importance [5]. Kirkuk city is one of the most
industrialized cities of Iraq, it has its own
environmental issues due to the reliance on the
petroleum industry [6]. In contrast to cities in
Europe or North America, where the tight
monitoring networks give real-time estimates of
sulfur dioxide, nitrogen oxides, particulate matter,
and ozone, there are very few ground-based
observation stations in Kirkuk [7]. The lack of
credible information complicates determining the
trends of pollution, the exposure of the population,
and the long-term implications on health and the
sustainability of the cities [8]. This gap shows how
air quality modeling is an invaluable asset to such
cities as Kirkuk [9]. Even in cases where the
pollutants cannot be directly monitored, modeling
can supply an analytical structure and predict the
consequences of the mitigation strategies [10].

GIS has a significant potential in the storage,
analysis [11], and visualization of spatial data [12],
which allows the researcher to map the areas of
pollution [13], estimate exposure risks [14], and
understand the connection between emissions and
land use [15]. Spatially continuous, high-frequency
data on atmospheric pollutants, land cover, and
meteorological conditions are availed through
remote sensing, in the form of satellites, which
include Sentinel-SP and Landsat images [16]. Such
technologies are used to substitute the absence of
ground monitoring networks and provide large-
scale, near-real-time monitoring [17].

The literature gives a myriad of experiences of
how GIS and remote sensing have revolutionized air
quality research [18]. Indian research has employed
aerosol optical depth AOD to estimate the level of
particulate matter in localities where ground
measurements were insufficient, and has been able
to predict the distribution of pollution using GIS
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[19]. The application of Sentinel-5P data in China to
monitor nitrogen dioxide and sulfur dioxide
concentrations in industrial belts has shown the
spatial heterogeneity that is easily missed by the
traditional models [20]. Other related efforts have
been made in the Middle East, where scholars in
Baghdad and Basra have combined Landsat data
with scarce monitoring data to make maps of urban
air pollution [21].

The tradeoff between the availability of data
and the aims of analysis comes into focus when it
comes to comparing the relative value of various
approaches to modelling [22]. More complex EGM
or CFD models can be more accurate and higher-
resolution, but need detailed emissions inventories
and meteorological data, which are unfeasible in
pre-determined areas [23]. GDM, as well as
Lagrangian models, although valuable in the
instance of industrial point sources, can fail to
resolve city-wide trends unless there is a dense
network of observation [24]. Conversely, the
combination of the BM and GIS, and remote sensing
provides a combination tool that takes advantage of
the capabilities of both [24]. The BM offers a simple
model to connect emissions and concentrations,
whereas GIS and remote sensing offer spatially
continuous data and visualization functions [25].
They form a system that is economical and can be
used to inform policymakers on how to devise ways
to reduce pollution [26].

The research questions addressed in this work
include whether a box model, which involves the use
of GIS, Python-based modeling, and AQI analysis,
can be a good predictor and mapper of air quality in
urban areas in data-scarcity settings like Kirkuk
City, Iraq. It tests the efficiency of simplified
modelling methods in the representation of the
spatial distribution of important air pollutants. The
study also compares the box model performance
with the possible ground observations. It further
examines the value-added of geospatial and remote
sensing data to enhance the prediction of AQI. The
hypothesis that was used to support the study is that
a box model with GIS integration could be used to
give correct, cost-efficient, and policy-relevant air
quality evaluations even when only minimal
monitoring facilities are available.

The objective of this review is to give a
comparative analysis of popular methods of air
quality modeling techniques, especially when it
comes to assessing the applicability of the box
model to urban air pollution in Kirkuk, Iraq.

This paper is valuable in that it places the box
model in a systematic position in the context of the
overall system of Gaussian, Lagrangian, Eulerian,
CFD, and GIS-based systems, and their strengths
and weaknesses, and where they need data. Besides,
it highlights the increasing importance of GIS and
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remote sensing technologies in addressing the lack
of data and improving the spatial knowledge of air
pollution patterns. The review shows that the
combination of the BM and satellite measurements
and geospatial analysis could be an effective, cost-
effective, and policy-relevant method of air quality
evaluation in data-constrained and pollution-
strained cities like Kirkuk.

