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ABSTRACT 

Urban air pollution poses significant health and environmental concerns in rapidly developing cities such 

as Kirkuk, Iraq. This study examines the spatial distribution and intensity of PM2.5, NOx, and CO along 

the Kirkuk-Baghdad Road using AERMOD integrated with Python-based GIS tools. Emission rates were 

calculated from vehicle counts, speeds, and emission factors during the peak traffic hours of 8-10 AM and 

5-7 PM. The model incorporated meteorological data, terrain characteristics, and emission sources to 

simulate pollutant dispersion patterns. The results revealed that pollutant concentrations near traffic 

hotspots frequently exceeded the proposed limits. Peak concentrations reached 125 μg/m³ for PM2.5 at K-B 

R16, 21 ppm for CO, and 1.00 ppm for NOx at K-B R18. Heavy-duty vehicles, especially trucks and 

motorcycles, contributed significantly to elevated concentrations. Weather conditions and topography 

influenced dispersion patterns substantially. Python-based spatial analysis facilitated efficient processing 

of traffic and monitoring data, enabling visualization of pollution hotspots and comprehensive mapping 

across the study area. This research demonstrates the value of integrated GIS-AERMOD approaches for 

urban air quality assessment and provides insights for traffic management and emission-reduction 

strategies to protect public health. 
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I. INTRODUCTION  

Urban air pollution has become one of the most significant 
issues in the rapidly growing cities [1]. Several cities, including 
Kirkuk in Iraq, are experiencing high rates of traffic congestion 
due to the increase in economic activities and population 
density, which directly emits harmful pollutants [2, 3]. Among 
such pollutants, a particular concern is fine particulate matter 
(PM2.5), nitrogen oxides (NOx), and carbon monoxide (CO) that 
can reach deep into the respiratory system and cause 
cardiovascular and lung diseases and have an overall negative 
impact on the environment [4-6]. Large road networks, 
particularly the Kirkuk-Baghdad Road, act as important 
transport networks and are also a consistent place of pollutant 
emissions based on the number of vehicles, the type of fleet, 
and traffic patterns [7]. Since standard air-quality surveillance 
is not sufficient to describe the multidimensional nature of 
quantity and time dispersion of emissions [8], complex 

modeling methods have been adopted to assess the distribution 
of pollutants and determine where the possible exposure 
hotspots are [9]. AERMOD is a well-known atmospheric 
dispersion model, which offers an effective framework for 
simulating the distribution of pollutants under different 
meteorological and terrain conditions [10-12]. By combining 
this model with Python-based GIS tools, the analytical ability 
can be improved, as these tools allow automated processing of 
data [13, 14]. AERMOD applications in rapidly urbanizing 
cities, such as Kirkuk, Iraq, remain limited, especially when 
integrated with Python and GIS for traffic-related air pollution 
mapping and analysis. This combined strategy can help 
investigate the role of peak-hour vehicle fleets in increasing 
pollutant levels [15], especially the impact of trucks and 
motorcycles [16]. It can also be used to understand the effect of 
local weather conditions on dispersion processes [17]. 
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In this regard, the proposed study employs a combined 
AERMOD-Python-GIS methodology to provide a detailed 
numerical and spatial analysis of the impact of traffic pollution 
on air quality along the Kirkuk-Baghdad Road during the 
morning and evening rush hours. The objectives of the study 
are: 

 To calculate spatiotemporal changes in the concentrations 
of PM2.5, NOx, and CO using AERMOD. 

  To identify the hotspots and factors that affect the pollution 
hotspots/them. 

 To compare the estimated concentrations with the WHO air 
quality standards. 

 To provide evidence-based recommendations for town 
planning and traffic control.  

The present study addresses the identified research gap by 
demonstrating that combined Python-AERMOD-GIS can be an 
effective tool in forming emission-reduction policy and 
preserving the health of the population in rapidly urbanizing 
environments. 

II. METHOD 

A. Study Area 

The study area, Kirkuk City, is situated in Iraq's Kirkuk 
province, roughly 250 km north of Baghdad [18]. The 
coordinates of the study area are E: 445,744.63, N: 
3,535,902.33, as shown in Figure 1. Due to its advantageous 
location, Kirkuk experiences significant traffic from both 
private and commercial vehicles. Urban noise levels and air 
quality are significantly impacted by this high traffic intensity 
[19, 20]. 

