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A B S T R A C T

This study investigated the ramifications of black carbon (BC) emissions on human health during 
the winter season of December 2019 to February 2020 in Dhaka, Bangladesh. BC, arising from 
incomplete combustion of fossil and biofuels, underwent meticulous measurement of densities, 
concentrations, and emissions at two pivotal sites. Employing low-volume air samplers with 
Quartz filters and subsequent analysis with an Aethalometer (Soot scanner, OT21, USA), the study 
unveiled monthly average BC densities of 1.64 μg cm− 2, concentrations of 4.99 μg m− 3, and 
emissions of 0.038 μg J− 1. Health risk assessments revealed higher cancer risks (CRs) at Site-1 
(children: 2.82 × 10− 4 and adult: 4.72 × 10− 4) compared to Site-2 (children: 2.56 × 10− 4 and 
adult: 4.30 × 10− 4). Hazard quotients (HQs) averaged 0.29 for children and 0.19 for adults in 
Dhaka. BC exposure escalated relative risks (RR) for all-cause mortality (RR = 1.136), cardio-
vascular mortality (RR = 1.169), and respiratory mortality (RR = 1.277). These findings un-
derscore the substantial implications of BC’s influence, particularly in a nation like Bangladesh, 
and furnish invaluable insights into aerosol characteristics and emission sources in South Asia, 
facilitating the formulation of emission inventories.

1. Introduction

Black carbon (BC) stands as a unique aerosol species with the distinctive property of absorbing visible and near-infrared light, 
enabling its direct mass measurement. BC reflects not only incoming solar radiation, diminishing surface solar energy but also absorbs 
solar radiation and scatters sunlight, particularly when present above clouds alongside other absorbing aerosols [1]. Although BC 
comprises a relatively small fraction of urban air particles by mass, its nanoscale dimensions facilitate easy penetration into human 
lung tissue, leading to significant health concerns, including oxidative stress and respiratory irritation, as documented in various 
studies [2]. BC exhibits stronger associations with adverse health effects in contrast to fine particulate matter (PM2.5) and coarse 
particulate matter (PM10), as demonstrated by multiple studies [3]. In 2012, the International Agency for Research on Cancer (IARC) 
categorized soot, which is frequently used interchangeably with BC, as a Group 1 carcinogen for humans [4]. Additionally, BC plays a 
substantial role in varying the Earth’s climate as a climate-forcing agent generated through the incomplete combustion of fossil fuels, 
biofuels, and biomass, with emissions stemming from both human activities and natural sources [5]. In the Earth’s troposphere, BC 
serves as a significant factor in trapping heat by absorbing incoming shortwave solar radiation and concurrently capturing outgoing 
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terrestrial longwave radiation. This phenomenon positions BC as the second most substantial human-made contributor to global 
warming, accounting for roughly 55 % of the radiative forcing caused by CO2 and nearly twice that of methane [6]. Nonetheless, BC’s 
impact on climate is complex due to its composition, which incorporates elements that possess cooling properties, such as organic 
carbon and sulfates [7].

While various theories and models have been developed to assess BC’s climate impacts [7–9], and research documenting the health 
effects of BC has been published [10], there remains a compelling need for a comprehensive and systematic evaluation of the health 
and climate benefits derived from controlling BC particles.

In the context of Bangladesh, BC emissions pose a significant challenge driven by factors such as uncontrolled biomass and fossil 
fuel burning, inadequate vehicle maintenance, unplanned industrialization, and transboundary air pollution [11–17]. Dhaka, the 
capital and economic nucleus of Bangladesh, grapples with heightened BC emissions stemming from extensive fuel combustion for 
transportation, industry, and energy demands. The escalating daily mean BC concentration in Dhaka surpasses recommended 
guidelines, resulting in substantial public health risks and exacerbating regional climate change.

The aims of this study encompass a multifaceted approach, including the determination of BC density, concentration, and emis-
sions; conducting correlation analyses to explore the relationships between BC concentrations and levels of CO2, PM2.5, humidity, and 
temperature; performing backward air mass trajectory analyses to elucidate potential sources of BC; conducting health risk assess-
ments that encompass both carcinogenic and chronic non-carcinogenic effects; and estimating relative risks (RR) associated with 
cause-specific mortality attributed to BC exposure. Our research endeavors to provide quantitative insights into the public health 
implications of BC exposure, underscoring the essential need for integrated methodologies that take into account BC’s health effects to 
address pertinent policy inquiries concerning BC exposure.

