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Abstract 

Chronic exposure to nitrogen dioxide (NO₂), particulate matter (PM₂.₅), and PM₁₀ can have negative impacts on both 
environmental and human health. This research aimed to determine the levels of NO₂, PM₁₀, and PM₂.₅ pollution in 

Makassar City and to assess the potential health risks for children and adolescents using the Monte Carlo Simulation (MCS) 

probabilistic approach for exposure to these pollutants in Makassar City, Indonesia. This analytic, cross-sectional study 

employed an MCS approach to evaluate health risks. The results showed higher NO₂ levels of 10.88 µg/m³ and 10.97 

µg/m³ at stations 12 and 17 in Panakkukang and Borong, located near a truck parking area. Meanwhile, stations 21 in 

Tamalanrea Indah and 20 in Karampuang recorded higher PM₁₀ levels of 24.8 and 30.14 µg/m³, respectively. The hazard 
quotient (HQ) was 12.4, 20.3, and 19.8 for NO₂, PM₁₀, and PM₂.₅, respectively. Among children at the 5th and 95th 

percentiles, cancer risks for NO₂ were 13 and 34, corresponding to medium risk levels. In contrast, adolescents showed 

cancer risks of 102 and 223, indicating high risks. For adults, the sensitivity analysis for NO₂ revealed that the most 

significant factor contributing to health hazards was the length of exposure (ED) at 26.4%, followed by pollutant 

concentration (C) at 18.3%, exposure frequency (EF) at 17.8%, and inhalation rate at 17.2%, as shown in the sensitivity 

analysis chart. Overall, adolescents faced greater risks than children, with the highest HQ values in children being 8.98, 
15.2, and 22.5 for NO₂, PM₁₀, and PM₂.₅, respectively, which were lower than those observed in adolescents. The total 

hazard quotient (THQ) risks for NO₂, PM₁₀, and PM₂.₅ were 12.4, 20.3, and 19.8, respectively. In conclusion, NO₂ and 

PM₂.₅ pose significant health risks to adolescents. 
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1. Introduction 

One of the primary contributors to air pollution has been identified as the transportation industry [1, 2]. According 

to the United States Department of Transportation (USDOT), transportation-related emissions in 2022 consisted of 61% 

carbon monoxide (CO), 53% nitrogen oxides (NO), 17% volatile organic compounds, and 13–15% particulate matter 

(PM) [3]. Road mobility is widely recognized as one of the leading and growing sources of air pollution. For the 

foreseeable future, road traffic will remain a significant contributor to air pollution in cities across Asia and Europe. 

Fine particulate matter (PM₂.₅ and PM₁₀) and nitrogen dioxide (NO₂) from transportation are pollutants that 

substantially impact human exposure and urban air quality [4]. NO₂ has been associated with acute public health hazards, 

increased mortality rates, and significant economic burdens, making it a prominent environmental and health risk factor 

[5-7]. 

There is a strong correlation between greenhouse gas emissions, climate change, and the use of motorized vehicles 

on highways [8, 9]. Private automobiles and two-wheeled vehicles are the most common forms of transportation in 

urban areas, where the majority of people reside [7, 10, 11]. In 2019, ambient air pollution was estimated to have caused 

4.2 million premature deaths worldwide. According to the World Health Organization (WHO), Southeast Asia and the 

Western Pacific region accounted for 89% of these early fatalities, predominantly occurring in low- and middle-income 

countries. Policies and investments aimed at promoting energy-efficient manufacturing, transportation, housing, and 

power generation could significantly reduce major sources of outdoor air pollution. Moreover, the availability of clean 

household energy would greatly help lower ambient air pollution levels in certain regions [12]. 