 

 

Fig. 1.  Location map of Kirkuk City, Iraq, showing the study area. 

B. Input Data Collection 

The main input data, including the average speeds, number 
of vehicles, and the emission factors, were collected to estimate 
traffic emissions. Based on the findings in [20], the emission 
rate of each pollutant was calculated using (1). Emission rate is 
defined as the product of the emission factor, the average 
vehicle speed (Vm), and the number of vehicles (N) passing 
through a road section per day: 

�������� �	
� �

�� = ��� �

 ���⋅��� ��
� �

������
�� ⋅ �  (1) 

The emission factors were selected based on vehicle type 
(passenger cars, trucks, and motorcycles). The average speed 
range (20-60 km/h) was measured in the field. Based on the 
local fuel quality (0.5-1 Euro -equivalent diesel and gasoline), 
the following specific emission factors were used 
(g/km/vehicle): For PM2.5, emission factors were 0.025 for 
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cars, 0.180 for trucks, and 0.042 for motorcycles. For NOx, the 
corresponding values were 0.650 for cars, 5.20 for trucks, and 
0.135 for motorcycles. For CO, emission factors were 1.20 for 
cars, 2.80 for trucks, and 5.60 for motorcycles. 

C. Meteorological Data Processing 

The processing of meteorological data was performed in 
accordance with EPA guidelines using AERMET. Hourly 
surface and upper-air data quality-checked at the Kirkuk station 
were combined and used to determine the required parameters. 
The meteorological data of the year 2023 that had undergone 
preprocessing were directly entered into AERMOD to consider 
changes in seasons and times of the day. Table I presents the 
wind velocity category data used to determine the local 
atmospheric stability frequency distribution. The stability class 
ranges from Extremely unstable to Stable. 

TABLE I.  WIND VELOCITY CATEGORIES AND 
ATMOSPHERIC STABILITY 

Wind velocity (m/s) Class 

1.54 A—Extremely unstable 

3.09 B—Moderately unstable 

5.14 C—Rarely unstable 

8.23 D—Neutral 

10.23 E—Stable 

 

D. Variables and Contributing Factors 

Vehicle numbers, types, consumption of fuel, and emission 
factors for important pollutants, such as PM2.5, NOx, and CO, 
were used to estimate traffic emissions. 

E. Data Preprocessing 

The number of vehicles in the traffic was classified by type 
and time of day. The data on the meteorological conditions in 
the local weather stations were formatted to the input 
requirements of AERMOD and were standardized to all 
receptor points to ensure uniformity. The Variance Inflation 
Factor (VIF) test, with a cut-off of 10, was applied to enhance 
efficiency and reduce redundancy. Multicollinearity is 
determined by VIF in regression analysis to estimate the level 
of increase in the variance of a regression coefficient because 
of the correlation with other variables. High correlation 
coefficients (VIF > 10) were deleted, which led to an overall 
model enhancement and a reduction in the number of variables 
in the dataset: 

�� = !
!"#$%

     (2) 

where &'(  is the correlation coefficient of the �)*  independent 
variable. 

F. Dispersion Model Development 

1) Gaussian Dispersion Model 

AERMOD estimates the concentration of pollutants using 
the Gaussian plume equations, as defined in (3). The 

integration of this model helped analyze the impacts of the 
emitted traffic on the extent of air pollution in Kirkuk City. 
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2) Dispersion Modeling of Traffic Emissions with AERMOD 

AERMOD is used to develop a model to estimate emissions 
of PM2.5, NOx, and CO from vehicles on Baghdad Road. The 
key equation in the model is: 

B91< = -
(CD7D=

ex p 3− H%
(D7%

8 ex p �− :%
(D=%

�   (4) 

where B91<  is the concentration at the receptor, I  is the 

emission rate, and σH ,  σ:  are the horizontal and vertical 

dispersion coefficients, respectively. These coefficients depend 
on atmospheric stability and distance from the source, 
expressed as: 