2. Methodology

2.1. Meteorology of sampling locations (dhaka, Bangladesh)

Bangladesh experiences a climate marked by elevated temperatures and high humidity, featuring well-defined seasonal fluctua-
tions in rainfall. Climatically, it can be categorized into four distinct seasons: winter (December–February), pre-monsoon 

Fig. 1. Sampling sites for the evaluation of black carbon during the winter season in Dhaka. Site-1: Mukarram Bhaban, University of Dhaka, Site-2: 
Tamanna Park, Mirpur − 1, Control Site: Botanical Garden, Mirpur-1.
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(March–May), monsoon (June–August), and post-monsoon (September-November) [18]. In Dhaka city, the prevailing wind direction 
primarily originates from the West and South-West during the pre-monsoon season, shifting to the North and North-West during the 
winter [14]. The designated sampling locations include: (i) Site-1: Mukarram Bhaban, University of Dhaka (Latitude 23.7281◦ North, 
Longitude 90.3985◦ East), situated within the Dhaka South City Corporation, (ii) Site-2: Tamanna Park, Mirpur − 1 (Latitude 23.8199◦

North, Longitude 90.3393◦ East) is situated in Dhaka North City Corporation and (iii) Control Site: Botanical Garden, Mirpur-1 
(Latitude 23.8127◦ North, Longitude 90.3476◦ East) is also situated in Dhaka North City Corporation. Site-1 and Site-2 were 
selected as primary study locations due to their representation of significant anthropogenic and traffic-related activities within Dhaka 
South City Corporation and Dhaka North City Corporation, respectively, making them ideal for assessing urban BC pollution levels. The 
Control Site was chosen for its comparatively lower pollution levels, serving as a baseline for comparative analysis (Fig. 1).

2.2. Sampling procedure

A total of fourteen samples were collected in this study. Monthly, two samples were gathered from both Site-1 and Site-2 during the 
winter season spanning from December 2019 to February 2020. Additionally, two samples were collected from the Control Site in 
January 2020. A low-volume air sampler (BK G2, 5 krom//Schroder, ELSTER gastechnic) was used to collect PM2.5 particles on Quartz 
filters (Gelman, Membrane Filters, 47 mm diameter). The PM sampler was programmed to collect PM2.5 samples, each spanning a 2-h 
sampling period. All blank filter papers underwent heating at approximately 800 ◦C for approximately 3 h to minimize background 
levels of organic species on the filters and were subsequently placed in a desiccator for an additional 3 h for conditioning. The filter 
papers were carefully preserved in clean polyethylene Petri dishes until they were ready for field measurements. PM2.5 concentrations 
were determined by measuring the difference between the loaded and blank filter papers using a digital balance. The loaded Quartz 
filter papers were stored and frozen in a refrigerator at 4 ◦C until analysis to reduce the potential loss of volatile components.

2.3. Attenuation measurement

To assess the attenuation, the measurement of light transmission through the filter containing the sample was employed. The 
attenuation coefficient, derived from the rate of attenuation change over time, was subsequently converted into the absorption co-
efficient, enabling the computation of the mass-equivalent BC concentration, as described by Pavel et al. [12]. The Aethalometer 
provided two readings at different wavelengths: one for the sample quartz filter and the other for the blank quartz filter. Specifically, 
the Aethalometer provided infrared (IR) readings at 880 nm and ultraviolet (UV) readings at 370 nm for both the blank filter and the 
sample filter. The attenuation coefficient (ATN) was calculated using the following formula [eq. (1)]: 

ATN=100 × ln(Blanktransmission / Sample transmission) ………. (1) 

Here, ATN represents the Attenuation Factor.
This equation was employed to determine the attenuation factor for BC measurement after sampling. The ATN1, attenuation factor 

before heat treatment, was measured using this approach. Subsequently, the sample filter was heated at 340◦ for 3 h. After cooling, the 
sample filter was reintroduced into the Aethalometer, and IR readings at 880 nm were obtained for both the blank filter and the sample 
filter [19]. Using these values, ATN2, the attenuation factor after heat treatment, was calculated following the previously mentioned 
equation.

2.4. Determination of the densities, concentrations, and emissions of black carbon (BC)

The determination of Black Carbon (BC) parameters, including density, concentration, and emission, was carried out using 
Aethalometer readings at 880 nm, and the following equations, which are based on the recommendations from ARCADIS, USA.

2.4.1. Density
BC densities (δ) were calculated using the ATN value at 880 nm with the following equation [eq. (2)] [20,21]: 

δ=
ATN1– ATN2

σATN
……… (2) 

Here, δ represents BC density in μg cm− 2, σATN stands for the specific attenuation coefficient in cm2 μg− 1 (with a value of 16.6 cm2 

μg− 1 [ARCADIS]), ATN1 refers to the attenuation of the sample before heat treatment, and ATN2 refers to the attenuation of the sample 
after heat treatment.

2.4.2. Concentration
BC concentrations (Cd) were calculated from the densities of BC using the following equation [eq. (3)] [20,21]: 

Cd =
δ × A
Vms

……… (3) 

Here, Cd represents the measured BC concentration in μg m− 3, A represents the collection area of the filter in cm2 (with a value of 14.5 
cm2, where the diameter of the quartz filter is 4.3 cm), and Vms represents the volume of air during sampling from the dry gas meter in 
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m³.