Air pollution has been a global problem for many years, posing serious threats to human health and the environment, 

and leading to both morbidity and mortality [13, 14]. Long-term and short-term exposure to ambient air pollution—

including CO, NO₂, O₃, and PM—increases the risk of cardiovascular and respiratory disorders, reduces life expectancy, 

and contributes to years lived with disability [15–21]. Epidemiological studies have linked NO₂, PM₁₀, and PM₂.₅ to 

decreased respiratory function and bronchitis in children with asthma [22]. Other research indicates that children are 

more susceptible to respiratory illnesses such as acute respiratory infections, pneumonia, and otitis media when exposed 

to NO₂, PM₂.₅, and PM₁₀ over the short term [23, 24]. Prolonged exposure further affects respiratory development and 

function [25-27]. 

Air pollution is the leading environmental health risk and is estimated to be responsible for more than 7 million 

deaths globally each year. In China, cooler climates and more significant seasonal temperature fluctuations have been 

associated with higher rates of child mortality in regions where NO₂ and PM₂.₅ levels exceed safety thresholds [28]. 

The concentration of particulate matter in the air can increase by 15% with a 20°C rise in temperature [29]. Similarly, 

studies in the EU have found significant positive correlations between mortality and elevated levels of NO₂ and 

particulate matter [30]. Furthermore, particulate matter (PM), which varies in size but often has extremely fine particles, 

can be inhaled into the respiratory system, leading to cancer, reproductive and cardiovascular disorders, and problems 

affecting the central nervous and reproductive systems [31, 32]. 

Children are particularly vulnerable to air pollution from conception through adolescence. They have higher 

respiratory rates compared to adults and inhale more air relative to their body weight. Their shorter stature causes them 

to breathe air closer to the ground, where pollutants, especially those from vehicle emissions, are more concentrated. 

Higher levels of physical activity and faster breathing rates further increase their exposure. Additionally, children are 

more prone to mouth breathing than adults, allowing pollutants to penetrate deeper into the more permeable lower 

respiratory tract. The risks associated with pollution are heightened because children’s bodies and organs, including 

their lungs, are still developing. Their immature immune systems also make them more susceptible to the harmful effects 

of pollutants [33, 34]. Exposure to NO₂, PM₂.₅, and PM₁₀ before birth raises the likelihood of babies being small for 

their gestational age (SGA) [35], having low birth weight [36], and facing a higher risk of preterm birth [37-39]. 

Makassar is a city with high population density and significant transportation activity, which can pose environmental 

health risks to vulnerable groups such as children. Therefore, the objectives of this study are: (1) to determine the levels 

of NO₂, PM₁₀, and PM₂.₅ pollution in Makassar City; and (2) to evaluate the potential health risks to children and 

adolescents using the Monte Carlo Simulation (MCS) probabilistic approach for exposure to NO₂, PM₁₀, and PM₂.₅. 

2. Material and Methods   

This study is analytical in nature, employing a cross-sectional design and utilizing a health risk assessment approach 

based on the Monte Carlo Simulation (MCS) statistical model. Average concentrations of NO₂, PM₂.₅, and PM₁₀ were 

measured along the main Antang road in Makassar City. Health risk analysis was conducted to estimate the potential 

health hazards to children and adolescents from both carcinogenic and non-carcinogenic exposures to NO₂, PM₂.₅, and 

PM₁₀. Additionally, meteorological data—including temperature, humidity, wind direction, and wind speed—were 

collected at the same location. 
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2.1. Study Area   

The magnitude of NO₂, PM10, and PM2.5 was observed over a 15-day period in the months of March through April 

2024. 22 stations from Tamalanrea Indah, Panakkukang, Mariso, Tamalate, and 8 other subdistricts were assessed, as 

presented in Figure 1. 

2.2. Sampling Design  

The research samples consisted of both environmental and human data. Environmental samples, including 

measurements of NO₂, PM₂.₅, and PM₁₀, were collected directly over three days across 22 locations: Tamalanrea Indah, 

Abdullah Daeng Sirua, Panakkukang Boulevard, Bj. Minasa, Tamarunang, Panambungan, Tj. Bunga, Masjid Kuba, 

Somba Opu, Penghibur, Sumba, Urip S.1, Urip S.2, Leimena, Antang Raya, Ujung Bori, Toddopuli Raya, Borong, 

Pandang Raya, Karampuang, Tamalanrea 2, and Tamalanrea. Sampling of PM₂.₅ and PM₁₀ was conducted using a High 

Volume Air Sampler (HVAS), while NO₂ was measured using an impinger. Each day, levels of NO₂ and particulate 

matter with aerodynamic diameters equal to or less than 10 μm (PM₁₀) and 2.5 μm (PM₂.₅) were recorded. These data 

were analyzed alongside meteorological information such as temperature, relative humidity, wind direction, and wind 

speed. 

