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ARTICLE INFO ABSTRACT

Keywords: In this study, combined Dark Target and Deep Blue (DTB) aerosol optical depth at 550 nm (AODssg nm) data the
Aerosol optical depth Moderate Resolution Imaging Spectroradiometer (MODIS) flying on the Terra and Aqua satellites during the
MODIS

years 2003-2020 are used as a reference to assess the performance of the Copernicus Atmosphere Monitoring

IS/[[I\EI\IQIIS{A 5 Services (CAMS) and the second version of Modern-Era Retrospective analysis for Research and Applications
Bangladesh (MERRA-2) AOD over Bangladesh. The study also investigates long-term spatiotemporal variations and trends in

AOD, and determines the relative contributions from different aerosol species (black carbon: BC, dust, organic
carbon: OC, sea salt: SS, and sulfate) and anthropogenic emissions to the total AOD. As the evaluations suggest
higher accuracy for CAMS than for MERRA-2, CAMS is used for further analysis of AOD over Bangladesh. The
annual mean AOD from both CAMS and MODIS DTB is high (>0.60) over most parts of Bangladesh except for the
eastern areas of Chattogram and Sylhet. Higher AOD is observed in spring and winter than in summer and
autumn, which is mainly due to higher local anthropogenic emissions during the winter to spring season. Annual
trends from 2003-2020 show a significant increase in AOD (by 0.006-0.014 year!) over Bangladesh, and this
increase in AOD was more evident in winter and spring than in summer and autumn. The increasing total AOD is
caused by rising anthropogenic emissions and accompanied by changes in aerosol species (with increased OC,
sulfate, and BC). Overall, this study improves understanding of aerosol pollution in Bangladesh and can be
considered as a supportive document for Bangladesh to improve air quality by reducing anthropogenic emissions.
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1. Introduction

Aerosols consist of solid, liquid, or mixed-phase particles with
different sizes from 0.001 to 100 pm suspended in the atmosphere.
Aerosol particles have adverse impacts on human health, air quality,
ecosystems, hydrology, agriculture, global climate, and the global
radiative balance (Charlson et al., 1992; Shao et al., 2017; Wang et al.,
2015; Xia et al., 2006; You et al., 2015; Yu et al., 2009). Therefore,
aerosol research has become a major focus of the scientific community
worldwide. According to the Intergovernmental Panel on Climate
Change (IPCC) fifth assessment report (AR5), the optical properties of
aerosols are major sources of uncertainty in climate assessment and
climate projections (IPCC, 2013). Atmospheric aerosol loading, for
which AOD can be used as a proxy, is a dominant factor in climate
change research (Pan et al., 2010). Therefore, it is important to assess
the long-term spatiotemporal variations in AOD from local to global
scales. In this contribution, spatiotemporal variations of AOD over
Bangladesh are investigated. Bangladesh is a country with severe air
pollution problems where few AOD studies have been conducted (Ali
et al., 2019; Islam et al., 2019; Zaman et al., 2021a).