2.4.3. Emission
BC emission (E) were calculated from the BC concentration using the following equation [eq. (4)] [20,21]: 

E=
Fc × Cd × 100%

% CO2
……… (4) 

Here, E represents carbon emission in μg J⁻1, Fc represents the carbon-based F factor (with a value of 4.84 × 10− 6 m3 J⁻1), Cd represents 
the measured BC concentration in μg m− 3, and % CO2 represents the percentage concentration of carbon dioxide at the sampling site 
(0.0678 % at Site-1, 0.0651 % at Site-2, and 0.0553 % at the Control Site). Concentrations of CO2 were measured using the "AER-
OQUAL 500 SERIES" in ppm units and then converted to percentage concentration.

2.5. Correlation of BC with CO2, PM2.5, humidity and temperature in dhaka, Bangladesh

Pearson’s correlations were performed to study the correlation of BC with CO2, PM2.5, Humidity, and Temperature, which predicts 
the linear relationship of BC with CO2, PM2.5, Humidity, and Temperature. For the correlation study, concentrations of CO2 were 
measured by AEROQUAL 500 SERIES, and concentrations of PM2.5, Humidity, and Temperature were measured by IGERESS Air 
Quality Monitor (Model No: WP6930S, China).

2.6. Backward air mass trajectories analysis in dhaka, Bangladesh

Backward air-mass trajectories that extended over Dhaka, Bangladesh, at altitudes of 500, 1000, and 2000 m above ground level 
were computed for a duration of 120 h throughout the winter season, spanning from December 2019 to February 2020. These cal-
culations were performed utilizing the National Oceanic and Atmospheric Administration (NOAA) Hybrid Single-Particle Lagrangian 
Trajectory (HYSPLIT) model [14].

2.7. Health risk assessment of BC

The potential dose for the exposed population based on external atmospheric air pollutant exposure levels was calculated. To assess 
both cancer and non-cancer risks, we utilized the following equation [eq. (5)] for the chronic daily intake (CDI) (mg kg− 1 day− 1) CDI 
calculations [22]: 

CDI=
C × IR × EF × ED

BW × AT
……… (5) 

Where: C represents the mean BC concentration (mg m− 3), IR indicates the inhalation rate (m3 day− 1), EF indicates exposure 
frequency (days year− 1), ED stands for exposure duration (years), BW represents body weight (kg), and AT signifies averaging time 
(days) (Table 1).

Risk characterization involved quantitatively estimating the cancer probability risk of BC exposure by utilizing the cancer slope 
factor (CSF) derived from the OEHHA dataset. The reference concentration (RfC) and CSF values derived from OEHHA reports in 1998 
and 2016, were determined to be 5 × 10− 3 mg m− 3 and 1.1 (mg kg− 1 day− 1), respectively [23]. The cancer risk (CR) estimation was 
carried out using the following equation [eq. (6)]: 

CR=CDI × CSF ……… (6) 

To evaluate non-cancer risks, we computed the Hazard Quotient (HQ) of BC exposure using RfC. HQ is defined as the ratio of the 
estimated exposure level to the reference dose for toxicity of the specific contaminant. An HQ value below one implies that the exposed 
population is unlikely to experience adverse non-cancer effects. The formula is expressed as follows [eq. (7)]: 

HQ=
CDI
RfC

……… (7) 

In our investigation, we adopted a reference dose for inhalation toxicity of diesel exhaust particulate, which served as a proxy for BC, 
set at 5 × 10− 3 mg m− 3 [25].

Table-1 
Input data for health risk assessment for different age [24].

Factors Children (6–12 year) Adult (21–70 year)

IR (m3/day) 13.5 16
EF (days) 350 350
ED (years) 12 30
BW (kg) 45.3 80
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2.8. Estimating the relative risk (RR) of cause-specific mortality of BC

To estimate the relative risk (RR) of BC-related cause-specific mortality, we applied a previously established prediction model, as 
outlined in previous studies [26,27]. The RR calculation is represented by the formula [eq. (8)]: 

RR= exp (β (Cn − Co)) ……… (8) 

In this equation, Cn represents the mean BC concentrations during the exposure time, Co stands for the mean BC concentrations in a 
designated baseline period, and β represents the risk coefficient associated with BC exposure and mortality.

Previous research, as documented in a systematic review [3], estimated the following values for these parameters: 0.014 (95 % CI: 
0.013, 0.016) for all-cause mortality, 0.018 (95 % CI: 0.011, 0.031) for cardiovascular mortality, and 0.027 (95 % CI: 0.001, 0.054) for 
respiratory mortality. For our analysis, we considered the average BC concentration during the winter period (January 2020) at the 
Botanical Garden (Control Site) as the baseline due to its relatively low level, which measured at 1.33 μg m− 3. To assess the 
cause-specific mortality risk attributed to BC, we examined the winter season (December 2019–February 2020) as the exposure period 
for both Site-1 and Site-2.