2. Importance of Air Quality
Modelling

Air quality modeling offers a quantitative
model in the simulation of the dispersion,
transformation, and the level of exposure to
pollutants [27]. Environmental impact assessments,
health risk studies, and urban planning are
impossible without these models [28]. Using a
combination of emission inventories,
meteorological data, and the behavior of pollutants,
models aid policymakers in developing mitigation
strategies as well as predicting air quality conditions
under varied regulatory or climatic conditions [29].

The methodology in air quality modeling has
taken different trajectories, all of which have their
merits and demerits [30]. The oldest and most
commonly used is the GDM, which is used to model
point-source emissions like smokestacks [31]. LM,
which follow the paths of the pollutant particles,
offer greater dynamism to their way of simulating
the transport and dispersion, particularly in long-
range pollution events [32]. CFD models, at the
micro scale, can be highly detailed in their ability to
capture street-level dispersion as well as the effect
of buildings, but the expense of these types of
simulations makes them only applicable to studies
that are highly localized but not global in their
coverage of a city [33].

As compared to these more sophisticated
models, the BM provides a much simpler
conceptualization of the process in the atmosphere.
It is based on the assumption that the pollutants that
are released into a specified volume of atmosphere
are mixed evenly, with the result of an average
concentration throughout a box [34]. Although such
an assumption ignores local variations, chemical
transformations, and fine-scale meteorology, the
simplicity of the BM renders it an attractive choice
for those situations in which less detailed data and
computational resources are available [35]. In cities
such as Kirkuk, where industrial emissions are the
major pollutants and where monitoring data is
ineffective [36]. The box model may be utilized as a
practical and flexible model of the dynamics of
pollution.

The drawbacks of the BM, however, cannot be
ignored [37]. It only captures the heterogeneity of
pollutant distribution over an urban area,
simplistically by assuming uniform mixing, and fails
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to consider the complex chemistry of the atmosphere
[38]. It is in this case that the incorporation of
developed technologies like GIS and remote sensing
will be important [39].

Generally, air quality modeling plays a critical
role in comprehending the behavior of pollutants,
regulatory decision-making, as well as protecting
the health of the population, particularly in urban
areas with a high rate of development. Simplified
models are mainly suitable in situations of limited
data, where practical and explanatory consequences
are essential. This is the reason why the box model
is highlighted in this research because it presents a
realistic trade-off among ease, effectiveness, and
trustworthiness. It is also complemented with GIS
and remote sensing, making it even more useful in
the management of air quality in cities like Kirkuk.

3. Study Region

Kirkuk City is a hot semi-arid climatic region
with extremely high temperatures during summer
and mildly cool to cool temperatures during winter.
In a typical condition of the atmosphere in the year
2025, the weather was mostly dry, and numerous
dust events occurred, especially during the warm
seasons. The wind direction is generally
northwesterly to western and connected with the
local Shamal winds, which contribute to a great part
of the pollutants dispersion and dust transportation.
These weather and wind patterns have a great impact
on the concentration and transportation of air
pollutants in the city. The city is largely governed by
the existing northwesterly winds that govern the
dispersal of pollutants and dust transportation. Fig.
1 and Fig. 2 show the air quality of Iraq and Kirkuk
in 2025, respectively. Fig. 3 represents the 24-hour
air quality forecast of Kirkuk in 2025 [40].
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Fig. 1. Air quality of Iraq in 2025.
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Kirkuk is a case that depicts such synergy. The
process of petroleum mining and refining emits
large amounts of sulfur dioxide and nitrogen oxides,
and traffic jams contribute to the carbon monoxide
and particle emissions. The extent of these problems
can hardly be measured without adequate ground
stations [41].

