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Abstract

Air pollution is a major cause of chronic diseases and premature deaths globally and is creating a significant
challenge to the environment and public health in Bangladesh. Poor air quality can adversely affect people’s
physical and mental health; however, limited studies have quantified outdoor air pollutants in Rajshahi, one of the
divisional cities in Bangladesh. This study aims to investigate the air quality of high-risk areas, including busy
roads, marketplaces, a solid waste disposal site, and a brick kiln in Rajshahi city. To achieve this, the spatio-
temporal variability of particulate matter (PM10 PM2s, PMio), gaseous substances (HCHO, TVOC), temperature,
and humidity of four pollution-prone zones of Rajshahi city were considered. Additionally, Pearson correlation
and time series analysis were conducted to determine the Air Quality Index (AQI) and were compared with national
and global standards like BNAAQS, USEPA NAAQS, and WHO air quality guidelines (AQG). The measured
AQI (Ranged from 79 to 424) reveals a diverse range of air quality categories (“Moderate” to “Hazardous™)
according to USEPA NAAQS. Each and every one of the measured areas exceeded the limits of the WHO AQG,
among these, the brick kiln provided the highest AQI measured. Statistical analyses showed that PM1 o, PM;s and
PMj, levels of these locations are strongly correlated with one another. These findings indicate the necessity and
importance of proper planning and mitigation strategies for effectively addressing air pollution and protecting
public health because respiratory diseases, cardiovascular conditions, neurological effects, lung cancer, premature
mortality etc., are significant health hazards of polluted air.
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1 Introduction

Air pollution is undoubtedly one of the major environmental health challenges worldwide, causing approximately
7 million premature deaths each year and a variety of cardiovascular, chronic respiratory, neurological disorders
and many more. In South Asia, rapid urbanization and industrial expansion have increased ambient pollutant loads,
with fine particulate matter (PM2.s) concentrations frequently exceeding both national and World Health
Organization (WHO) guideline levels by two- to four-fold (Islam et al., 2024; Siddiqui et al., 2020). In Bangladesh,
brick kilns, vehicular emissions, biomass burning, unregulated industrial discharges etc. are the major sources of
air pollutants (Motalib et al., 2015; Khandker et al., 2022). Although policies such as the elimination of high
emission fuels and the promotion of compressed natural gas (CNG) for vehicles have brought about marginal
improvements, ambient PMa.s and PMo levels remain too high, particularly during the dry winter months (Rahman
et al., 2019; Khan et al., 2023). Additionally, seasonal fluctuations complicate Bangladesh’s air quality profile.
Studies in Dhaka and surrounding districts show peak PM:.s and PMio concentrations in winter (December—
February). However, the concentration level drops during the monsoon season (June—September) due to wet
deposition processes (Rahman et al., 2019; Nayeem et al., 2019; Hassan et al., 2022). Long-term data from 2002
to 2019 shows a 47% rise in annual mean PM..s, suggesting that the existing control measures are not adequate
(Hassan et al., 2022). High-risk groups, pregnant women, outdoor laborers, and the elderly people bear additional
burden of pollution-related morbidity and mortality (Hassan et al., 2022; Khan et al., 2023).

Despite this wealth of evidence from Bangladesh’s capital and its environs, divisional cities such as Rajshahi have
received scant attention. Limited monitoring in Rajshahi has reported annual PM2.s and PMio means of 158 pug/m?3
and 130 pg/ms3, 2.25 and 1.45 times the WHO thresholds, respectively with industrial zones and major road
intersections recording the highest levels (Majumder et al., 2024; Mahmud et al., 2024). However, these
assessments have neither resolved pollutant dynamics at fine temporal scales nor delineated hotspots within high-
risk microenvironments such as marketplaces, waste disposal sites, and brick kilns. Furthermore, multi-pollutant
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interactions, diurnal patterns, and the efficacy of prevailing national (BNAAQS) and international standards
(USEPA, WHO AQG) remain underexplored for Rajshahi’s unique combination of emission sources.

