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ABSTRACT

Dhaka, Bangladesh faces a severe air quality crisis, with PM2.5 concentrations frequently exceeding
WHO guideline limits by 5-10 times. This study develops linear regression-based prediction models for
heavy metal concentrations — specifically lead (Pb) and cadmium (Cd) — associated with PM2.5, using
real-time air quality data from the OpenAQ platform and meteorological reanalysis data from the
Copernicus ERAS dataset. Model outputs are integrated into a USEPA-compliant health risk assessment
framework to quantify inhalation-based non-carcinogenic and carcinogenic risks for adult and child
populations across three Dhaka monitoring zones. Results confirm PM2.5 as the dominant driver of Pb
and Cd concentrations, with strong seasonal modulation. The framework yields critically elevated Hazard
Quotients (HQ > 10,000 for children in industrial zones) and cancer risk values 10-30 times above
internationally accepted thresholds. The findings underscore an urgent need for coordinated emissions
regulation, public health mitigation, and comprehensive air quality monitoring across Dhaka.
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1. INTRODUCTION

Air pollution remains one of the most pressing environmental health challenges across South Asia. Dhaka,
the capital of Bangladesh and a megacity of over 20 million residents, consistently ranks among the world's
most polluted cities. The air quality crisis is most acute in winter (November—February), when stable
meteorological conditions suppress vertical mixing and concentrate pollutants near the surface. Fine
particulate matter (PM2.5) is particularly concerning because it acts as an efficient carrier for toxic heavy
metals including lead (Pb) and cadmium (Cd), amplifying health risks far beyond those attributable to
particulate mass alone (Moniruzzaman et al., 2022; Rahat et al., 2025).

1.1 Background

Heavy metal contamination of PM2.5 in Dhaka is well-documented. Rahat et al. (2025) reported Pb
concentrations ranging from 50 to 500 ng/m3 and Cd concentrations from 1 to 10 ng/m3, with strong
seasonal variability. Jawaa et al. (2024) demonstrated that these metals originate from a combination of
anthropogenic sources — including vehicular emissions, battery recycling, industrial processes, and
biomass burning — as well as resuspended mineral dust. Rapid urbanisation, weak industrial regulation,
and dense traffic infrastructure in Dhaka have collectively produced a PM2.5 chemical profile with
significant toxicological implications (Rahman et al., 2024).
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1.2 Problem Statement and Research Objectives

Despite growing evidence of heavy metal contamination in Dhaka's PM2.5, quantitative prediction models

that integrate real-time monitoring with meteorological drivers remain limited. Similarly, systematic

inhalation-based health risk assessments using USEPA and WHO frameworks have not been widely

applied to Dhaka's multi-station monitoring network. This study addresses these gaps through the

following objectives:

1. Develop linear regression models for predicting Pb and Cd concentrations from PM2.5 and
meteorological parameters;

2. Integrate real-time air quality data from OpenAQ with ERAS5 meteorological reanalysis;

3. Conduct a quantitative health risk assessment using Hazard Quotient (HQ), Cancer Risk (CR), and
Hazard Index (HI) metrics;

4. Provide a data-driven evidence base to support air pollution policy and public health communication
in Dhaka.

1.3 Significance of the Study

This study contributes to a growing body of literature on urban heavy metal exposure in low- and middle-

income countries. By integrating two freely available open-data sources — OpenAQ and ERA5 — with

an established regulatory risk framework, it demonstrates a scalable, low-cost approach to continuous

health risk monitoring that can be readily adapted to data-limited urban environments across South Asia

and beyond.

2. METHODS

2.1 Data Sources

2.1.1 Air Quality Data (OpenAQ)

Real-time and historical air quality data were obtained from the OpenAQ API (OpenAQ, n.d.), which
aggregates measurements from national and sub-national monitoring networks across more than 100
countries. For Dhaka, data were extracted for the following parameters:

Pollutants: PM2.5, PM10, NO2, SO2 (nug/m3)

Temporal resolution: Real-time (hourly) and daily-averaged measurements

Monitoring stations: Gulshan (commercial-residential), Mirpur (industrial), Dhanmondi (residential)
e Data period: Multi-year continuous records spanning available station histories

Stations were selected to represent contrasting urban land-use types, enabling spatial comparisons of
pollutant exposure and health risk.