4. Letreture Review

The models of air quality have greatly
developed to underpin the environmental
assessment and mitigation strategies against
pollution, and different techniques vary in
complexity, accuracy, and data requirements [42].
Table 1 shows a comparison of literature studies of

The state of air quality modeling in Iraq is poor
due to a lack of monitoring networks, poor emission
inventories, and the lack of access to long-term
meteorological data.

The majority of the current literature only
depends on single case studies; little is done on
incorporating modeling frameworks and geospatial
methods. Sophisticated models like CFD and EGM
were used very infrequently because of excessive
data and computing requirements. It is, as well,
deficient in validated models at the city scale, and
applicable to the rapid evaluation and support of
decisions. Therefore, there is an evident void in
flexible and cost-effective modeling methods that
can be adopted to incorporate GIS, remote sensing,
and simplified models of the Iraqi cities.

air quality modeling.

Table 1. Comparison of literature studies of air quality modeling.
Author / Study Study Modeling Required Area Computing Findings / Refs
Year Region Interest Type Data Coverage Mandate Notes :
Air Quality Low- Medium/ GIS-based BM
Jumaah . Mapping BM Moderate/P . .
Kirkuk, . . City blocks, tool. Validated by
etal., Ira with integrated M2.5, averceated Low round truths with [34]
2026 4 | Python& | withGIS | PMI10,GIS geree grou W
cells 80-90% accuracy.
GIS layers
Air Moderate—
Kirkuk Pollution High/ Medium/ . .
Salih, Refiner | Dispersion Site City to . Dispersion model
2025 Y, Modeling GDM emissions, | neighborhoo Medium feori;ssfilgszy [43]
Iraq from Point Weather d ’
Sources data
Saleh Baba . . Moderate/te Low-
& Industri | Industrial . .
mporal Medium/ Low— Estimates exposure
Hassoon, | al Area, gas flare BM . | & - [44]
2024 Traq monitoring emission, T.empora Medium over time
Climate data city-scale
Jumaah AQI from BM by
& Kirkuk, AQI-based AQI- Low/Limited Low/ combining remote-
Box . . Low . [25]
Kamran, Iraq Modelin based BM points City scale sensing and ground
2024 & data.
Kirkuk Alr. High/ Medium— Pyth on, GDM
L. Pollution Meteorology . . using QGIS,
Ajaj et al., | cement . High/ Medium— .
Modelling GDM , Land-cover . . permitted accurate | [45]
2023 plant, . Industrial High .
and its layers, GIS mapping of
Iraq zone . b
Impact layer dispersion.
High/ Urban
Pantushe Air topography, Hieh/ Local Provided detailed
va et al., Global | Dispersion CFD emission gScale High air dispersion [46]
2022 Modeling sources, modeling
meteorology
Ngo & Multiscale High/ Medium— CFD provides
Lim, Global Eulerian CFD Meteorology | High/Local High detailed chemical [47]
2020 CFD , Emission Scale process resolution
. . GDM accuracy is
Rakesh et . Gaussmg & GDM ngh Modera.te/ . reduced by low
India Lagrangian Emissions, Industrial Medium . [48]
al., 2020 ) LM . . wind; LM
modeling Climate data region
performs better.
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The air quality in Kirkuk, according to
previous research, indicates that there was a distinct
difference in methodology between simplified and
advanced models. BM-based studies of [25], [34],
and [44] concentrate on the low data demand and
calculation efficiency, which wuse a limited
monitoring infrastructure that facilitates city-scale
judgment and air quality mapping. Conversely, the
use of GDM in the areas near industry, like the
Kirkuk refinery and cement plant in [43], and [45]
offers a more in-depth dispersion pattern but
demands a large amount of meteorological and
emission data. Kirkuk Global studies of advanced
CFD and EM, as presented in [46] and [47], provide
a high-spatial, high-process-level resolution, but are
computationally ~ expensive,  limiting their
application to local areas. Based on [48], LM is
effective in practice when the wind is complicated,
but it is also data-intensive. In general, the Kirkuk-
based study represents a trade-off between the
complexity of the model and the practicality of the
study, where the box model is a reasonable
compromise in the case of data-limited urban
settings.