Human samples comprised a minimum of 66 respondents, with three individuals randomly selected from each 

location. Data from human subjects were collected through interviews using a structured questionnaire. Informed 

consent was obtained for adolescents and children, with consent forms signed by their guardians, and participant 

identities were kept confidential. The questionnaire included questions addressing individual characteristics and health 

issues experienced by respondents. Additionally, body weight measurements were recorded. 

The inclusion criteria for the study participants were ages 11–15 for children and 16–24 for adolescents, residence 

in Makassar for at least three years, and willingness to participate in the research. 

2.3. Data Analysis  

The potential health risk analysis was conducted based on guidelines from the Indonesian Ministry of Health, using 

the collected analytical data. Researchers examined the geographical distribution of NO₂, PM₁₀, and PM₂.₅ using 

ArcGIS software (version 10.8). The questionnaire gathered information on personal details, employment history, daily 

routines, smoking habits, indications of dust exposure, and aspects related to health, safety, and the environment. 

 

Figure 1. Map of sampling location 
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2.4. Analyzing the Risks to Non-Cancerous Human Health 

Adolescents and schoolchildren were found to have similar non-carcinogenic risks associated with exposure to PM₂.₅ 
and NO₂. The analysis determined the amount of lead and PM₂.₅ that an individual should inhale daily, as inhalation is 

the primary route of exposure. Therefore, the health risk assessment focused on this exposure pathway [39]. Equations 

1 and 2 illustrate the non-carcinogenic risk analysis for the inhalation route. 

ADDinh =
C×ln ℎ𝑟𝑎𝑡𝑒×EF×ED×ET

BW×AT
                     (1) 

where: ADDinh represents the average daily doses of NO₂, PM₂.₅, and PM₁₀ (μg/kg/day); C is the concentration of 

NO₂, PM₂.₅, and PM₁₀ in the air (μg/m³); Inhrate is the inhalation rate, with the USEPA default values set at 9 m³/day 

for children and 14.9 m³/day for adolescents for residential exposure; EF is the frequency of PM₂.₅ exposure, assumed 

to be 350 days per year. The USEPA default value for exposure duration (ED) is 24 years for adolescents and 6 years 

for children. Body weight (BW) is defined as 63.01 kg for adolescents and 34.55 kg for children. AT refers to the average 

time (ED × 365 days/year) used for estimating non-carcinogenic risk. For PM₂.₅ inhalation, the reference concentration 

(RfC) is 10 μg/kg/day. An HQ value greater than one indicates that long-term exposure to PM₂.₅ is not safe for the 

general public. 

HQinh =
𝐴𝐷𝐷𝑖𝑛ℎ

𝑅𝐹𝐶
                          (2) 

2.5. Statistical Analysis  

The analysis conducted was a univariate analysis to determine the frequency distribution of respondents’ body 

weight, which was then incorporated into the individual health risk assessment using the hazard quotient (HQ) formula. 

An HQ value greater than 1 indicates that chronic exposure to NO₂, PM₂.₅, and PM₁₀ is unsafe and poses a health risk 

to individuals. 

3. Results 

3.1. Measurement of the Levels of NO2, PM2.5, and PM10  

Air quality parameters were measured using a monitoring method, with concentration measurements of NO₂, PM₂.₅, 
and PM₁₀ conducted continuously over a 24-hour period. The results showed variations in the concentrations of NO₂, 
PM₂.₅, and PM₁₀ at different times of the day, with higher levels observed in the mornings and evenings, coinciding 

with increased vehicle traffic. The guidelines and reference values for these pollutants are presented in Table 1. 