3. Results and discussion

3.1. Determination of densities of black carbon (BC)

Fig. 2 illustrates the variation in BC densities in two sampling sites. In Site-1, the highest density of BC (3.71 μg cm− 2) was found in 
January 29, 2020 and the lowest density of BC (0.74 μg cm− 2) was found in February 12, 2020. Conversely, in Site-2 the highest density 
of BC (3.06 μg cm− 2) was found in January 27, 2020 and the lowest density of BC (0.57 μg cm− 2) was found in February 15, 2020. In 
Site-1, monthly average densities of BC in December 2019, January 2020 and February 2020 were found 1.01 μg cm− 2, 2.98 μg cm− 2 

and 1.24 μg cm− 2 respectively. Monthly average densities of BC in Site-1, follow the sequence as – January 2020 > February 2020 >
December 2019. In Site-2, monthly average densities of BC in December-2019, January-2020 and February- 2020 were found 0.88 μg 
cm− 2, 2.82 μg cm− 2 and 0.93 μg cm− 2 respectively. Monthly average densities of BC in Site-2, follow the sequence as – January 2020 >
February 2020 > December 2019. Between Site-1 and Site-2, the highest monthly average density of BC (2.98 μg cm− 2) was found in 
January 2020 at Site-1 and the lowest monthly average density of BC (0.88 μg cm− 2) was found in December 2019 at Site-2 (0.88 μg 
cm− 2).

3.2. Determination of concentrations of black carbon (BC)

The monthly average concentrations of BC in Dhaka were found highest in January 2020 and lowest in December 2019. Between 
Site-1 and Site-2, the highest monthly average concentration of BC (8.94 μg m− 3) was found in January 2020 at Site-1, and the lowest 
monthly average density of BC (2.54 μg m− 3) was found in December 2019 at Site-2.

In Site-1, the highest recorded BC concentration was 11.18 μg m− 3, observed on January 29, 2020, while the lowest BC concen-
tration of 2.16 μg m− 3 was documented on December 4, 2019. Conversely, at Site-2, the highest BC concentration of 9.76 μg m− 3 was 
noted on January 27, 2020, with the lowest concentration of 1.68 μg m− 3 recorded on December 15, 2019. Fig. 3 illustrates the 
monthly average BC concentrations for both Site-1 and Site-2. For Site-1, the monthly average BC concentrations in December 2019, 
January 2020, and February 2020 were 2.96 μg m− 3, 8.94 μg m− 3, and 3.77 μg m− 3, respectively, following the sequence of January 
2020 > February 2020 > December 2019. Meanwhile, at Site-2, the monthly average BC concentrations in December 2019, January 
2020, and February 2020 were 2.54 μg m− 3, 8.81 μg m− 3, and 2.92 μg m− 3, respectively. Monthly average concentrations of BC in Site- 

Fig. 2. Densities of BC in two sampling sites (Left panel: Site-1; Right panel: Site-2). Site-1: Mukarram Bhaban, University of Dhaka; Site-2: 
Tamanna Park, Mirpur − 1.
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2, follow the sequence as – January 2020 > February 2020 > December 2019 (Fig. 3).
The observed BC levels in this study are influenced by emissions from key sources, including biomass burning, traffic emissions, and 

coal combustion. Previous studies using dual carbon isotope analysis (δ1³C and Δ1⁴C) have identified these sources as the dominant 
contributors to BC in Dhaka during the high-loading winter period [28]. These emission sources, combined with local meteorological 
conditions, significantly influence the temporal variations in BC concentrations observed in this study. Among these meteorological 
factors, the atmospheric boundary layer (ABL) height plays a critical role in governing pollutant dispersion and accumulation. A 
shallow ABL during nighttime and early morning restricts vertical mixing, exacerbating the accumulation of emissions from biomass 
burning, traffic, and coal combustion near the surface [29]. This effect is more pronounced during winter, when atmospheric stability 
is heightened, leading to the peak BC levels observed in January 2020 in this study.

BC concentration was compared with previous studies and found that our results were comparable to those in China [30], but 
higher than those in the United Kingdom [31] and Mexico [32]. However, wintertime BC concentration in India [33] was found to be 
significantly higher than in our study (Table 2).

3.3. Determination of emissions of black carbon (BC)

The highest emission of BC (0.08 μg J− 1) was found on January 29, 2020 and the lowest emission of BC (0.02 μg J− 1) was found on 
December 04, 2019 and February 12, 2020 for Site-1. In Site-2 the highest emission of BC (0.07 μg J− 1) was found on January 27, 2020 
and the lowest emission of BC (0.01 μg J− 1) was found on December 15, 2019. Monthly average emissions of BC in both Site-1 and site- 
2 is given in Table 3. In Site-1, monthly average emissions of BC in December 2019, January 2020 and February- 2020 were found 
0.025 μg J− 1, 0.065 μg J− 1 and 0.030 μg J− 1 respectively. Monthly average emissions of BC in Site-1, follow the sequence as – January 
2020 > February 2020 > December 2019. In Site-2, monthly average emissions of BC in December 2019, January 2020 and February 
2020 were found 0.020 μg J− 1, 0.065 μg J− 1 and 0.020 μg J− 1 respectively. Monthly average concentrations of BC in Site-2, follow the 
sequence as – January 2020 > February 2020 = December 2019. Between Site-1 and Site-2, the highest monthly average emissions of 
BC (0.065 μg J− 1) were found in January 2020 at both Sites (Site-1 and Site-2) and the lowest monthly average emissions of BC (0.020 
μg J− 1) were found in both December 2019 and February 2020 at Site-2.