Aerosol datasets are available from multiple sources (e.g., satellite
remote sensing, ground-based measurements, reanalysis, and model
simulations), and can be used to analyze and describe aerosol concen-
trations and loading in specific regions and at specific times. Ground-
based sun-photometers like those in the Aerosol Robotic Network
(AERONET) are a reliable source of AOD worldwide because of their
high accuracy and free access (Holben et al., 1998). However, the
number of AERONET sites and the representativeness for a limited re-
gion around each site, restrict the applicability of the products, and
certain regions of the world are sparsely covered (Holben et al., 2001).
The use of satellite remote sensing and reanalysis data overcomes these
limitations by providing data for the entire globe. Long-term AOD data
are available from different satellite-based sensors, such as the Total
Ozone Monitoring Instrument (TOMS) (Torres et al, 2002), the
Advanced Very High Resolution Radiometer (AVHRR) (Hauser et al.,
2005), the Along Track Scanning Radiometers ATSR-2 and AATSR) (de
Leeuw et al., 2015, 2018; Holzer-Popp et al., 2013; Kolmonen et al.,
2016; Sogacheva et al., 2018), Moderate Resolution Imaging Spectror-
adiometer (MODIS) (Hsu et al., 2013; Levy et al., 2010; Remer et al.,
2005), the Ozone Monitoring Instrument (OMI) (Torres et al., 2007), the
Multi-angle Imaging Spectroradiometer (MISR) (Kahn et al., 2010), the
Sea-Viewing Wide-Field of View Sensor (SeaWiFS) (Sayer et al., 2012),
the Visible Infrared Imaging Radiometer (VIIRS) (Liu et al., 2014) and
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) (Winker et al., 2003). AOD from the above-mentioned sat-
ellite-based sensors has been widely used to explore aerosol loading
regionally and globally and a thorough comparison of AOD data from
different sensors was published by Sogacheva et al. (2020). MODIS
onboard both the Terra and Aqua satellites is the most commonly used
sensor for aerosol studies and is recognized as the most useful sensor in
retrieving AOD (Bilal and Nichol, 2015; Liu et al., 2019; Mhawish et al.,
2017). The MODIS AOD is retrieved using different algorithms over the
ocean (Levy et al., 2005; Remer et al., 2005) and land surfaces (Levy
et al., 2013). Over land, different techniques are used depending on the
surface reflectance: the dark target (DT) algorithm was developed for
application over dark surfaces such as forests (Kaufman et al., 1997;
Levy et al., 2013) and the deep blue (DB) algorithm was developed for
application over bright surfaces such as desert or arid/semi-arid land
surfaces (Hsu et al., 2006, 2013). A merged Dark Target and Deep Blue
(DTB) product was generated by Levy et al. (2013) to increase spatial
coverage. Several researchers evaluated the MODIS DT, DB, and DTB
AOD products over various regions around the world (Ali et al., 2017;
Ali and Assiri, 2019; Almazroui, 2019; Bilal et al., 2016, 2018; Bilal and
Nichol, 2017; Bright and Gueymard, 2019; Butt et al., 2017; de Leeuw
et al., 2018; Filonchyk and Hurynovich, 2020; Georgoulias et al., 2016;
Levy et al., 2013; Mhawish et al., 2017; Nichol and Bilal, 2016; Tian and
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Gao, 2019; Wang et al., 2017; Wei et al., 2020). Those products have
also been evaluated over different Asian regions (Bilal et al., 2021;
Mhawish et al., 2019), including Bangladesh (Islam et al., 2019;
Mhawish et al., 2017; Misra et al., 2015). In this study, we use the most
recent MODIS collection (6.1) DTB AOD product because the spatial
coverage and accuracy are better than the individual DT and DB prod-
ucts (Bilal et al., 2016, 2019a; Che et al., 2019b; Huang et al., 2020; Liu
et al., 2019; Mhawish et al., 2017).

Reanalysis AOD datasets used in this study are from the Copernicus
Atmosphere Monitoring Services (CAMS) (Flemming et al., 2017) and
the second Modern-Era Retrospective analysis for Research and Appli-
cations (MERRA-2) (Randles et al., 2017). Reanalysis (CAMS and
MERRA-2) data are generated based on the data assimilation technique,
where observations are used in the model runs to constrain the model to
provide outputs within the constraints (uncertainties) of the
multi-source observational data (Lahoz and Schneider, 2014). The
advantage of the data assimilation method is that the model output is
constrained by the observational data and can be used to fill spatio-
temporal gaps in the observations. Hence, it is widely used in climate
system studies, including aerosols (Pathak et al., 2019; Tang et al.,
2017). The use of satellite observations and reanalysis datasets together
provides an opportunity to investigate the long-term (2003-2020)
spatiotemporal distributions of aerosols and their trends at regional and
global scales. In the present study, we used the MODIS collection (6.1)
DTB AOD product as a reference dataset to evaluate the CAMS and
MERRA-2 AOD products. In general, CAMS and MERRA-2 have similar
uncertainty over developed countries such as the USA and Europe
because of the availability of accurate emission inventories along with
other factors such as meteorological stations and AERONET stations. On
the other hand, in developing countries such as Bangladesh, with limited
information on emissions and relatively few ground-based observations
which can be used to constrain the model results, higher uncertainty and
lower accuracy of the reanalysis data is expected. Therefore, thorough
evaluation of re-analysis data over data-poor areas is important for their
use in applications such as model development and air quality or climate
studies.