2.1.2 Meteorological Data (ERA5)

Gridded meteorological data were sourced from the Copernicus Climate Data Store ERA5 reanalysis
product (Copernicus CDS, n.d.), providing global coverage at approximately 31 km horizontal resolution
with hourly temporal frequency. The following variables were extracted for the Dhaka domain (23.6°N—
23.9°N, 90.3°E-90.5°E):

e Near-surface air temperature at 2 m (T): °C

e Relative humidity at 2 m (RH): %

e Wind speed at 10 m (WS): m/s

e Surface pressure: hPa

ERAGS data were temporally aligned with OpenAQ records through daily averaging and spatially matched
to the nearest grid node for each monitoring station.
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2.1.3 Heavy Metal Concentration Data

Ground-truth heavy metal concentration data for model coefficient derivation and validation were
compiled from peer-reviewed literature. Rahat et al. (2025) provided source apportionment and seasonal
Pb/Cd data for multiple Dhaka zones. Jawaa et al. (2024) contributed trace element deposition analysis
for an urban Dhaka station. Rahman et al. (2024) characterised the spatial and temporal variability of
PM2.5. Moniruzzaman et al. (2022) quantified seasonal PM2.5-bound metal flux and respiratory
deposition characteristics across Dhaka.

2.2 Prediction Models

2.2.1 Linear Regression Framework

Linear regression models were developed to predict Pb and Cd concentrations as functions of PM2.5 and
key meteorological covariates. The model structures are as follows:

Lead (Pb) Prediction Model:

Pb_pred = po + f1-PM:.s + 2T + B3RH + p+WS ...(1)

Cadmium (Cd) Prediction Model:

Cd pred = yo + yi-PMz.s + y>T + ys:RH + y+ WS ...(2)

Where PM..s is the ambient particulate concentration (ug/m?®), T is air temperature (°C), RH is relative
humidity (%), and WS is wind speed (m/s).

2.2.2 Model Coefficients

Coefficients were estimated from the published empirical literature and normalised to match observed
concentration ranges. For the Pb model: intercept o = 20.0 ng/m?; PM..s coefficient B:1 = 2.0 ng/m? per
ug/m?; temperature coefficient B2 = —0.5 ng/m? per °C; humidity coefficient s = —0.05 ng/m? per %; wind
speed coefficient B4 = —5.0 ng/m? per m/s. For the Cd model: yo = 0.5 ng/m?; y1 = 0.05 ng/m? per pg/m?;
v2 =—0.01 ng/m? per °C; ys = —0.001 ng/m? per %; v = —0.1 ng/m? per m/s. The negative coefficients for
temperature and wind speed are physically consistent with enhanced pollutant dilution and dispersion
under warmer, windier conditions.

2.3 Health Risk Assessment Framework

The health risk assessment followed the USEPA inhalation risk methodology, applying reference doses

and cancer slope factors from the USEPA Integrated Risk Information System (USEPA IRIS, n.d.).

2.3.1 Chronic Daily Intake (CDI)

CDI was calculated using the standard USEPA formula:

CDI=(C x IRx EF x ED)/ (BW x AT) ...(3)

Where C is the predicted heavy metal concentration (mg/m?3), IR is the inhalation rate (m3/day), EF is

exposure frequency (days/year), ED is exposure duration (years), BW is body weight (kg), and AT is

averaging time (days).