σH = 	H1L7σ: = 	:1L=     (5) 

For building downwash, adjustments to the dispersion 
coefficients are applied as: 

σH = σHM + ΔσHσ: = σ:M
;?O*

;    (6) 

where P is the building height and Δℎ is the plume's vertical 
position Standard Deviation (SD). Downwash correction is 
applied as: 

ΔσH = �HQR, Δℎ = �:P    (7) 

In complex terrain, vertical dispersion is adjusted for plume 
lifting, described by: 

σ: = σ:M �1 + O*
*T"*U

�    (8) 

where ℎV  is the plume centerline height and ℎ)  is the terrain 
height. 

3) Road Source Representation in AERMOD 

The Kirkuk–Baghdad Road was modeled in Python using 
AERMOD with the VOLUME source type, divided into 20 
segments (500–750 m) with σy₀ = 50 m, σz₀ = 3 m, and a 0.5 m 
release height to represent vehicle emissions. This setup 
follows EPA guidelines for receptors 10–50 m from the road. 

G. Model Validation 

Observations of 20 temporary monitoring stations and 
EPA-recommended statistical metrics were used to evaluate 
model performance. The findings demonstrate that modeled 
and measured concentrations are strongly related, the R2 varies 
between 0.693 and 0.999, RMSE ranges from 0.14 to 11.27, 
normalized MSE ranges from 0.063 to 0.885, and the 
agreement index is 0.968 for PM2.5, NOx, VOC, and CO, 
indicating the strength and reliability of the model. 
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Fig. 2.  Average PM2.5 spatial distribution: (a) evening, (b) morning, (c) Saturday, (d) Thursday, (e) Tuesday, and (f) Friday. 
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III. RESULTS AND DISCUSSION 

A. AERMOD-Based Distribution of PM2.5 

The highest recorded concentration was observed at station 
K-B. R16, with peak, mean, and SD values of 125.00 μg/m³, 
96.39 μg/m³, and 13.75 μg/m³, respectively, indicating intense 
localized pollution levels. In contrast, the lowest concentration 
was recorded at station K-B. R5, with minimum, mean, and SD 
values of 66.00 μg/m³, 85.13 μg/m³, and 13.13 μg/m³, 
respectively. At 12 of 20 receptor points (60%) PM2.5 exceeded 
the WHO limit (15 μg/m³) by 4.4–8.3 times, with a peak value 
of 125 μg/m³. 

This variability suggests high spatial variation in PM2.5 

concentration. Some stations, including K-B. R8 and K-B. R19 
had extended histograms, indicative of a varying signal 
strength of PM2.5, due temporary change in the physical 
environment or the human activities. For instance, K-B. R10 
and K-B. R2 had relatively lower and more constant PM2.5 

levels, which indicates constant pollution sources or 
environmental disturbance. These differences are illustrated in 
Figure 2. 

1) Temporal Analysis for PM2.5  

When daily PM2.5 concentration was compared, both mean 
and dispersion values varied significantly, as presented in 
Table II and Figure 3. Saturday had the highest mean PM2.5 
concentration of 95.06 μg/m³, with a relatively low SD of 2.65, 
indicating consistently elevated pollutant levels. In contrast, 
Friday had the lowest mean concentration of 76.30 μg/m³, but 
with a relatively higher SD of 4.80 μg/m³ compared to the 
concentration of the pollutants. Saturday and Thursday 
exhibited lower PM2.5, while Tuesday and Friday had higher 
PM2.5. The observed high emission values on Saturday and 
Thursday relate to stable emission sources or atmospheric 
conditions, while sharp variations on Tuesday and Friday can 
be explained by variable or temporary factors.  

 

 

Fig. 3.  PM2.5 pollution survey statistics and measured data along the Baghdad Road of Kirkuk City. 