During the past two decades, South Asian countries have been
identified as the main regions of air pollution (Burnett et al., 2018; Dey
etal., 2012; Lelieveld et al., 2015; Pant et al., 2019; Weagle et al., 2018).
(Gautam et al., 2011) and (Liithi et al., 2015) reported that the
Indo-Gangetic Plain (IGP), the world’s most densely populated area,
which includes Bangladesh, suffers the greatest aerosol pollution. Major
sources of air pollution in the IGP are biomass burning, brick kilns, cars,
industries, and dust (Habib et al., 2006; Mahmood, 2011; Srivastava
et al., 2012; Tusher et al., 2018). In 2016, Yale University published the
Environmental Performance Index (EPI) report, which ranked
Bangladesh as having the world’s worst air quality (Hsu et al., 2016).
Bangladesh has been suffering severe air pollution because of its
regional location as well as its own emissions (Mamun et al., 2014). To
reduce the health impacts of air pollution, Bangladesh has introduced
several strategies to limit emissions from vehicles, industries, factories,
brick kilns, and construction sectors during the last decade (DoE, 2012).
However, the extent to which air pollution over Bangladesh’s total land
area has changed during the past two decades is unknown (Samset et al.,
2019). Several previous studies have focused on temporal changes in the
annual mean mass concentration of particulate matter (PM) using data
from ground-based instruments located only in Dhaka (Begum et al.,
2013; Begum and Hopke, 2018; Mahmood et al., 2019; Pavel et al.,
2021; Rana et al., 2016; Rana and Khan, 2020; Zaman et al., 2021b).
Only a few studies have been based on aerosol optical properties using
satellite data (Ali et al., 2019; Islam et al., 2019; Mamun et al., 2014;
Zaman et al., 2021a). However, to the best of our knowledge, there is no
comprehensive study of long-term (2003-2020) spatiotemporal varia-
tions and changes in aerosols and anthropogenic emissions over
Bangladesh. In the current study, we aim to fill this gap by using both
Terra- and Aqua-MODIS, and reanalysis (CAMS and MERRA-2) data. The
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main objectives of this study are: (1) to select the most suitable of the
CAMS and MERRA-2 AOD reanalysis dataset for the study of aerosols
over Bangladesh, using MODIS DTB AOD data as a reference; (2) to
investigate the long-term spatiotemporal variations of AOD and aerosol
species (i.e., black carbon, dust, organic carbon, sea salt, and sulfate)
over Bangladesh using the best reanalysis dataset at annual and seasonal
scales, (3) to determine the relative contributions of aerosol species and
anthropogenic emissions (i.e., black carbon, organic carbon, NOy: ni-
trogen oxides, and SOq: sulfur dioxides) to the total AOD as well as their
trends.