Table 1. The recommended guideline value for each pollutant 

Pollutant Guideline value 
Averaging 

time 
Guideline reference 

Particulate mattaer (PM2.5) 
5 μg/m3 

15 μg/m3 
Annual 

24-hour 
World Health Organization (WHO), 2021 

Particulate mattaer (PM10) 
15 μg/m3 

45 μg/m3 
Annual 

24-hour 

World Health Organization (WHO), 2021 

Carbon monoxide 4 mg/m3 24-hour World Health Organization (WHO), 2021 

Nitrogen dioxide 
10 μg/m3 

25 μg/m3 
Annual 
24-hour 

World Health Organization (WHO), 2021 

Sulfur dioxide 40 mg/m3 24-hour World Health Organization (WHO), 2021 

Formaldehyde 0.1 mg/m3 30-minute World Health Organization (WHO), 2010 

Polycyclic aromatic hydrocarbons 8.7 × 10–5 per ng/m3 24-hour World Health Organization (WHO), 2010 

Ozon 60 μg/m3 24-hour World Health Organization (WHO), 2010 

Lead 0.5 μg/m3 Annual (WHO); Regional Office for Europe, 2000 

Cadmium 0.0002 mg/kg 24-hour World Health Organization (WHO), 2010 

Table 1 presents the recommended guideline values for each pollutant, including the three pollutants examined in 

this research, with their respective 24-hour guideline values: NO₂ at 25 μg/m³, PM₂.₅ at 15 μg/m³, and PM₁₀ at 45 μg/m³.  
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3.2. Measurement of Physical Environmental Condition 

In addition to measuring the levels of NO₂, PM₂.₅, and PM₁₀, this study also assessed the physical environmental 

conditions, as presented in Table 2. 

Table 2. The physical environmental condition of humidity, temperature, wind speed and direction in Makassar city, 2024 

Station Humidity Temperature Wind speed 
Wind 

direction 
Latitude Longitude 

1 45 32 17 West -5.144873o 119.473914o 

2 42 33 18.5 West -5.151229o 119.449873o 

3 43 31 16 Northwest -5.155724o 119.439146o 

4 48 32 14.8 Northwest -5.17921o 119.410036o 

5 48 32 13 West -5.16539o 119.408593o 

6 45 31 11.1 West -5.154554o 119.404314o 

7 47 32 12 Northwest -5.163247o 119.393212o 

8 51 28 9.3 Northwest -5.145169o 119.404672o 

9 61 28 5.6 North -5.146598o 119.408711o 

10 60 29 7.7 North -5.135943o 119.40749o 

11 56 27 62 East -5.129185o 119.40748o 

12 61 28 7.4 East -5.139227o 119.447779o 

13 53 27 44 East -5.146064o 119.469274o 

14 37 33 13 Northeast -5.149598o 119.471455o 

15 38 30 12 Northeast -5.160859o 119.477146o 

16 37 29 13 East -5.164661o 119.471817o 

17 35 31 15 Northeast -5.161332o 119.459112o 

18 37 33 13 East -5.163574o 119.453042o 

19 35 30 11.1 North -5.158152o 119.451058o 

20 33 32 13 North -5.14853o 119.450034o 

21 33 32 13 North -5.143284o 119.475757o 

22 34 30 14 North -5.134058o 119.497343o 

Table 2 presents measurements of the physical environmental conditions in Makassar City, including humidity, 

temperature, wind direction, and wind speed. All variables showed variation, with humidity ranging between 31–61%, 

temperature between 27–33°C, wind speed between 5.6–62 m/s, and wind direction as detailed in Table 2. 

3.3. Measurement of Magnitude Concentration of NO2, PM10 and PM2.5 

Table 3 presents the measurement results for NO₂, PM₁₀, and PM₂.₅, which were obtained while driving along 

designated routes using authorized real-time internet monitors. Complementing these measurements were readings of 

temperature, humidity, wind direction, wind speed, and data from the global positioning system. In accordance with 

quality assurance guidelines for mobile measurements, all 22 monitoring trips were conducted on weekdays along 

consistent routes through Makassar City's congested roads. The measurements were taken during regular business hours, 

between 09:00 and 16:00. 