TABLE II.  PM2.5 CONCENTRATIONS ALONG BAGHDAD 
ROAD IN KIRKUK CITY 

Day Mean SD 
Min. value 

(μg/m3) 

Max. value 

(μg/m3) 

Friday 76.30 4.80 69.50 90.00 

Saturday 95.06 2.65 90.33 99.00 

Thursday 87.66 2.63 81.86 93.57 

Tuesday 91.60 4.30 83.25 101.25 

2) Temporal Analysis by Time of Day 

The obtained PM2.5 data during day time demonstrated 
significant variations in concentration. The analysis of PM2.5 
concentrations during daytime showed a distinct pattern; in the 
morning, the mean PM2.5 level was 91.67 μg/m³, with an SD 
value of 3.67 μg/m³ and with minimum and maximum values 
of PM2.5 concentrations ranging from 85.73 μg/m³ to 102.73 
μg/m³, respectively. This suggests slightly higher pollution 
levels with moderate variability. In the evening, the mean 
concentration decreased to 88.42 μg/m³, with an SD of 3.14 
μg/m³ and with minimum and maximum values ranging from 

81.25 μg/m³ to 94.08 μg/m³. The results indicate that the PM2.5 
concentration was higher in most parts of the day, however, 
with moderate changes during the morning hours. The 
reduction in PM2.5 concentrations at night indicates a reduction 
in traffic, weather conditions, or any other condition within the 
area at different periods of the day. The temporal analysis 
summary is presented in Table III. 

TABLE III.  RESULTS OF PM2.5 TEMPORAL ANALYSIS 
ALONG THE BAGHDAD ROAD IN KIRKUK CITY 

Time Mean SD 
Min. value 

(μg/m3) 

Max. value 

(μg/m3) 

Morning 91.67 3.67 85.73 102.73 

Evening 88.42 3.14 81.25 94.08 

3) Comparison with Air Quality Standards 

Table IV presents the spatial distribution of PM2.5 
concentrations compared to established safety limits based on 
location categories [20, 21]. The comparative analysis helps 
identify areas that exceed the proposed limits and require 
immediate action. 
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TABLE IV.  COMPARATIVE ANALYSIS FOR PM2.5 LEVELS 
BASED ON LOCATION CATEGORIES [20, 21] 

Location category 
Max. PM2.5 (annual 

mean, µg/m³) 

Max. PM2.5 (24-h 

mean, µg/m³) 

Urban ≤ 5 ≤ 15 

Rural ≤ 5 ≤ 15 

Industrial 
Varies by Industry 

(typically ≤ 5) 

Varies by industry 

(typically ≤ 15) 

Sensitive (schools, 

hospitals) 
≤ 5 ≤ 10 

Natural (parks, 

wilderness) 

Aims for low levels 

(typically ≤ 5) 

Aligned with urban 

standards (≤ 15) 

 

B. Spatial Distribution of CO Concentrations 

The spatial distribution of the mean CO concentrations was 
also assessed across different measurement locations, as 
depicted in Figure 4. The results revealed a significant 
difference in concentration levels with respect to site 
conditions. Station K-B. R18 had the highest CO concentration 
with an average CO of 8.26 ppm, an SD of 4.87 ppm, and a 
maximum CO concentration of 21.00 ppm. This indicates a 
significant local pollution concentration. In contrast, the lowest 
levels were recorded at station K-B. R1, with mean, SD, and 
minimum CO concentrations of 2.04 ppm, 0.77 ppm, and 1.00 
ppm, respectively. 

These variations indicate a presence of relatively high 
spatial differentiation in the CO concentration in the study area. 
The difference in CO at stations K-B. R18 and K-B. R17 can 
be attributed to the variability of the intensity of the pollutants, 
which depends upon variability in environmental factors such 
as the traffic volume and type. In contrast, the CO levels at 
stations K-B. R1 and K-B. R 2 were relatively constant, 
suggesting similar environmental conditions or low traffic 
during the time of measurement. The results also demonstrate 
the effectiveness of a site-specific approach to pollution 
dynamics and for developing targeted mitigation strategies, as 
shown in Figure 5. 

1) Daily Variations in CO Concentrations 

The daily CO concentration trends along the Baghdad Road 
in Kirkuk City, depicted in Table V, show significant 
variations. The average CO level was the highest on Tuesday, 
with mean and SD CO concentration values of 7.13 ppm and 
1.98 ppm, respectively. The most stable conditions were 
observed on Thursday, with a minimum SD of 1.68 ppm and a 
mean of CO concentrations of 6.38 ppm. These findings 
suggest that traffic congestion and speed affect CO 
concentrations, with Tuesday facing the highest pollution and 
Thursday the most stable concentration.  