2. Data and methods
2.1. Study area

Bangladesh is located in the South Asian tropical region between
88°01'—92°42" E and 20°34'—26°38 N (Fig. 1). India encloses
Bangladesh on three sides: to the west, north, and northeast. Myanmar is
located to the southeast of Bangladesh and the Bay of Bengal is to the
south. There are eight major administrative divisions in Bangladesh,
including Dhaka, Rajshahi, Chattogram, Sylhet, Khulna, Barisal,
Mymensingh, and Rangpur. The climate of Bangladesh is dominated by
tropical warm temperatures during the pre-monsoon season (March to
May) with sporadic thunderstorms, the South Asian Monsoon rainfall
during summer (June to August), and dry winters (December to
February). Bangladesh is highly vulnerable to global climate changes.
The country’s location in a deltaic geographical and multifaceted
hydrogeological setting has made it subject to recurrent hydrological
hazards, like riverine floods, meteorological droughts, tropical cyclones
and storm surges, tornadoes, and thunderstorms. Besides, soil and air
pollution are recently emerging hazards due to rapid population growth
and increasing economic activity. As a result, Bangladesh is ranked
among the world’s most polluted countries. For example, Emberson
et al. (2009) reported Bangladesh as an air pollution hotspot in the IGP
due to its high population density. Industrial and vehicular emissions are
the two greatest sources of air pollution (Mahmood, 2011). Industrial
development in Bangladesh contributes nearly 35% of the gross do-
mestic product (GDP) (Ahaduzzaman et al., 2017), while simultaneously
being the major cause of air pollution in the country. In addition to in-
dustrial pollution, brick kilns are an important source of air pollution
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(Table 1). These are more active during dry seasons (Tusher et al.,
2018). In 2019, the world air quality report made by IQAir confirmed
that Bangladesh was the most polluted country (IQAir, 2020). Air
pollution over Bangladesh have been attributed mainly due to the
emission and transport of pollutants from small to medium industrial
cities located in most administrative divisions of Bangladesh (Dhaka,
Narayanganj, Gazipur, Rajshahi, Chattogram, and Khulna) (Mamun,
2014; Qiu et al., 2021).

2.2. Aerosol products

2.2.1. CAMS reanalysis datasets

CAMS provides reanalysis datasets of atmospheric composition (e.g.,
aerosols, chemical species, greenhouse gases) produced by the European
Center for Medium-Range Weather Forecasts (ECMWF). The global
CAMS models combine satellite-based observations from MODIS and
AATSR (Advanced Along Track Scanning Radiometer) on the Environ-
mental Satellite (ENVISAT) with aerosol chemistry models using the
four-dimensional variational (4D-VAR) data assimilation technique to
provide aerosol mass concentrations and trace gases. CAMS uses the
MACCity inventory for anthropogenic emissions of chemical species
from 1960 to 2010, at a spatial resolution of 0.5° x 0.5° (Granier et al.,
2011). More details about the model and emission inventory can be
found in (Flemming et al., 2015, 2017). In this study, we used CAMS
global monthly-averaged data for AOD (550 nm) and aerosol species (i.
e., black carbon, dust, organic carbon, sea salt, and sulfate) from 2003 to
2020 at a spatial resolution of 0.75° x 0.75°. In addition, we use the
latest version of the MACCity inventory for anthropogenic emissions (i.
e., black carbon, organic carbon, nitrogen oxides, and sulfur dioxides
from agriculture livestock, agricultural waste burning, power genera-
tion, industry, residential, commercial, and other combustion, and from
road transportation), for the years 2003-2020, with a spatial resolution
of 0.1° x 0.1° (https://ads.atmosphere.copernicus.eu/cdsapp#!/datase
t/cams-global-emission-inventories?tab=overview, accessed on
September 1, 2021).

2.2.2. MERRA-2 reanalysis AOD

MERRA-2 is the latest version of the MERRA reanalysis datasets
(Rienecker et al., 2011). MERRA-2 includes the assimilation of obser-
vational data from the Goddard Earth Observing System (GEOS),
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Table 1
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Summary of annual emissions (tons year ') per component for all sources sectors in Dhaka and Chattogram, Bangladesh. Adopted from (Randall et al., 2015).

