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Abstract

Rajshahi Division in Bangladesh faces significant air pollution during the dry season (November to April), with
PM2.5 levels often surpassing WHO guidelines and national standards. Despite its green cover, the region's air
quality deteriorates largely due to transboundary pollution from neighboring Indian states. India’s coal-based
power generation and industrial emissions contribute to particulate matter drifting across borders, impacting
Rajshahi’s atmosphere. This study examines the cross-border movement of PM2.5 and its influence on
Rajshahi’s air quality. The air quality data for the year 2024 is taken into consideration. Using the HYSPLIT-5.3
model, 48 hours backward air mass trajectories were analyzed and grouped into six clusters. Results show that
during the dry season, pollutants predominantly arrive from northern and northwestern India, including border
areas near Nepal and Pakistan, as well as eastern Indian states adjacent to Bangladesh. In contrast, the wet season
sees fewer pollutants, mainly from southern marine airflows. Understanding these pollution pathways is crucial
for local policymakers to develop targeted air quality management strategies. This research emphasizes the need
for regional cooperation to mitigate transboundary air pollution affecting Rajshahi Division.

Keywords: Transboundary PM2.5 pollution; Air quality assessment; Seasonal pollution patterns; HYSPLIT
backward trajectory analysis

1 Introduction

Air pollution remains a significant threat in South Asia, with Bangladesh among the countries experiencing
critically high exposure to fine particulate matter (PM2.5), responsible for severe public health impacts and
reduced life expectancy. Although cities like Dhaka consistently record the highest PM2.5 levels, Rajshahi, a
major urban center in northwestern Bangladesh, has traditionally maintained better air quality compared to cities
like Dhaka or Chattogram due to its lower industrial activity and traffic density. However, in recent years,
particularly during the dry season (October to February), Rajshahi has experienced episodic spikes in fine
particulate matter (PM2.5), often exceeding national air quality standards These events are frequently
synchronized with the widespread biomass burning in the Indo-Gangetic Plain (IGP), particularly in northern
India, indicating a strong transboundary influence on air quality (Biswas et al., 2002; Rahman et al., 2016). A
growing body of evidence suggests that during these high-pollution episodes, a substantial fraction of PM2.5 in
Rajshahi does not originate from local sources but is instead transported via long-range atmospheric flows from
across the Indian border (Wagle & de Foy, 2025). One of the major causes of elevated wintertime PM2.5 in
Rajshahi is believed to be transboundary transport of air pollutants, especially from the Indo-Gangetic Plain,
where crop residue burning, coal combustion, and vehicular emissions contribute significantly to regional haze.
The fine particulate pollutants are carried by prevailing northwesterly winds into northwestern Bangladesh,
including Rajshahi (Basak et al., 2025; Khatun et al., 2025). One of the most effective tools for identifying the
origins and pathways of air pollution is backward trajectory analysis, which tracks the movement of air parcels
arriving at a location (Stohl, 1998). By using atmospheric trajectory models, researchers can estimate the
geographical sources and potential pollutant transport pathways influencing receptor sites. This approach has
been applied successfully in various studies across Asia and Europe (Dihan et al., 2020; Khatun et al., 2025).
Therefore, this study uses the HYSPLIT 5.3 model to perform 48-hour backward trajectory analysis of air masses
arriving in Rajshahi during high-PM2.5 episodes in the dry season. Unlike longer trajectory durations, the 48-
hour period provides higher resolution for recent emission source identification, particularly for short-lived
pollution events. This research aims to strengthen the understanding of transboundary pollution dynamics in
Rajshahi by identifying upwind pollution sources and estimating their contribution to local air quality. Such
evidence is essential for future regional collaborations and for developing targeted air pollution control strategies
in both national and transnational contexts.
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2 Materials and Methods

2.1 Study Area

Rajshahi, located in the northwestern part of Bangladesh at approximately 24.4° N, 88.6° E, lies on the alluvial
plains of the Padma River at an elevation of around 18-23 m above sea level (Majumder et al., 2024). Although
historically promoted for its relatively clean air, recent field measurements during March 2021 across 40 sites
within the city show that average PM2.5concentrations reached 56 ng/m* approximately 2.25 times the WHO
guideline. Meteorologically, Rajshahi experiences low rainfall, high solar radiation, and frequent temperature
inversions during the dry season (November—April), which limit pollutant dispersion and promote accumulation
of fine particles (Islam, 2021). Its geographic proximity to the Indo-Gangetic Plain, coupled with prevailing
northwesterly winds during these months, makes it particularly susceptible to transboundary PM2.5 transport
from burning events and emissions in northern India and Nepal (Dihan et al., 2023). The study area is shown in