2) Time-of-Day Variations in CO Concentrations 

As presented in Table VI, the morning hours recorded a 
mean CO level of 6.77 ppm and an SD of 1.86 ppm, with 
minimum and maximum CO concentrations ranging from 2.45 
ppm to 9.82 ppm, respectively. In the evening, the CO 
concentration was slightly higher with a mean value of 6.78 
ppm, an SD of 2.09 ppm, and minimum and maximum CO 
concentrations ranging from 1.67 ppm to 9.58 ppm, 
respectively. There were minor fluctuations in the CO 
concentrations throughout the day, with similar CO 

concentrations recorded during morning and evening hours. 
However, the SD during the evening hours was slightly higher 
due to the increase in traffic flow during the period. 

TABLE V.  CO CONCENTRATIONS DURING DAYTIME ON 
BAGHDAD ROAD IN KIRKUK CITY 

Day Mean SD 
Min. value 

(ppm) 

Max. value 

(ppm) 

Friday 6.20 1.93 1.50 9.00 

Saturday 6.94 2.20 2.00 9.50 

Thursday 6.38 1.68 1.86 8.29 

Tuesday 7.13 1.98 2.38 9.75 

TABLE VI.  CO CONCENTRATIONS BY TIME ON BAGHDAD 
ROAD IN KIRKUK CITY 

Time Mean SD 
Min. value 

(ppm) 

Max. value 

(ppm) 

Morning 6.77 1.86 2.45 9.82 

Evening 6.78 2.09 1.67 9.58 

 

C. Spatial Distribution of NOx 

Station K-B. R11 recorded the highest NOx concentrations 
with a maximum value of 0.45 ppm and an SD of 0.24. Station 
including K-B. R9 also recorded high levels of NOx 
concentrations, with mean NOx concentrations of 0.41 ppm, 
and minimum and maximum NOx concentrations ranging from 
0.05 to 0.90 ppm, respectively. Similarly, station K-B. R17 had 
a mean NOx concentration of 0.43 ppm, with minimum and 
maximum NOx concentrations ranging from 0.10 to 1.00 ppm. 
This spatial distribution indicates the local pollution hot spots, 
due to traffic congestion and the presence of urban structure. 
Figure 6 visualizes these variations across the study area. 
Figure 7 shows processed data of the NOx concentrations along 
the Baghdad Road of Kirkuk. The observed temporal patterns 
are consistent with traffic-dominated urban areas, with evening 
peaks driven by rush-hour congestion and reduced atmospheric 
mixing. NOx concentrations were converted to NO₂ using a 
typical urban NOx/NO₂ ratio of 1.5, yielding a peak NO₂ level 
of 0.67 ppm, which substantially exceeds the WHO 24-h 
guideline of 0.013 ppm. In contrast, sites including K-B. R4 
recorded lower mean concentrations of 0.26 ppm, SD of 0.23, 
ranging from 0.00 to 0.60 ppm, indicating more stable and 
moderate pollutant levels. Similarly, K-B. R10 exhibited a 
mean NOx concentration of 0.26 ppm, with a limited variability 
ranging from 0.00 to 0.50 ppm. These findings highlight the 
role of emission dynamics and localized traffic conditions in 
shaping NOx spatial distribution patterns.  

1) NOx Temporal Analysis by Day 

On Friday, NOx levels averaged 0.24 ppm (SD = 0.14 ppm, 
range: 0.00–0.40 ppm), reflecting relatively low and stable 
variability. Saturday showed a slight increase in the mean 
concentration to 0.30 ppm (SD = 0.07 ppm, range: 0.15–0.45 
ppm), followed by Thursday with a mean concentration of 0.35 
ppm (SD = 0.08 ppm, range: 0.24–0.50 ppm). Tuesday 
exhibited the highest mean concentration of 0.42 ppm (SD = 
0.07 ppm, range: 0.28–0.51 ppm), suggesting higher levels of 
pollution and lower variability. Table VII presents the NOx 
concentration by day. 
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Fig. 4.  Average CO spatial distribution: (a) evening, (b) morning, (c) Saturday, (d) Thursday, (e) Tuesday, and (f) Friday. 
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Fig. 5.  Average NOx spatial distribution: (a) evening, (b) morning, (c) Saturday, (d) Thursday, (e) Tuesday, and (f) Friday. 
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Fig. 6.  CO pollution survey statistics and measured data along the Baghdad Road in Kirkuk City. 