3.4. Correlation of black carbon (BC) with CO2, PM2.5, humidity and temperature in dhaka

3.4.1. Correlation of black carbon (BC) with CO2 and PM2.5
In this correlation analysis, interrelationships between BC, CO2, PM2.5 concentrations were investigated. Pearson correlation co-

efficients (r) were employed to quantify these associations, revealing both their strength and direction. Site-1 exhibited a robust and 
highly significant positive correlation (r = 0.97) between BC and CO2 concentrations, indicating that increases in CO2 levels corre-
spond to concurrent increases in BC concentrations and vice versa (Fig. 4). A similar pattern was observed at Site-2, with a strong and 
statistically significant positive correlation (r = 0.94). When analyzing BC in relation to PM2.5 concentrations, both Site-1 (r = 0.95) 
and Site-2 (r = 0.90) demonstrated strong and highly significant positive correlations, signifying those elevations in PM2.5 concen-
trations are closely mirrored by corresponding increases in BC concentrations. These correlation analyses elucidate the intricate re-
lationships among BC, CO2, and PM2.5, underscoring the strong positive associations between BC concentrations and both CO2 and 
PM2.5 concentrations at the study sites, offering insights into the complex dynamics of these atmospheric components.

3.4.2. Correlation of black carbon (BC) with humidity and temperature
In our investigation of the relationship between BC and Humidity, we observed robust and statistically significant positive cor-

relations at both Site-1 (r = 0.59) and Site-2 (r = 0.63) (Fig. 5). This implies that as humidity levels rise, BC concentrations tend to 
increase concurrently. This phenomenon can be attributed to the role of humidity in influencing aerosol dynamics. Higher humidity 
levels promote the hygroscopic growth of BC particles, causing them to absorb moisture and become larger, increasing BC 

Fig. 3. Variations of monthly average concentrations of BC in Site-1 and Site-2. Site-1: Mukarram Bhaban, University of Dhaka; Site-2: Tamanna 
Park, Mirpur − 1.
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Table 2 
Comparison of wintertime BC concentration with previous studies.

Study Study area Time period BC concentration (μg m− 3)

Liu et al. [30] Beijing, China 2015–2016 5.31
Singh et al. [31] United Kingdom 2009–2011 1.2–4.0
Peralta et al. [32] Mexico 2015–2016 3.21
Sankar et al. [33] Jamshedpur, India 2017 10.38
This study Dhaka, Bangladesh 2019–2020 4.99

Table-3 
Variations of monthly average emissions of BC in Site-1 and Site-2. Site-1: Mukarram Bhaban, Uni-
versity of Dhaka; Site-2: Tamanna Park, Mirpur − 1.

Month Monthly Average Emission (μg J− 1)

Site-1 Site-2

December 2019 0.025 0.020
January 2020 0.065 0.065
February 2020 0.030 0.020
Overall Dhaka 0.038

Fig. 4. Correlation of BC concentration (μg m− 3) with concentration of CO2 (ppm) and PM2.5 (μg m− 3) at Dhaka. Left panel: Site-1; Right panel: Site- 
2. Site-1: Mukarram Bhaban, University of Dhaka; Site-2: Tamanna Park, Mirpur − 1.
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concentrations in the atmosphere. Understanding this relationship has implications for the impact of BC on both air quality and 
climate.

For the BC and Temperature correlation analysis, Site-1 exhibited a robust and highly significant negative correlation (r = − 0.80), 
while Site-2 displayed a similar pattern with a strong and statistically significant negative correlation (r = − 0.78) (Fig. 5). These 
negative correlations indicate that as temperature decreases, BC concentrations tend to increase, and vice versa. This phenomenon can 
be attributed to variations in atmospheric stability. Lower temperatures often accompany stable atmospheric conditions, which can 
trap BC particles near the Earth’s surface, resulting in elevated BC concentrations. Conversely, higher temperatures are associated with 
more turbulent atmospheric conditions, which can disperse BC particles, leading to lower concentrations. This understanding of the 
temperature-BC relationship is crucial for assessing BC’s role in air quality, visibility, and climate change, particularly in regions with 
seasonal temperature variations.