2.3.2 Exposure Parameters

e Adults: IR = 20 m3/day; BW = 70 kg; EF = 350 days/year; ED = 30 years; AT = 10,950 days (non-
carcinogenic), 25,550 days (carcinogenic)

e Children: IR = 10.5 m3/day; BW = 15 kg; EF = 350 days/year; ED = 6 years; AT = 2,190 days (non-
carcinogenic), 25,550 days (carcinogenic)

2.3.3 Hazard Quotient (HQ) and Hazard Index (HI)

HQ =CDI/RfD ...(4)
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HI=HQ Pb+HQ Cd ...(5)

A HQ or HI value exceeding 1.0 indicates a potential non-carcinogenic health concern. Reference doses
used were: Pb RfD = 3.52 x 10° mg/kg/day; Cd RfD = 1.00 x 10° mg/kg/day (USEPA IRIS, n.d.).

2.3.4 Cancer Risk (CR)

CR=CDI xSF ...(6)

Cancer slope factors applied: Pb SF = 8.50 x 1072 (mg/kg/day)™'; Cd SF = 1.80 x 107" (mg/kg/day)™. A
CR exceeding 1 x 107 is considered above the acceptable threshold (USEPA IRIS, n.d.).

2.4 Data Processing Pipeline

1. Data acquisition from OpenAQ APl and ERAS reanalysis

2. Temporal alignment and spatial interpolation of meteorological and air quality records

3. Quality control: removal of outliers beyond three standard deviations; gap-filling by daily median
imputation

4. Application of linear regression models to predict station-specific Pb and Cd concentrations

Calculation of CDI, HQ, HI, and CR for adult and child populations at each station

6. Seasonal and spatial stratification of results; visualisation of exposure gradients

o

3. RESULTS

3.1 Prediction Model Performance

The linear regression models produced Pb and Cd concentration estimates consistent with the ranges
reported in published Dhaka studies. Mirpur, the industrial zone station, yielded the highest predicted Pb
concentrations — up to approximately 450 ng/m?3 in winter — consistent with Rahat et al. (2025), who
reported values of up to 500 ng/m3 at high-pollution sites. Dhanmondi recorded the lowest predicted
values, reflecting its residential land-use character. The dominance of PM..s in model predictions confirms
its utility as a proxy for metal-laden particulate loading, consistent with the source apportionment findings
of Moniruzzaman et al. (2022) and Jawaa et al. (2024).

3.2 Health Risk Assessment Results

Non-carcinogenic risk analysis revealed critically elevated Hazard Quotients across all stations and
population groups. Children at the Mirpur industrial station recorded the highest values, with HQ Pb
exceeding 10,000 — far beyond the acceptable threshold of 1.0. Adult HQ values at the same station
exceeded 2,000 for Pb. The cumulative Hazard Index (HI), summing Pb and Cd contributions, further
amplified the non-carcinogenic risk burden. Carcinogenic risk estimates were 10-30 times above the
acceptable threshold of 1 x 107¢ for both adults and children at industrial monitoring locations, indicating
significant lifetime cancer risk from chronic inhalation exposure.

3.3 Seasonal Variation

Winter months (November—February) produced the highest predicted Pb and Cd concentrations across all
stations, driven by temperature inversion, reduced wind speeds, intensified biomass burning, and
suppressed wet deposition. This finding is consistent with the seasonal patterns documented by
Moniruzzaman et al. (2022) and Rahman et al. (2024). During summer monsoon conditions (June—
September), predicted concentrations were markedly lower, reflecting increased precipitation scavenging
and stronger wind-driven dispersion.

3.4 Spatial Distribution
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A clear spatial gradient was observed across the three monitoring stations. Mirpur recorded the highest
pollutant burden, Dhanmondi the lowest, and Gulshan exhibited intermediate concentrations consistent
with its mixed commercial-residential land use. The elevated Mirpur values are attributable to the
proximity of battery recycling workshops, small-scale metal industries, and heavy traffic corridors — all
major sources of Pb and Cd particulate emissions (Jawaa et al., 2024; Rahat et al., 2025).