Furthermore, field measurements indicated that the mean concentrations of PM₂.₅, PM₁₀, and NO₂ exceeded the 

WHO air quality standards in the locations surveyed. The WHO Air Quality Guidelines (WHO-AQGs) specify limits 

for NO₂, PM₂.₅, and PM₁₀ of 16 µg/m³, 5 µg/m³, and 12 µg/m³, respectively, for both short-term (24-hour average) and 

long-term (annual average) exposures [40]. The concentrations of NO₂, PM₂.₅, and PM₁₀ observed during this study 

were higher than both the WHO AQG limits and the air quality standards established in Indonesia [41]. The spatial 

distributions of these pollutants are shown in Table 3, highlighting differences in the levels of NO₂, PM₂.₅, and PM₁₀ 

between Makassar City and other regions. 
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Table 3. The magnitude concentration of NO2, PM10 and PM2.5 in Makassar City, 2024 

Station 
NO2 

µg/m3 

PM10 

µg/m3 

PM2.5 

µg/m3 
Latitude Longitude 

1 2.91 13.55 7.62 -5.144873o 119.473914o 

2 4.07 11.92 6.48 -5.151229o 119.449873o 

3 1.5 20.2 29.5 -5.155724o 119.439146o 

4 1.0 20.0 30.0 -5.17921o 119.410036o 

5 9.0 14.32 10.26 -5.16539o 119.408593o 

6 6.34 12.55 6.95 -5.154554o 119.404314o 

7 3.21 10.82 4.66 -5.163247o 119.393212o 

8 7.37 13.73 7.83 -5.145169o 119.404672o 

9 6.77 12.44 7.11 -5.146598o 119.408711o 

10 1.0 22.0 9.0 -5.135943o 119.4049o 

11 1.3 22.1 30.8 -5.129185o 119.40748o 

12 10.88 18.89 7.42 -5.139227o 119.447779o 

13 6.6 10.49 5.92 -5.146064o 119.469274o 

14 2.91 18.52 10.8 -5.149598o 119.471455o 

15 7.71 21.93 9.01 -5.160859o 119.477146o 

16 2.44 23.67 15.13 -5.164661o 119.471817o 

17 10.97 12.22 10.03 -5.161332o 119.459112o 

18 0.23 12.86 4.93 -5.163574o 119.453042o 

19 7.8 18.42 9.31 -5.158152o 119.451058o 

20 2.16 30.14 19.31 -5.14853o 119.450034o 

21 2.96 24.8 15.3 -5.143284o 119.475757o 

22 0.19 12.71 4.8 -5.134058o 119.497343o 

Table 3 shows that the highest NO₂ concentrations were recorded at station 12 in Panakkukang and station 17 in 

Borong, both located near a local medium-sized industrial area, with levels of 10.88 µg/m³ and 10.97 µg/m³, 

respectively. Higher PM₁₀ levels were observed at station 21 in Tamalanrea Indah and station 20 in Karampuang, with 

concentrations of 24.8 µg/m³ and 30.14 µg/m³, respectively. These areas, situated on a flat alluvial plain, are primarily 

inhabited by merchants who operate businesses along the streets. Moreover, elevated levels of these pollutants in roads, 

residential areas, and certain schools may be attributed to the dispersion of PM₂.₅ from various vehicles and small-scale 

industrial activities. The highest PM₂.₅ concentration was recorded at station 11 in Pattunuang, with a value of 30.8 

µg/m³. 

3.4. Noncarcinogenic Risks Assessment for Children and Adolescents  

Two age groups were included in determining the non-carcinogenic risk ratios for NO₂, PM₁₀, and PM₂.₅: children 

and adolescents over the age of sixteen. The method was used to calculate the estimated daily intake (EDI) of NO₂, 
PM₁₀, and PM₂.₅ from air, as inhalation of polluted air was considered the most significant exposure route. The health 

risk assessment (HRA) primarily focused on this pathway, with the results presented in Figure 2.  