3.5. Backward air mass trajectories analysis in dhaka, Bangladesh

During winter 2019–2020, backward trajectory analysis demonstrates how air masses transporting BC reached Dhaka at altitudes 
of 500 m, 1000 m, and 2000 m, revealing the significant role of transboundary pollution (Fig. 6). In December 2019, air masses arrived 
from India (500 m), the Bay of Bengal (1000 m), and the Middle East (2000 m), which generally bring moderate BC concentrations, 
resulting in relatively lower BC levels in Dhaka during this period. By January 2020, however, air masses were primarily originating 
from the highly polluted Indo-Gangetic Plain (IGP) region, particularly from the North-West at all altitude levels, transporting sub-
stantial BC loadings and significantly raising concentrations in Dhaka. This peak aligns with the typical high-pollution events of the 
winter season. It demonstrates how emissions from densely populated regions with intense industrial and agricultural activities in the 
IGP influence Dhaka’s air quality. In February 2020, air masses arriving at 500 m and 1000 m continued to come from the IGP, while 
those at 2000 m came from Africa, resulting in moderate BC levels.

This analysis reveals strong seasonal and spatial correlations between elevated BC concentrations and air mass origins, especially 
from the IGP, underscoring how BC pollution peaks in winter are linked to regional air flows. Additionally, the winter meteorological 

Fig. 5. Correlation of BC concentration (μg m− 3) with Humidity (%) and Temperature (oC) at Dhaka. Left panel: Site-1; Right panel: Site-2. Site- 
1: Mukarram Bhaban, University of Dhaka; Site-2: Tamanna Park, Mirpur -1.
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Fig. 6. Backward Air Mass Trajectories Analysis During Winter Season in Dhaka, Bangladesh. (Left panel: December 2019; Right panel: January 
2020; Bottom panel: February 2020).

Table-4 
The carcinogenic risk assessment for black carbon (BC).

Sites Month CDIa (mg kg− 1 day− 1) CR

Children Adults Children Adults

Site-1 Dec 2019 1.45 × 10− 4 2.43 × 10− 4 1.60 × 10− 4 2.67 × 10− 4

Jan 2020 4.37 × 10− 4 7.34 × 10− 4 4.81 × 10− 4 8.07 × 10− 4

Feb 2020 1.85 × 10− 4 3.10 × 10− 4 2.04 × 10− 4 3.41 × 10− 4

Site-2 Dec 2019 1.24 × 10− 4 2.08 × 10− 4 1.36 × 10− 4 2.29 × 10− 4

Jan 2020 4.32 × 10− 4 7.24 × 10− 4 4.75 × 10− 4 7.96 × 10− 4

Feb 2020 1.43 × 10− 4 2.40 × 10− 4 1.57 × 10− 4 2.64 × 10− 4

Average Site-1 2.55 × 10− 4 4.29 × 10− 4 2.82 × 10− 4 4.72 × 10− 4

Site-2 2.33 × 10− 4 3.91 × 10− 4 2.56 × 10− 4 4.30 × 10− 4

Dhaka 2.44 × 10− 4 4.10 × 10− 4 2.69 × 10− 4 4.51 × 10− 4

CDIa = The chronic daily intake for cancer risk, CR = Cancer risk. Site-1: Mukarram Bhaban, University of Dhaka; Site-2: Tamanna Park, Mirpur − 1.
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conditions in Dhaka, such as low wind speeds and temperature inversions, contribute to pollutant accumulation near the surface, 
amplifying these transboundary effects [14].

3.6. Health risk assessment

3.6.1. Carcinogenic risk assessment
A comprehensive assessment of the health implications associated with BC exposure was undertaken. It is pertinent to mention that 

the acceptable risk thresholds for carcinogenic substances, as recommended by the United States Environmental Protection Agency 
(EPA), typically range from 1 × 10− 6 to 1 × 10− 4 [34]. Table 4 provides a comprehensive compilation of the CR associated with 
exposure to BC for both children and adults. Significant disparities in CR were observed among the various sites, with Site-1 registering 
the highest CR values (2.82 × 10− 4 for children and 4.72 × 10− 4 for adults), while Site-2 displayed the lowest CR values (2.56 × 10− 4 

for children and 4.30 × 10− 4 for adults). Higher CR levels were generally noted in adults as compared to children. The average CRs in 
Dhaka were computed as 2.69 × 10− 4 for children and 4.51 × 10− 4 for adults, respectively. Our calculations indicate that being 
exposed to the present levels of BC in Dhaka would lead to an additional 2.69 cancer instances per 10,000 children (2.69 × 10− 4) and 
4.51 cancer occurrences per 10,000 adults (4.51 × 10− 4). It is noteworthy that our estimations for BC-associated cancer risks generally 
surpass those reported in other studies [35,36]. Typically, the EPA deems cancer risks below one case per million individuals (1 ×
10− 6) as insignificant while risks exceeding one in 10,000 persons (1 × 10− 4) are deemed significant and warranting remedial action. 
Our analysis underscores the potential carcinogenicity linked to BC exposure in both children and adults. Regarding geographical 
locations, the highest risks were identified in Site-1 (Mukarram Bhaban, University of Dhaka), situated downwind from major 
pollution sources within Dhaka. Generally, areas influenced by the generation and subsequent dispersion of precursor emissions that 
contribute to the formation of BC tend to display heightened cancer risk levels.