GDMs are still the most popular to use when
dealing with point-source emissions since they are
easy to use and are based on the behavior of plumes,
but they demand specific meteorological inputs [49].
EGM has great spatial resolution and the capability
of chemical transformation, but requires a lot of
computational power and fine input datasets. One
way to offer a flexible transport simulation but still
sensitive to the effect of meteorological variability is
LM, which is used to track pollutant parcels through
time [50]. Comparative analysis reveals that
although advanced models are more precise than
BM, the latter is still useful to develop regions with
limited monitoring networks and limited
computational facilities [51-53].

On the whole, the studies reviewed indicate a
vivid trade-off between the variants of air quality
modeling in regard to the data requirements,
coverage of space, and computation requirements.
Gaussian and Lagrangian models are better applied
to point sources and industries, in that they can
provide more detail of dispersion, but demand a lot
of meteorological and emission data. The methods
of CFD and Eulerian give the best resolution of
space and process level, but cannot be used due to
the high computational costs. Box model-based
approaches, on the contrary, are more flexible and
efficient and should be useful at the city scale
assessment in environments with a limited amount
of data, like Kirkuk.

5. Methodology

Air quality modeling has also become an
inseparable element in the study, forecasting, and
reduction of the effects of air pollution, especially in
fast-moving industrial and resource-scarce areas.
Fig. 4 shows the workflow of literature selection.
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Fig. 5 shows the workflow of the proposed AQI
model based on BM.

Primary literature search results: n = 53 paper
Related to, modeling, GIS, remote sensing,
and pollution dispersion. Refs. [1-53]

R 2

Manual screening: excluding papers not
related on air quality modeling, pollution
assessment. For example, Refs. [14,18]

R 2

Abstract and methodology screening: n = 40
papers kept as related to modeling methods,
integration, and air quality

R 2

Final papers included addressing air quality
modeling, and GIS: n = 31 paper. Refs. [1-
13], [16], [19-25], [31], [43-50], [52]

Fig. 4. Workflow of literature selection.
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L 2
[ AQl Ground Stations ] [ Field Measurements ]
A\ 1
[ Geospatial Mapping ]/ Box Model-based /
Pollutants Maps
Interpolation i ]
Map [ Input Trained Data ]

¥
AQl Modeling by
Python Codes
¥
GIS Plugin Builder

AQl Prediction
Maps

/ Evaluating Health Impacts /

3
Input AQlI
Tested Data

Model Performance
Validation

Fig. 5. Workflow of proposed AQI model-based BM.

From a preliminary search in databases, we
used 53 peer-reviewed articles that concern air
quality modelling, dispersion analysis, GIS, and
remote sensing applications. After the screening of
titles and scopes manually, the studies that were not
relevant to the air quality assessment or systems
were filtered.

The number of articles that were retained to be
evaluated in terms of abstract and methodology was
41. Following screening in full text, 34 studies were
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included in the study as they directly covered air
quality modeling methods such as BM, GDM, LM,
and EGM, CFD models, and geospatial models as
applied to Kirkuk, Iraq, and similar data-constrained
urban settings.

Although the conceptual framework of the box
model is quite simple, it yields useful results
concerning the relationships between emissions and
concentrations, and can be used as a useful tool to
make preliminary conclusions about the quality of
the air. The approach has a systematic procedure of
incorporating  ground  observations, field
measurements, and geospatial analysis in AQI
modeling and evaluation. Firstly, there are data on
air quality gathered at AQI ground stations and
measurements in the field, and they constitute the
foundations of the data selection. Alongside, based
on BM, there is the formation of BM-based maps of
certain pollutants, where they are used as trained
inputs to perform Python-written AQI model codes,
which are incorporated into an ArcGIS plugin
environment. For the validation process, there is a
need for testing data, which is executed from
geospatial distributions of AQI values based on
interpolation  techniques.  The  performance
assessment of the generated AQI models is done by
employing performance evaluation using trained
and tested AQI data. Lastly, verified AQI prediction
maps are used to determine the feasible health
effects in the place of the study, Kirkuk City.