To address these gaps, this study conducts a comprehensive spatio-temporal analysis of air quality in four
pollution-prone zones of Rajshahi City busy thoroughfares, commercial hubs, solid waste sites, and brick kilns.
Continuous monitoring of particulate matters (PMi.o, PM2.s, PMio), gaseous pollutants (formaldehyde, TVOC),
temperature, and humidity illustrates the characterization of local Air Quality Index (AQI) profiles. We employed
Pearson correlation, principal component analysis, hierarchical cluster analysis, and time series modeling to
identify pollutant patterns, assess compliance with BNAAQS, USEPA NAAQS, and WHO AQG standards, and
rank areas by health risk. Unlike prior Rajshahi assessments that used sporadic or coarsely averaged measurements,
this study delivers continuous, QA/QC-adjusted, high-temporal-resolution monitoring across multiple
microenvironments and reports pollutant-specific AQI and source-indicative pollutant relationships to identify
localized hotspots and inform targeted mitigation. By elucidating the temporal peaks and inter-pollutant
relationships that drive hazardous AQI episodes, our findings aim to inform targeted mitigation strategies and
urban planning interventions for Rajshahi and comparable mid-sized cities in South Asia.

2 Study Area

This study focuses on air pollution characteristics over several places of Rajshahi city (24°07’ to 24°43’ North
latitude and 88°17’ to 88°58’ East longitude) including Saheb Bazar Zero Point (Busy Road), Monichattar
(Marketplace), City Hut in Naodapara (Solid waste disposal site), Ramchandrapur (Solid waste disposal site) and
Mashkatadighi (Brick kiln).

3 Methodology

This research process was structured into the following steps (Figure 1):
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Figure 1. Methodological skeleton of this study.

Air Quality Index (AQI) was calculated using the following formula

In—1
I = Il+ C:—C?l X (C_ Cl) (1)

Here,

I: Air Quality Index

C: Pollutant concentration

Ci: The concentration breakpoint that is lower than or equal to C

Ch: The concentration breakpoint that is greater than or equal to C

l;: The index breakpoint corresponding to C

I'h: The index breakpoint corresponding to Ch

Cy, Cn, I, Iy are from the US Environmental Protection Agency (EPA) Scale Converter Standards.

The monitoring was conducted from March to April using 9 in 1 MULTIFUNCTIONAL AIR QUALITY
MONITOR. Data were recorded at an interval of 1 hour. Calibration was conducted following the manufacturer's
guidelines. Principal Component Analysis (PCA) and regression modeling were used to identify likely emission
clusters and to quantify meteorological and site influences on pollutant concentrations. Input variables were hourly
mean concentrations of PM1.0, PM2.5, PM10 (ug/m3), HCHO, and TVOC (mg/m3), temperature (°C), humidity
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(%), and categorical site labels. Before analysis, the dataset was filtered to hours with complete measurements for
all variables; values below detection limits were set to half the DL, and very large outliers were removed using a
Hampel filter (5-minute window). Continuous variables were standardized (z-scores) before PCA. PCA was
performed using a correlation matrix; components were retained based on eigenvalues >1 and inspection of the
scree plot and cumulative explained variance (target >70%). Component loadings were interpreted to infer source
groups (e.g., combustion, dust, VOC emissions).

4 Results and Discussion

AQI was calculated separately for each pollutant, and the overall site AQI at each timestamp was taken as the
maximum (dominant pollutant) among those pollutant-specific AQIs.

4.1 Assessment Against Local and International Standards

BNAAQS, US EPA NAAQS, and WHO are the standards that have been taken as reference in this study, and the
collected data of the study areas are benchmarked against them. The AQI category with its corresponding color
code of respective standards is illustrated in Table 1.

Table 1. AQI category and color code corresponding to Local and International Standards.

Location BNAAQS US EPA NAAQS WHO
Zero Point Limit Exceeded
Monichattar Limit Exceeded
City hut, Noadapara (Solid waste disposal) Unhealthy Limit Exceeded
Ramchandrapur (Solid waste disposal) Limit Exceeded
Mashkatadighi (Brick kiln) Limit Exceeded

4.2 Pearson Product-Moment Correlation Coefficient and Principal Component Analysis

To find out any potential for having a significant relation among the pollutants, temperature, and humidity,
Pearson’s correlation test was performed. The results are provided in Table 2.