Certain occupational groups, such as street vendors and rickshaw pullers, are among the most vulnerable to air pollution due to 
their prolonged exposure to traffic and industrial emissions. Recent studies indicate that street vendors in Dhaka are exposed to PM 
concentrations significantly exceeding safe thresholds, which increases the risks of reduced lung function, respiratory diseases, and 
cardiovascular conditions [37]. Such occupational exposure highlights a critical need for targeted interventions, including protective 
equipment, occupational safety regulations, and improved urban air quality management. These findings align with Sustainable 
Development Goal (SDG) 3, which emphasizes ensuring healthy lives and promoting well-being for all, and SDG 11, which aims to 
make cities inclusive, safe, resilient, and sustainable. Implementing targeted measures for these vulnerable populations not only 
mitigates health risks but also advances the broader goals of equity and sustainable urban development.

3.6.2. Non-carcinogenic risk assessment
Table 5 provides a comprehensive summary of the non-cancer risk, as quantified by the HQ, stemming from exposure to BC for both 

children and adults. Significant variations in HQ were observed among the different sites, with the highest HQ values (0.30 for children 
and 0.20 for adults) recorded at Site-1, while the lowest HQ values (0.27 for children and 0.18 for adults) were observed at Site-2. 
Higher HQ values were generally observed in children compared to adults. The average HQs in Dhaka were calculated as 0.29 for 
children and 0.19 for adults, respectively. Importantly, since the HQ values remained below 1, non-carcinogenic risks were not deemed 
to be occurring at our study sites. Nevertheless, our findings emphasize that existing levels of BC exposure continue to pose a significant 
risk to human health.

3.7. Assessment of BC-attributable relative risks

To gauge the relative risks of mortality associated with monthly fluctuations in black carbon (BC) concentrations within Dhaka, 
Bangladesh, alterations in concentration levels during specific time intervals are presented in Table 6. The RR pertaining to BC- 
attributed all-cause mortality reached its peak in January 2020 (RR = 1.289) at Site-1 and exhibited its lowest value in December 
2019 (RR = 1.041) at Site-2. Analogously, the trends in relative risks linked to BC exposure for cardiovascular and respiratory 

Table-5 
The non-carcinogenic risk assessment for black carbon (BC).

Sites Month CDIb (mg kg− 1 day− 1) HQ

Children Adults Children Adults

Site-1 Dec 2019 8.44 × 10− 4 5.67 × 10− 4 0.17 0.11
Jan 2020 2.55 × 10− 3 1.71 × 10− 3 0.51 0.34
Feb 2020 1.08 × 10− 3 7.23 × 10− 4 0.22 0.14

Site-2 Dec 2019 7.24 × 10− 4 4.86 × 10− 4 0.15 0.10
Jan 2020 2.52 × 10− 3 1.69 × 10− 3 0.50 0.34
Feb 2020 8.33 × 10− 4 5.59 × 10− 4 0.17 0.11

Average Site-1 1.49 × 10− 3 1.00 × 10− 3 0.30 0.20
Site-2 1.36 × 10− 3 9.12 × 10− 4 0.27 0.18
Dhaka 1.43 × 10− 3 9.56 × 10− 4 0.29 0.19

CDIb = The chronic daily intake for non-cancer risk; HQ = Hazard quotient. Site-1: Mukarram Bhaban, University of Dhaka; Site-2: Tamanna Park, 
Mirpur − 1.
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mortality remained consistent. Particularly, the effect estimates for BC were notably higher in January 2020 as compared to December 
2019 and February 2020 for all-cause mortality, cardiovascular mortality, and respiratory mortality. In terms of geographic locations, 
the most elevated risks were observed at Site-1, in contrast to Site-2. In Dhaka, the average RR for BC-related mortality was calculated 
as 1.136 for all-cause mortality, 1.169 for cardiovascular mortality, and 1.277 for respiratory mortality.

Several studies in Bangladesh have identified strong associations between PM2.5 and increased morbidity and mortality, specifically 
related to cardiovascular and respiratory conditions. Rahman et al. [38] highlight that PM2.5 from fossil-fuel combustion has 
approximately four times the impact on cardiovascular disease (CVD) mortality compared to PM2.5 from biomass combustion, and 
nearly double the effect on hospital admissions for CVD. This underscores the significant health burden from fossil-fuel-derived PM2.5 
pollution in urban settings like Dhaka. In addition, spatiotemporal analyses of PM2.5 impacts indicate substantial increases in mortality 
rates for diseases such as lower respiratory infections (LRI), cardiovascular disease (CEV), ischemic heart disease (IHD), chronic 
obstructive pulmonary disease (COPD), and lung cancer (LC) [39]. From 2001 to 2019, PM2.5 exposure was linked to an estimated 
increase in excess mortality per 100,000 people of 101.64 deaths for LRI, 53.62 for CEV, 46.77 for IHD, 28.86 for COPD, and 10.78 for 
LC [39]. These findings illustrate the substantial health impacts of fine particulate matter pollution in Bangladesh, especially in urban 
areas with high exposure levels.