BM is less appropriate to capture fine-scale
variations because of its assumptions of uniform
mixing, although in low data settings, it allows
researchers and policymakers to do scenario testing,
approximate average concentrations, and calculate
air quality indices without making big inputs.
Combined with GIS, the outputs of the box models
can be plotted spatially, and policymakers can be
able to see the areas of pollution hotspots and focus
on interventions. Remote sensing would also
enhance this integration process by providing near-
real-time and spatially continuous information of the
major pollutants like nitrogen dioxide, sulfur
dioxide, and particulate matter.

6. Review Results and Discussion

Table 2 represents a summary of GIS tools and
models used in the literature. Moreover, Fig. 6
represents the air pollution exposure assessment
indicators used in the literature.

The table shows the key position of GIS and
geospatially integrated tools in measuring air
pollution, especially in data-sparse areas like Iraq.
The most common platforms are ArcGIS and QGIS,
which promote pollutant mapping, dispersion
modeling, and analysis of AQI.
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Table 2. Summary of GIS tools and models.

Used Tool | Factors Application/ Key
Model Refs.
ArcGIS/ PMo:.s, Mapping, GIS- [1],
ArcGISPro PMo, based [5],
NOa, interpolation, [91,
Co, GIS-based BM, | [25],
AQI and geostatistics | [34]
Remote PMa.s, Satellite image- [3],
Sensing NO., based prediction | [10],
Images SO., of pollution and | [16],
Os, limited data [17],
AOD assessment. [20]
Python PMa.s, BM, AQI [25],
(GIS- PMo, estimation, and [31],
integrated) AQI GIS-based [34]
spatial analysis
PostGIS/ PMa.s, Spatial query of | [29],
Spatial PMio air quality and [34]
Databases emissions, and
data storage and
management.
CFD NOy, Street-canyon [33],
Platform PM..s, analysis of [38],
PMio pollution and [46],
dispersion on a [47]
high-resolution
scale.
QGIS PMa:.s, GDM, emission | [43],
PMo, from industries, [45],
NO« spatial mapping, | [52]
and land use/land
cover.

These platforms have powerful spatial analysis
and can be used with Python-based automation.
Road map, the combination of remote sensing data,
particularly from Sentinel and MODIS sensors, is
especially useful in increasing the spatial coverage
of pollutants like PM, NOx, and SO, in regions
under dense ground monitoring. Tools, including
PostGIS, allow working with large datasets of
spatial data in an effective, pre-processing, and
management way, which enhances the effectiveness
of models and their reproducibility. Detailed
dispersion and street-level analysis is available with
advanced CFD platforms, which, however, demand
large amounts of computational resources, which
restricts their wide use in Iraqi cities.

In general, the table has shown that there is a
methodological inclination in favor of flexible, low-
cost GIS-based tools that provide a viable
compromise between accuracy, scalability, and
operational viability in modeling air quality.

When comparing the RMSE and R? of the
different studies in the table, it is evident that there
is a significant variation in the degree of model
validation as well as in the level of reporting.
Moderate to very high R? and low RMSE are clearly
specified in GIS-based box modeling in Kirkuk
e.g.,[25], and [34] validates the suitability of the
model on city scales.
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Based on [43] and [45] and under distinctive
atmospheric conditions, the GDM in the industrial
areas has shown a higher R?, nonetheless, in low
wind or complex conditions, RMSE increases due to
sensitivity to the input data quality. BMs, as shown
in [44], are used in studies that concern temporal
exposure and put more focus on consistency of
trends as opposed to finer RMSE-R-square metrics.
Conversely, reviews based on global CFD and
Eulerian methods [46, 47] use the concept of
validation, with very high potential accuracy, but
usually without location-specific RMSE or R?
because of model complexity.