Table 2. Pearson correlation coefficient of different parameters

PM2.5 PM10 PM1.0 HCHO TVOC Temp. Humidity
PM2.5 1
PM10 0.99 1
PM1.0 0.97 0.98 1
HCHO -0.15 -0.12 -0.1 1
TVvOC -0.45 -04 -0.34 0.82 1
Temp. 0.46 0.47 0.44 -0.12 -0.36 1
Humidity 0.25 0.19 0.14 -0.42 -0.54 -0.38 1

Despite the increasing number of studies on Air Pollution and AQI, the efforts put into air quality studies in a
major city such as Rajshahi are still lacking. In this paper, several critical places of Rajshahi city have been selected,
and data collected from these areas are put into tests and analysis to figure out the current conditions of air quality
in this city. The assessment against reference standards shows that all the areas of this study exceed the limits of
WHO and are in the ‘Unhealthy’ to ‘Extremely Unhealthy’ or ‘Hazardous’ category. Pearson’s correlation analysis
shows a statistically significant relation among PM_s, PM1g, and PM3 o, which indicates that the source of these
pollutants might be similar. These results signify the necessity of studying air conditions in these areas and fill out
the gaps that previous studies had.

PCA (figure 2) separated the dataset into two dominant signatures: a particulate cluster (Component 1;
PM1.0/PM2.5/PM10; 72% variance) associated with combustion and fugitive dust, and a VOC cluster (Component
2; TVOC/HCHO; 16% variance) associated with volatile emissions and secondary VOC processes. Component 1
scores identify Mashkatadighi (brick kiln) as the primary hotspot for particulate pollution, while Component 2
highlights marketplaces and waste sites for VOC presence. Multiple linear regression indicates Mashkatadighi
contributes the largest incremental PM2.5 burden (=+160 pg/m3 above Zero point) after accounting for
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temperature and humidity, with temperature and humidity also positively associated with PM2.5. These results
strengthen source attribution: brick-kiln operations drive extreme PM episodes, while waste sites and market
activity contribute VOCs and moderate particulate loads.

0.6 1 Humidity
0.4 1
T 02
>
R
@
R /PM: 5
~ 00 p=FM10
= N o PM10
w
c
(o]
(o5
E
(] —0.2 1
—0.41 Temperature
oC
CHO
_06 .
-0.2 0.0 0.2 0.4 0.6

Component 1 (48.2% var)
Figure 2. PCA Loading Plot.

4.2 Spatial and Temporal Variation of AQI

Figure 3 shows the vulnerable condition of the Brick kiln area and the potential air pollution due to this. The solid
waste management site of City Hut is in better condition than Ramchonropur.

Temporal variation of AQI of Saheb Bazzar (Figure 4) and Monichattor (Figure 5) shows fluctuations of different
indices over time. All of them show positive trends.
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Figure 3. Spatial illustration of Air Quality Indices of study areas.
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Figure 4. Temporal Variation of Air Quality Indices of Saheb Bazar Zero Point
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Figure 5. Temporal Variation of Air Quality Indices of Monichattar
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5 Conclusion

The assessment of air quality across five distinct sites indicates pervasive exceedance of national and international
standards. Every location, starting from urban waste-disposal hotspots to brick-kiln vicinities, registered “Very
Unhealthy” to “Hazardous” AQI under BNAAQS and US EPA guidelines, with no site meeting WHO guidelines
at all. Mashkatadighi, influenced by brick-kiln emissions, emerged as the most critical, falling into the “Extremely
Unhealthy” (local) and “Hazardous” (US EPA) categories, implying severe health risks zone. Strong positive
correlations among PM2.5, PM10, and PM1.0 (r = 0.97-0.99) shows their potential shared emission pathways,
likely from combustion and fugitive dust sources nearby. In contrast, particulate metrics showed negligible or
slightly negative associations with HCHO and TVOC, while HCHO and TVOC themselves correlated strongly (r
= 0.82), pointing to common volatile organic emission sources and secondary formation processes. Temperature
exhibited moderate positive links with particulate concentrations (r is approximately 0.45), whereas humidity
correlated positively with PM but inversely with VOCs (r = —0.42 to —0.54). These patterns suggest moisture-
driven particle scavenging and humidity-induced attenuation of volatile organic species. Diurnal trends revealed a
progressive build-up of PM and VOC levels from 09:00 to 17:00, reflecting cumulative emissions and evolving
atmospheric chemistry under daytime heating. Together, these findings highlight the necessity for targeted
emission controls, particularly at waste-management and brick-kiln operations, and for integrating meteorology
into air-quality management strategies to protect public health in rapidly urbanizing regions.

There were some limitations to this study. First, the dataset was relatively small, and the air quality monitoring
device used to collect the data was collected had the following ranges: AQI (0-500), PM_s (0-999 ug/m3), HCHO
(0.001-1.999 mg/m3), TVOC (0.001-9.999 mg/m?3). Integration of satellite aerosol products (AOD) with ground
monitors via statistical fusion to create high-resolution PM2.5 maps is a future scope.
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