Figure 1.
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Figure 1: Study area map

2.2 Backward Trajectories and Cluster Analysis

To trace the origin and movement of air masses reaching Bangladesh, the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model version 5.3 was employed. This atmospheric transport model integrates
Lagrangian and Eulerian approaches, making it highly suitable for calculating backward trajectories and
identifying the likely source regions of airborne pollutants (Stein et al., 2015). For this study, 48-hour backward
air mass trajectories were computed for both dry and wet seasons for the year 2024. The simulations were run
using the Global Data Assimilation System (GDAS1) meteorological dataset, with a spatial resolution of 1°,
provided by the National Oceanic and Atmospheric Administration (NOAA) (Draxler & Hess, 1997). The input
data included parameters such as wind vectors, temperature, relative humidity, and cloud cover. Trajectories
were initialized from a height of 100 meters above ground level at four synoptic times daily (00, 06, 12, and 18
UTC). To interpret the large volume of trajectory data, a cluster analysis was conducted. This involved grouping
the trajectories based on their angular deviation from the origin point using an angle distance matrix. This
technique helps identify dominant transport pathways and distinguish between air masses originating from
different directions (Su et al., 2015).

3 Results and Discussion
The backward trajectory analysis using the HYSPLIT 5.3 model and cluster analysis provided insight into the
long-range transport pathways of air masses reaching Rajshahi during the year 2024. A total of 48-hour

backward trajectories were calculated for both dry and wet seasons and grouped into six distinct clusters to
identify predominant source directions and seasonal variation.

1389



M. S. Khatun, M. S. Jamal, T. A. Lamia, M. S. S. Chowdhury, M. E. H. Emon, & S. A. Rahman

ICCEI 2025
Cluster means - Standard Cluster means - Standard
721 backward trajectories 720 backward traj_ectones

GDAS Meteorological Data GDAS Meteorological Data
i W )
3 3
3 3
= =z o

q(11% H( 8%)

b= e 28 3 2
g 3 28
= = 76 783 (26%I-2 ( 16% H‘lO% 86 90 9

0 5(31Y
2 g (‘-
3 3 6( 9%)
W w 24
November December
Cluster means - Standard Cluster means - Standard
745 backward trajectories 697 backward trajectories
GDAS Meteorological Data GDAS Meteorological Data
w w
[=] [=)
(&=} w
) . o -
) 30 <) 30
=z z
g i 30 85 90 95 00 o 20“’@. - o0 or )
3 3(29%) 27 AN 3(19%)3 (7% 6(\a%)
= (19%) 25 =
6 ( 6%)
3 5 2( 1%
gl B 3
15
January February
Cluster means - Standard Cluster means - Standard
744 backward trajectories 720 backward trajectories
GDAS Meteorological Data GDAS Meteorological Data
w w
3 3
E 3 :
z Z .
S 0] = 5
% 3
- " 4.(24%)
[ ©
&[5
3 3 B ( 6%) 20
[} »n \
March April

Figure 2: Mean backward air mass trajectories during dry season

Figure 2 shows mean backward air mass trajectories for dry season of 2024 over Rajshahi clustered using the
HYSPLIT model. Each line represents a cluster pathway, showing percentage frequency and direction. Data
source: GDAS meteorological dataset. Clusters predominantly originated from northwestern and northern India,
including regions bordering Nepal and Pakistan. The dominant clusters during this period were CL-1, CL-2, and
CL-3. These long-range transported air masses carried high pollutant loads from biomass burning, coal
combustion, and industrial emissions prevalent in the Indo-Gangetic Plain. the proportion of trajectories linked to
clusters CL-1 and CL-2 reached nearly 65-78%, suggesting sustained transboundary pollution from Indian
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states. April marks a transition month, where CL-4 becomes dominant, reflecting a shift in atmospheric

circulation before the onset of the monsoon.
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Figure 3: Mean backward air mass trajectories during wet season