Comprehensively, Kirkuk-studies value
pragmatic validation at reasonable RMSE and R2,
which consolidate the box model credibility in data-
stifled settings.

The application of the results within the local
setting of Kirkuk demonstrates that the air quality
modeling results are strongly affected by the
environmental setting, infrastructural setting, and
socio-economic situation of the city. The major
characteristics of Kirkuk include high traffic flow,
oil and industrial production, high frequency of dust
occurrences, and a small number of air quality
monitoring stations, which influence the patterns of
pollutant distributions. Such a good fit between the
modeled and observed concentrations (as indicated
by reasonable RMSE and R? values in studies of
BMs using GIS) would indicate that simplified
models can succeed in capturing the prevailing
pollution indications at the city level. GDMs are
effective close to particular sources like the refinery
and cement plant, but are vulnerable to the local
wind variability and emission uncertainty. More
complex CFD methods are more theoretical but not
practical due to the level of data and computational
complexity.

In general, the findings demonstrate that the
combination of box models with GIS and remote
sensing offers a practical, realistic approach towards
providing air quality evaluation and policymaking in
Kirkuk.

co0 03 50 BC 3%

3% 2%

PM2.5

1

PM10
23

Fig. 6. Air pollution exposure assessment indicators.
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As shown in the figure, the indicators of PM
(PM2s and PM;) and nitrogen-based pollutants
(NO2 and NOx) are primarily used in the air
pollution exposure evaluation of the examined
literature. This is an indication of the heavy impact
of traffic emissions, industrial muscle, and frequent
dust occurrences in Kirkuk.

The comparatively large weighting of NO»
depicts the significance of this gaseous element as
an urban combustion indicator. On the contrary,
fewer gaseous pollutants, including CO, O3, SO, and
Black Carbon BC, are often evaluated, simply
because of the lack of monitoring.

The research had a number of limitations, the
main one being the scarcity and unequal spatial
coverage of the ground-based air quality monitoring
data in Kirkuk. There was also uncertainty in
inventories of emissions and variation of conditions
with time due to the variability of meteorological
conditions that influenced model accuracy.
Furthermore, not all the pollutants were long-term
continuously observed hence limited the validation.

7. Conclusion

The analysis of the modeling techniques shows
that some of these advanced methods, including the
EGM, LM, and CFD, are highly accurate and
detailed, but are not practical in an environment with
sparse data and computing facilities. On the
contrary, more basic models like the BM continue to
be of eternal importance, particularly when
integrated with the development of GIS as well as
remote sensing technologies.

This hybrid approach is important, as seen in the
example of Kirkuk, Iraq. Kirkuk is a city that has
been greatly influenced by petroleum production,
refining, and gas flaring activities, as well as traffic
pollution, which has significantly contributed to the
presence of high atmospheric pollution rates in the
city, which consequently has a direct impact on the
health and sustainability of the city. Nonetheless,
this is not as broadly applicable as the data-intensive
models due to the lack of well-organized networks
of ground-based monitoring and the absence of
systematic accounts of the emissions. In this case,
the BM that is reinforced by GIS and satellite
observations can be viewed as a feasible and
affordable solution.

This method will give a basis for air quality
management in the urban area, as coarse but
meaningful assessments are made possible.

The simplified air quality models, including the
BM, based on the results, should become a tool of
the standard preliminary assessment and regular
monitoring in data-limited cities such as Kirkuk.
Model outputs should be used by local authorities to
act as aides to AQI reporting, urban planning, and
mitigation measures in regard to pollution.
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It is advised that policy-makers integrate
modeling output and health impact analysis in order
to make judgments. Future research must
concentrate on hybrid modeling where box models
are coupled with Gaussian models or Lagrange
models to enhance precision in and around major
sources of emission. The validation of the models
will be improved by the expansion of ground
monitoring networks and the creation of local
inventories of emissions. Temporal studies are
required over a long period to determine seasonal
and climate variability in air pollution. Lastly, the
connection of air quality models to the
epidemiological data will enhance the health risk
assessment in the cities of Iraq.
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