Furthermore, recent studies in Indonesia reinforce the health risks associated with PM2.5 exposure. Siregar et al. [40] found a 29 % 
increase in CVD prevalence per 10 μgm− 3 increase in PM2.5 levels, utilizing satellite-based measurements and health survey data. 
Although this study focuses on BC, the findings on PM2.5 are relevant, as BC is a major PM2.5 component with similar cardiovascular 
and respiratory health impacts. These regional findings support the observed health risks in Bangladesh and underscore the need for 
targeted mitigation efforts.

To mitigate the documented health impacts of BC and other particulate matter, several policy actions are recommended. 
Strengthening emissions standards for industrial and vehicular sources, particularly in urban centers, could significantly reduce 
pollutant levels. Additionally, promoting cleaner transportation options, such as electric and hybrid vehicles, and enhancing public 
transport infrastructure would help reduce urban black carbon emissions. Urban planning that includes green spaces and tree planting 
can also serve as a natural buffer, improving air quality. Encouraging household energy shifts to cleaner technologies and subsidizing 
low-emission cooking methods would reduce residential emissions, particularly in areas reliant on biomass and coal. Establishing 
comprehensive air quality monitoring networks with early warning systems could protect vulnerable populations by alerting them 
during high pollution periods, especially in winter when pollution peaks. Finally, public awareness campaigns should be intensified to 
inform residents about the health risks of pollution and encourage protective actions. These recommendations provide a compre-
hensive approach to addressing the health burden associated with air pollution in urban environments.

Our research emphasizes the significant role played by meteorological factors as determinants of environmental health, especially 
when assessing the risks associated with BC exposure. The impact of BC exposure on mortality was particularly evident during January 
2020 in Dhaka, Bangladesh. Our comprehensive assessment covered both the chronic, long-term effects, and the immediate, short- 
term consequences of BC exposure on human health. We evaluated BC’s impact on cancer and non-cancer effects based on 
laboratory-based research findings, while also examining cause-specific mortality risks through population-based studies. This 
toxicology-based risk assessment process aided in identifying potential hazards and provided a valuable framework for determining 
the level of health threats faced by the exposed population.

4. Conclusion

The densities, concentrations, and emissions of black carbon were investigated at two distinct sites, Site-1 (Mukarram Bhaban, 
University of Dhaka) and Site-2 (Tamanna Park, Mirpur), during the winter season spanning December 2019 to February 2020 in 
Dhaka, Bangladesh. Both sites exhibited a monthly trend where BC values were consistently highest in January 2020, followed by 
February 2020, and lowest in December 2019. The recorded monthly average BC values in Dhaka were as follows: density 1.64 μg 
cm− 2, concentration 4.99 μg m− 3, and emissions 0.038 μg J− 1. The correlation analysis between BC and CO2, PM2.5, humidity, and 
temperature at both Site-1 and Site-2 in Dhaka demonstrated robust positive correlations with CO2, PM2.5, and humidity, while 
revealing a negative correlation with temperature. Furthermore, the investigation employing backward air mass trajectory analysis 
unveiled that during the winter season of January 2020, air masses carrying BC predominantly originated from the northwest region of 
the highly polluted IGP before reaching Dhaka. Consequently, this led to greater mass concentrations of BC in Dhaka during January 
2020. Regarding Cancer Risk (CR) associated with BC exposure, it was observed that Site-1 exhibited higher CR values (2.82 × 10− 4 for 
children and 4.72 × 10− 4 for adults) compared to Site-2 (2.56 × 10− 4 for children and 4.30 × 10− 4 for adults). Additionally, adults 
exhibited higher CR levels than children. The average CRs in Dhaka were estimated at 2.69 × 10− 4 for children and 4.51 × 10− 4 for 
adults which suggests that current levels of BC exposure in Dhaka could lead to an additional 2.69 cases of cancer per 10,000 children 
and 4.51 cases of cancer per 10,000 adults. The HQ related to BC exposure displayed variations among the sites, with Site-1 having 
higher HQ values (0.30 for children and 0.20 for adults) compared to Site-2 (0.27 for children and 0.18 for adults). Children also 
exhibited higher HQ values compared to adults. The average HQs in Dhaka were calculated as 0.29 for children and 0.19 for adults. The 
Average Relative Risk (RR) for mortality attributed to BC exposure in Dhaka was found to be elevated for all-cause mortality (RR =
1.136), cardiovascular mortality (RR = 1.169), and respiratory mortality (RR = 1.277). These effects were notably more pronounced 
during January 2020 in Dhaka.

Dhaka is experiencing substantial health impacts due to BC pollution, necessitating urgent governmental measures to control BC 
emissions from both local and regional sources. Regional actions are also imperative to mitigate the transboundary effects of BC 
pollution. This study contributes valuable insights into the BC pollution issue and its implications for Dhaka’s population.
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