 

Figure 2. Noncarcinogenic risks assessment for children and adolescents due to expose of NO2, PM10 and PM2.5 in Makassar City 
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3.5. Risks Calculation Using Monte Carlo Simulation (MCS) 

In this study, the hazards associated with NO₂, PM₁₀, and PM₂.₅ were examined using uncertainty analysis and 

Monte Carlo simulation. The MCS model is a respected, advanced, and reliable technique that provides precise and 

accurate point estimates of risk. 

The HQ risk values were calculated based on the daily inhalation rates for both adolescents and children, using 

deterministic and probabilistic (Monte Carlo simulation) methods. The probability of a child developing cancer at the 

5th and 95th percentiles was 13 and 34 for NO₂, indicating moderate risks, whereas for adolescents, the values were 102 

and 223, indicating high risks. 

According to the sensitivity analysis, the most significant factor contributing to health risks in adolescents was the 

duration of exposure (ED) at 26.4%, followed by concentration (C) at 18.3%, exposure frequency (EF) at 17.8%, and 

inhalation rate (IR) at 17.2%, as shown in the sensitivity analysis chart. In contrast, for children, concentration (C) and 

EF of NO₂ contributed the most at 21.2%, followed by IR at 20.6%, and ED at 17.6%. 

    
                         (a)                                        (b) 

    
                         (c)                                           (d) 

Figure 3. (a) Probability HQ of children for NO2, (b) Sensitivity HQ of children for NO2, (c) Probability HQ of adult for 

NO2, and (d) Sensitivity HQ of adult for NO2 

    
                         (a)                                        (b) 

Figure 4. (a). Probability HQ of children for PM10, (b). Sensitivity HQ of children for PM10 
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                         (a)                                        (b) 

Figure 5. (a). Probability HQ of adult for PM10, (b). Sensitivity HQ of adult for PM10 

In Figure 3(a), for children, the inhalation rate (IR) of PM₁₀ (21.8%), concentration (C), and exposure duration (ED) 
(20.9%) made significant contributions. This suggests that the greatest impact on the risk of developing adverse health 
effects in children was due to exposure to, and concentration of, PM₁₀ pollution. Therefore, optimal strategies should 
focus on reducing the rate of inhalation and the duration of exposure at affected locations, along with regular monitoring 
of industrial emissions near residential areas. This indicates that as the number of discrete exposure events increases, so 
does the potential risk to residents. Because PM₁₀ pollution may contain hazardous substances, both children and 
adolescents should limit their activities and wear protective gear to reduce their exposure to this type of pollution. Body 
weight (BW) contributed negatively, suggesting it was of minor importance and could potentially be disregarded. 
Additionally, HQ risk values based on daily inhalation rates for both adolescents and children were calculated using 
deterministic and probabilistic (Monte Carlo simulation) methods. The probability of cancer risk in adult communities 
was found to be 2.85 and 6.11 for NO₂ at the 5th and 95th percentiles, demonstrating moderate risks, while the values 
for PM₁₀ and PM₂.₅ were 0.09 and 0.19, also indicating moderate risks. According to the sensitivity chart in Figure 4, 
the inhalation rate (IR) of PM₁₀ accounted for 23.3%, exposure duration (ED) for 23.3%, exposure frequency (EF) for 
18.9%, and concentration (C) for 16.0%. These were the most significant factors contributing to increased health risks 
in adolescents. 

    
                         (a)                                        (b) 

    
                         (c)                                           (d) 

Figure 6. (a). Probability HQ of Adult for PM2.5, (b) Sensitivity HQ of Adult for PM2.5, (c) Probability HQ of children for PM2.5 and 

(d) Sensitivity HQ of children for PM2.5 
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In Figure 5, the values of children’s HQ risks were determined based on their daily inhalation rates. The probability 

of cancer risk associated with PM₂.₅ in children was 96.58 and 184.18 at the 5th and 95th percentiles, respectively, 

indicating moderate risks. In contrast, Figure 6 shows that for adolescents, the values were 77.58 and 138.56, indicating 

high risks. 