 

Fig. 7.  NOx pollution survey statistics and measured data along the Baghdad Road in Kirkuk City. 

2) Temporal Analysis by Time of Day 

In the morning, the mean concentration was 0.29 ppm (SD 
= 0.07, range: 0.17–0.41 ppm), indicating relatively stable and 
lower pollution levels. In contrast, the evening period showed a 
higher mean concentration of 0.41 ppm (SD = 0.11, range: 
0.21–0.58 ppm), with increased variability. The statistics of the 
NOx concentrations according to the time of day are presented 
in Table VIII. 

AERMOD-based studies have concluded that dispersion 
models are able to spatially resolve the traffic-induced 
hotspots, although with varying degrees of accuracy depending 
on configuration and validation information [22]. Similar 
analyses [23] also demonstrate the presence of the highest 
pollutants concentrated around heavy traffic movement, 
confirming the findings of the present study. Various studies on 
near-road conditions suggest the nonlinear relationship between 
emissions and concentrations, supporting the designation of 
heavy vehicles as major contributors to elevated concentrations 
along the Kirkuk–Baghdad Road [6]. 

TABLE VII.  NOX CONCENTRATION BY DAY ALONG THE 
BAGHDAD ROAD IN KIRKUK CITY 

Day Mean SD 
Min. value 

(ppm) 

Max. value 

(ppm) 

Friday 0.24 0.14 0.00 0.40 

Saturday 0.30 0.07 0.15 0.45 

Thursday 0.35 0.08 0.24 0.50 

Tuesday 0.42 0.07 0.28 0.51 

TABLE VIII.  NOX CONCENTRATION BY TIME ALONG THE 
BAGHDAD ROAD IN KIRKUK CITY 

Time Mean SD 
Min. value 

(ppm) 

Max. value 

(ppm) 

Morning 0.29 0.07 0.17 0.41 

Evening 0.41 0.11 0.21 0.58 
 

IV. CONCLUSIONS 

The study presented a quantitative and detailed evaluation 
of the role of road traffic on air pollution along Baghdad Road 
in Kirkuk City, Iraq. A combination of the proposed 
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mathematical model, AERMOD dispersion simulations, 
Python programming, and GIS-based spatial analysis proved to 
be an effective and reliable solution for identifying pollutant 
dispersion patterns and pollution hotspots. 

The findings indicate that vehicle emissions are the major 
sources of high levels of CO, NOx, and PM2.5, particularly 
along the high traffic density zones. Although the average 
pollutant concentrations at various stations were within the 
regulatory limits, local spikes around major roadways were 
consistent, suggesting higher exposure risks in a short time 
period. The findings also suggest that the meteorological 
conditions and urban topography in Kirkuk City are very 
important in the control of the traffic-induced pollutants. Also, 
the peak hours of traffic in the city represent the most 
vulnerable sectors, putting people at risk of exposure. 

The results highlighted that there is an urgent need to 
implement pollution mitigation strategies, including the 
introduction of more stringent maintenance checks, the 
introduction of cleaner, higher-quality fuel, the optimization of 
traffic routes and traffic flow, the systematic incorporation of 
air-quality improvement measures into the city environment, 
and the design of the roads.  

Moreover, this study confirms the effectiveness of Python-
based AERMOD modeling with GIS visualization as an 
effective decision support tool in the management of air-quality 
in urban areas. The proposed framework can be applied to 
other cities that are rapidly urbanizing, facilitating evidence-
based policy-making. Future research should broaden this 
methodology and evaluate the combined effects of 
transportation networks on the air quality in urban areas, as 
well as the establishment of long-term pollution reduction 
strategies and the promotion of sustainable urban development.  
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