Figure 3 illustrates the clustered backward air mass trajectories that arrived at Rajshahi during the wet season
(May to October 2024). While several clusters originate from inland regions of India such as Jharkhand, Uttar
Pradesh, and central India most of the trajectories pass through the Bay of Bengal before reaching Rajshahi. This
marine passage plays a critical role in cleansing the air masses, as the moisture-laden marine environment helps
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reduce pollutant concentrations through wet deposition and atmospheric dilution. Cluster 3 (29%) and Cluster 1
(24%) originate from northern and eastern India but curve over the Bay, while Cluster 4 (24%) and Cluster 5
(8%) travel from the southwest, directly crossing marine areas. Cluster 6 (6%) also follows a longer marine
route. Even though the starting points are in polluted zones, the marine transit likely reduces the pollution load
before these air masses arrive in Bangladesh. This explains why PM2.5 concentrations are generally lower in the
wet season despite some air masses still having continental origins.
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Figure 4: Percent of clusters for the trajectories Figure 5: Percent of clusters for the trajectories
associated with different months during the dry season  associated with different months during the wet season

Figure 4 shows how the different air mass clusters appeared during each month of the dry season (November to
April). In the early dry months November, December, January, and February, the air masses were mostly from
Cluster 1 and Cluster 2, which came from the north and northwest, where pollution levels are typically high due
to industrial emissions, crop residue burning, and dry weather. These months saw the highest influence of
polluted air coming from inland India. However, by March and April, the pattern starts to shift. Cluster 4, which
represents air masses coming from the south and over the Bay of Bengal, becomes more frequent. This shows
that by late dry season, the atmosphere begins to transition, and cleaner marine air starts to play a greater role in
improving air quality.

Figure 5 presents the cluster distribution from May to October, the wet season. During this time, the majority of
air masses came from Cluster 4 and Cluster 5, which follow routes over the Bay of Bengal. These marine
airflows are typically clean and moist, helping reduce pollution levels through rainfall and dispersion. This
pattern was especially dominant in May, June, and October. In July and August, however, Cluster 2 which comes
from inland India became more noticeable again, indicating a short return of continental influences even during
the rainy season. Overall, this figure highlights how the wet season is generally dominated by clean marine air,
but occasionally sees inland air returning during drier breaks in the monsoon. The route and directional patterns
of air masses linked to each cluster are detailed in Table 1 and Table 2.

Table 1: Path Directions of the Six Clusters During the Dry Season (2024)

Cluster ID Primary Path Direction Description

Very short-distance trajectories originating near the

CL-1 North, Northwest Bangladesh-India border.
CL-2 Northwest (India: Uttar Pradesh, Medium-distance transport from Indo-Gangetic

Bihar) regions.

Northwest (India-Pakistan border Longest-distance air mass transport carrying high

CL-3 :

region) PM2.5.
CL-4 South-Southwest (Bay of Bengal) Medium-range marine air Wlth lower pollutant

concentrations.
CL-5 South (Bay of Bengal) Short marine pathways; generally cleaner airflow.
CL-6 Southwest (Eastern Indian States, Mixed origin transitional between marine and inland
e.g., West Bengal) continental sources.
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Table 2: Path Directions of the Six Clusters During the Wet Season (2024)
Cluster ID Primary Path Direction Description
CL-1 Southeast (within or near southern Bangladesh) Short-distance local trajectories.

Moderate-distance transport during brief

CL-2 Northwest (India: Jharkhand, West Bengal) .

dry spells in wet season.
CL-3 South-Southwest (Bay of Bengal) Medium-range marine air trajectories.
CL-4 South-Southeast (Bay of Bengal) Medium-range marine pathways

relatively clean airflow.
Southwest (Bay of Bengal to Bangladesh

CL-5 mainland)

Long marine transport paths.

Transitional or residual inland flows

CL-6 Mixed or variable directions . . o
under variable meteorological conditions.

4 Conclusion

This study highlights the significant impact of transboundary air pollution levels in Rajshahi, Bangladesh. Backward
trajectory and cluster analysis conducted using the HYSPLIT model revealed that, particularly during the dry season, a
substantial portion of air masses originated from highly polluted industrial and agricultural regions in northern and
northwestern India. These incoming airflows, carrying fine particulate matter and other pollutants, contribute directly to
elevated PM2.5 concentrations in Rajshahi. In contrast, during the wet season, the dominant air masses primarily traveled
over the Bay of Bengal before reaching the region. This pathway introduces cleaner marine air and, combined with frequent
rainfall, facilitates wet deposition of pollutants, resulting in noticeably lower PM2.5 levels. The pronounced seasonal shift in
air mass origins demonstrates the dynamic nature of atmospheric transport and its strong influence on local air quality
patterns. These findings highlight the necessity of coordinated regional efforts to manage air pollution in South Asia.
Implementing integrated policies and cross-border mitigation strategies is especially critical during the dry season, when
long-range transport intensifies pollution episodes, posing the greatest risks to public health and the environment.
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