Component Brick Kiln Mobile Sources Industrial Non-bricks Fossil Fuel Agriculture Urban Non-road Total emissions
Dhaka
PM;o 53332.50 1952.20 1827.80 644.20 605.00 127.50 34.60 58523.80
PM, 5 17556.70 1404.60 1096.00 488.60 122.90 117.50 32.80 20819.10
SO 59212.30 232.80 141.30 - 36.00 485.30 108.50 60216.20
NOy - 7519.60 2020.40 8.80 461.60 1206.60 1624.20 12841.20
Cco - 18451.40 7463.80 12351.90 5597.70 1394.90 321.20 45580.90
Chattogram
PM;o 3505.00 328.50 3665.00 128.80 229.60 2411.50 14.00 10282.40
PM, 5 1153.00 239.30 1914.00 97.70 46.70 2221.60 13.30 5685.60
SOy 3984.55 55.99 60.60 1811.41 13.20 264.19 9.84 6199.78
NOy - 1696.76 491.34 891.65 171.31 396.47 434.87 4082.40
Cco - 5441.56 1875.24 2452.60 2049.53 18023.98 82.81 29925.72
including satellite aerosol information (Gelaro et al., 2017; Georgoulias below:

et al., 2016; Molod et al., 2015). MERRA-2 uses several satellite-based
AOD products from the AVHRR, MISR, and MODIS sensors. In addi-
tion, ground-based AERONET data are assimilated. For more details, see
(Gelaro et al., 2017; Randles et al., 2017). MERRA-2 reanalysis AOD
data, with a spatial resolution of 0.5° x 0.625°, were downloaded from
NASA Giovanni (https://giovanni.gsfc.nasa.gov/giovanni/; accessed on
20 December 2020).

2.2.3. Terra- and Aqua-MODIS AOD datasets

MODIS is a spectrometer designed to measure aerosol and cloud
properties which flies onboard two polar-orbiting satellites, i.e., Terra
(launched in 1999 in a descending orbit, local crossing time: 10:30 a.m.)
and Aqua (launched in 2002 in an ascending orbit, local crossing time:
01:30 p.m.) as part of NASA’s Earth Observing System (EOS) missions to
explore the spatiotemporal features of aerosols. MODIS, with a swath
width spanning 2330 km, measures upwelling radiances in 36 spectral
channels from 0.4 to 14.4 pm, at three different spatial resolutions (e.g.,
250 m for bands 1-2, 500 m for bands 3-7, 1 km for 8-36) (for details
see: https://modis.gsfc.nasa.gov/about/specifications.php; accessed on
19 June 2021). Three different algorithms are available to retrieve AOD,
namely the dark target (DT) land algorithm, dark target (DT) ocean al-
gorithm, and deep blue (DB) land algorithm (Hsu et al., 2013; Levy et al.,
2013). The DT algorithm measures AOD over dark vegetated surfaces,
while the DB algorithm was developed for aerosol retrieval over both
bright reflecting (desert) and vegetated surfaces. Because of continuous
development of the algorithms, regular upgrades of the MODIS AOD
products are made (known as collections). The latest are the collection
6.1 (C6.1) DT and DB data products, where significant improvements
and modifications were made over the previous C5.1 and C6 (Bilal et al.,
2016, 2018, 2019a; Georgoulias et al., 2016; Levy et al., 2013; Nichol
and Bilal, 2016; Sayer et al., 2019). Therefore, in this study the com-
bined MODIS C6.1 DTB AOD products were used, considering their
reliability, quality, extended coverage with large numbers of valid
pixels, and ability to retrieve AOD from both land and ocean surfaces
(Levy et al., 2013; Sayer et al., 2014, Sayer et al., 2015, 2019). The
Terra- and Aqua-based Level 3 MODIS C6.1 combined DTB monthly
AOD data, with a spatial resolution of 1° ' 1°, were downloaded from
NASA Giovanni (https://giovanni.gsfc.nasa.gov/giovanni/; accessed on
20 December 2020). Further details about MODIS, including its statis-
tics, its products, calibration process, retrieval algorithms, and associ-
ated uncertainties are presented elsewhere (Ali and Assiri, 2019; Bilal
et al., 2017, 2018; Bilal and Nichol, 2017; Sayer et al., 2019). In this
article, the Terra- and Aqua-based MODIS C6.1 combined DTB AOD
product is referred to as MODIS DTB AOD.