Additionally, according to the sensitivity chart in Figure 5, concentration (C) accounted for 56.7%, exposure duration 

(ED) for 21.6%, exposure frequency (EF) for 19.9%, and inhalation rate (IR) for PM₁₀ for 19.3%. These were identified 

as the most significant factors contributing to increased health risks in adolescents. 

3.6. Limitation 

A limitation of this research design is determining the number of iterations required to achieve the desired level of 

confidence and precision. 

4. Discussion 

4.1. The Magnitude Concentration of NO2, PM10 and PM2.5 in Makassar City 

The current study provided a comprehensive evaluation of transportation emissions and the exposure of vehicle 

occupants to NO₂, PM₁₀, and PM₂.₅, as well as the variables influencing human health for individuals living along the 

busy roads of Makassar City. Environmental factors affect emission levels and the frequency of NO₂ exposure, which 

may influence NOₓ partitioning. As previously observed, there is a positive association between outdoor PM₂.₅ and 

PM₁₀ levels and ambient temperature [42]. 

According to Table 3, the highest NO₂ levels were recorded at station no. 12 in Panakkukang and station no. 17 in 

Borong, near a truck parking site, with concentrations of 10.88 µg/m³ and 10.97 µg/m³, respectively. Additionally, 

higher PM₁₀ levels were found at station 21 in Tamalanrea Indah and station 20 in Karampuang, with values of 24.8 

and 30.14 µg/m³, respectively. For in-vehicle NO₂ and PM₂.₅, road traffic conditions were minor predictors, with PM₂.₅ 

being the second most significant predictor. Huang et al. [43] also observed in Los Angeles that traffic density impacted 

PM₂.₅ and NO₂ levels inside vehicles. Other studies similarly reported that vehicle density contributes to increased 

concentrations of NO₂ and particulate matter [44-47]. 

A study conducted in Northern Thailand found that the proportion of the population who died from cardiac illnesses 

and lung cancer due to PM₂.₅ pollution was approximately 0.04% and 0.06%, respectively [48]. The burden of outdoor 

air pollution is disproportionately higher in low- and middle-income nations, where 89% of the 4.2 million premature 

deaths worldwide occur. The WHO regions of the Western Pacific and South-East Asia bear the highest burden. The 

significant contribution of air pollution to cardiovascular disease and mortality is reflected in the latest burden estimates 

[48]. Additional research indicates that low-income communities are more likely to experience morbidity and mortality 

due to exposure to PM₂.₅, PM₁₀, and NO₂ [49, 50]. 

According to another study, the three-year average concentrations for PM2.5, NO₂, and O₃ were 38.63 (±12.83) parts 

per billion volume (ppbv), 135.90 (±47.82) ppbv, and 68.95 (±39.86) μg/m³, respectively (Kazemi et al., 2024). In Iran, 

the total number of natural deaths attributed to NO₂ and PM2.5 across all years was 4,391 and 4,061, respectively. The 

current document also provides more precise findings regarding the causal relationship between mortality among 

Medicare beneficiaries (aged 65 years and older) and long-term exposure to PM2.5, even at levels equal to or below 12 

μg/m³ [51]. It was observed that accounting for the other two pollutants slightly reduced the causal effects of PM2.5 

exposure while slightly increasing the causal effects of NO₂ exposure on all-cause mortality when comparing results 

from multi-pollutant and single-pollutant models. In contrast, the outcomes for O₃ remained largely unchanged [52-54]. 

Increased wind speeds facilitate the faster and wider dispersion of NO₂ and PM₁₀ particulate matter in the 

atmosphere, thus reducing PM2.5 concentrations [55-57]. Other findings indicate that winds between two and four 

meters per second can raise PM2.5 levels in Nantong, China. In western China, summer is characterized by the lowest 

CO concentrations and the highest PM2.5 levels, while Beijing records high CO concentrations [58]. 