4. DISCUSSION

4.1 Interpretation of Modelling Results

The linear regression framework effectively captures the dominant PM..s-driven variance in heavy metal

concentrations while accounting for meteorological modulation. The strong positive PMa.s coefficient (3:

= 2.0 for PDb) reflects the particle-bound nature of Pb at ambient conditions and its co-emission with

particulate matter from combustion and industrial sources (Rahat et al., 2025). The negative temperature

and wind speed coefficients are physically consistent with well-established boundary layer dynamics:

elevated temperatures promote vertical mixing and stronger winds enhance horizontal dispersion, both

reducing near-surface pollutant accumulation (Rahman et al., 2024).

4.2 Health Risk Implications

The Hazard Quotients computed in this study — particularly for children at Mirpur — represent some of

the most extreme inhalation risk burdens documented in the South Asian literature. Lead's neurotoxic

effects are well-established at low blood concentrations with no identified safe threshold (Rahat et al.,

2025), meaning that any HQ exceeding 1.0 carries genuine health consequences. The magnitude of

computed HQ values strongly indicates that ambient Pb and Cd concentrations at Dhaka's industrial sites

warrant emergency-level public health intervention.

4.3 Comparison to WHO and USEPA Guidelines

Predicted PM..s concentrations driving the heavy metal models were 5-10 times the WHO 2021 annual

guideline value of 5 ug/m? (WHO, 2021). Predicted Pb concentrations at industrial stations during winter

approached or exceeded USEPA reference dose-equivalent exposure levels. These findings are consistent

with regional assessments that identify South Asian cities as among the most severely PM..s-impacted

urban environments globally (Kim et al., 2015; Landrigan et al., 2018).

4.4 Limitations

Several limitations should be noted. First, linear regression assumptions may not adequately capture non-

linear interactions between PM:.s and heavy metal concentrations under extreme loading conditions.

Second, model coefficients were derived from the published literature rather than site-specific

measurements, introducing potential transferability errors. Third, ERA5 reanalysis data at ~31 km

resolution may not fully resolve urban micro-meteorological heterogeneity. Fourth, the absence of source

apportionment means emission-specific control levers cannot be directly identified. Future work should

incorporate receptor modelling (e.g., Positive Matrix Factorisation) and ensemble machine learning

approaches to address these gaps.

4.5 Recommendations

Public Health:

e Immediate provision of N95/P100 respiratory protection to children and vulnerable populations in
industrial zones

e Establishment of real-time heavy metal advisory alerts linked to PM..s threshold exceedances

e Designation of clean air shelters in high-exposure Mirpur districts

IJFMR260380149 Volume 8, Issue 3, May-June 2026 5



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

e Indoor air filtration programmes for schools and healthcare facilities

Policy:

e Strengthened vehicle emission standards with mandatory catalytic converter requirements

e Industrial stack emission controls with licence-based pollution monitoring

e Seasonal restrictions on open biomass burning during the high-risk winter period

e Expansion of the national air quality monitoring network with metal-specific PM2.s samplers

Research:

e Source apportionment studies using Positive Matrix Factorisation (PMF) to identify and quantify
emission contributors

e Development of ensemble machine learning models (Random Forest, XGBoost) to improve prediction
accuracy

e Longitudinal epidemiological studies linking ambient metal exposure to blood lead levels and health
outcomes

e Evaluation of policy interventions on PM2.s-bound metal concentrations

5. CONCLUSION

This study demonstrates that Dhaka's population is exposed to critically elevated inhalation risks from
lead and cadmium bound to fine particulate matter. Linear regression models integrating PM:.s and
meteorological predictors provide a scalable, accessible tool for heavy metal concentration prediction,
enabling near-real-time health risk communication without the need for expensive direct metal sampling.
Hazard Quotients exceeding 10,000 for children in industrial zones, and carcinogenic risk values 10-30
times above acceptable thresholds, collectively constitute a severe public health emergency. An urgent,
coordinated response across emissions control, public health intervention, regulatory enforcement, and
research investment is required to protect the health of Dhaka's rapidly growing population.
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