Moreover, the hourly averages of PM₁₀ and PM₂.₅ concentrations in Table 3 show similar fluctuation patterns, 

particularly up to around 15:00 in the afternoon. After this time, particle number concentrations remain steady, but 

the hourly mean concentrations decrease. This discrepancy may result from different particle sources, counts, and 

lifetimes. Additionally, NO₂ levels, which are lower than those of PM₁₀ and PM₂.₅, can originate from various 

sources, with submicrometer particles often emitted directly from moving vehicles. During the early nighttime 

hours, particle concentrations remain relatively stable, whereas NO₂ gas concentrations vary considerably. This 

phenomenon is attributed to reduced atmospheric mixing at night and the development of a lower nocturnal 

boundary layer [59-61]. 
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4.2. Monte Carlo Simulation   

Considering the observed levels of exposure, Monte Carlo Simulation (MCS) determines the probability of 

ecological or health effects by analyzing the relationship between exposure frequency and environmental or health 

outcomes. It also characterizes the degree of uncertainty associated with the estimated risks. In this study, MCS was 

employed to examine factors contributing to the uncertainty around the anticipated risk and to quantify both risk and 

exposure. The simulation analysis was conducted using Microsoft Excel 2019 in conjunction with Oracle Crystal Ball 

software, version 11.1.2. 

Among children, the NO₂ levels at the 5th and 95th percentiles were 13 and 34, indicating medium risks. For 

adolescents, the levels were 102 and 223, suggesting high risks. The hazard quotients (HQs) for PM₂.₅, PM₁₀, and NO₂ 
were evaluated for both adolescents and children. The results of the MCS simulation demonstrated that the likelihood 

of cancer risk occurrence for children at the 5th and 95th percentiles for NO₂ was 13 and 34, respectively, indicating 

medium hazards. Elevated levels of NO₂, PM₁₀, and PM₂.₅ suggest a greater potential threat to both adult and pediatric 

health. As shown in the results, the sensitivity analysis for adults revealed that the duration of exposure (ED) was the 

most significant factor contributing to increased health risks in adolescents (26.4%). This was followed by concentration 

(C) at 18.3%, exposure frequency (EF) at 17.8%, and inhalation rate (IR) at 17.2%, according to the sensitivity chart. In 

contrast, for children, the highest contributions came from NO₂ concentration (C) and exposure frequency (EF) at 21.2%, 

followed by inhalation rate (IR) at 20.6%, and exposure duration (ED) at 17.6%. 

The elevated HQ values observed for children and adolescents throughout much of the year in Indonesia are largely 

attributed to dusty weather conditions, primarily resulting from traffic emissions. Additionally, monitoring was 

conducted in June, which is considered to have the windiest days of the year. Prevailing winds significantly influence 

the distribution of airborne particulate matter. Consequently, communities located near major roads and exposed to 

natural wind currents tend to accumulate more dust [19, 20]. This aligns with other studies indicating that gases and 

particulate matter tend to accumulate more in the surrounding air and on ground surfaces [62]. 

5. Conclusion  

The study’s findings clearly demonstrate that the concentrations of PM₁₀ and NO₂ are not reliable indicators of 

particle number concentrations. The relationship between PM₁₀, NO₂, and particle count varies throughout the day. A 

substantial correlation between particle number concentration and NO₂ is observed only at night and during the morning 

rush hour, whereas this relationship weakens considerably in the afternoon. The average hourly regression slope also 

fluctuates significantly over time, indicating a weak overall correlation between NO₂ and particle count. 

Similarly, the regression slope and correlation between PM₂.₅ and particle number concentration show that PM₂.₅ is 

a poor predictor of particle number. Moreover, NO₂ and PM₂.₅ pose significant health risks for adolescents, while PM₁₀ 
presents a higher risk for children. The relationship between PM₂.₅ and particle count is influenced solely by wind speed, 

whereas the relationship between NO₂ and particle count is affected by both wind speed and rainfall. 

The study’s results also suggest that effective control strategies for managing particle number concentrations should 

take into account current air quality guidelines, which are primarily based on mass concentrations of emissions. 
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