2.3. Research methodology

Step-by-step methods were implemented in this study, as outlined

e For validation, we used the original resolution for CAMS (0.75° x
0.75°), MERRA-2 (0.5° x 0.625°), and MODIS DTB AOD (1° x 1°). In
addition, we averaged the MODIS DTB, CAMS, and MERRA-2 AOD
over each administrative division, which is similar to a province in
other countries.

The MODIS DTB AOD was calculated from the combination of Terra-
and Aqua- MODIS DTB AOD using the Climate Data Operators (CDO)
tool.

For spatiotemporal analysis, CAMS and MERRA-2 reanalysis and
MODIS DTB AOD were interpolated to the same geographical grid
(1° x 1°) using bilinear interpolation (Wang et al., 2021a,b; Yousefi
et al., 2020).

e We used the nearest-neighbor interpolation technique to remove the
data gaps that affect the results and analysis of the MODIS DTB AOD
products (Yang and Hu, 2018).

Several statistical methods were used to evaluate CAMS and MERRA-
2 reanalysis AOD against MODIS DTB AOD. For example, a reduced
major axis (RMA) method was used to calculate slope and intercept.
This method can substantially account for the error between the
dependent and independent variables (Bilal et al., 2019b, 2022,
2019b). The slope defines the inaccuracy from using aerosol modules
adopted in CAMS (an online integrated module for aerosol and
chemistry coupled to IFS: CIFS) and MERRA-2 (The Goddard
Chemistry Aerosol Radiation and Transport: GOCART model). More
details can be found in (Bilal et al., 2022). In addition, to calculate
uncertainty in the CAMS and MERRA-2 AOD, we further used
Pearson’s correlation (r), root mean squared error (RMSE), mean
absolute error (MAE), and relative mean bias (RMB) (Ali et al., 2021;
Ali and Assiri, 2019; Almazroui, 2019; Bilal et al., 2016).

1 n
RMSE =, |- Z (AODg — AODyopis p1z)’ €y
neI
1 n
MAE =— AODy — AOD, 2
. ;K R wois p78)| 2
RMB— AODg — AODwopis prs 3)

AODMODIS DTB

Here, the subscript R represents reanalysis datasets (CAMS and
MERRA-2). An RMB value of 1 defines an unbiased estimation by CAMS
and MERRA-2, while positive and negative values indicate over- and
under-estimation, respectively. The spatial and area-averaged annual
and seasonal mean maps were generated from monthly fields from
CAMS, MERRA-2, and MODIS DTB AOD for the period 2003-2020.
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e The Mann-Kendal (MK) test (Kendall, 1975; Mann, 1945), associated
with the Theil-Sen’s slope (Sen, 1968; Theil, 1992), was used to
evaluate the changes in AOD, aerosol species, and anthropogenic
emissions across Bangladesh for the period 2003-2020. The signifi-
cance of AOD, aerosol species, and anthropogenic emission trends
were calculated using a two-tailed test at a 95% confidence level.
More details of the methods can be found in (Y. Wang et al., 2021a,
2021b).

3. Results
3.1. Validation of CAMS and MERRA-2 AOD against MODIS DTB AOD

Fig. 2 presents scatterplots of CAMS and MERRA-2 AOD data versus
MODIS DTB AOD over eight administrative divisions in Bangladesh for
the period 2003-2020, together with the statistical metrics. The current
study used monthly mean AOD (total months, N = 216) and a lower
number indicates that for some months no MODIS DTB AOD data are
available. The data in Fig. 2 show the better performance of CAMS AOD
than MERRA-2 AOD, i.e. for CAMS AOD the correlations (r =
0.802-0.928) and slopes (0.820-0.973) are higher and the errors are
lower (RMSE = 0.070-0.157, MAE = 0.048-0.119) than for MERRA-2
AOD with smaller correlations (r = 0.689-0.821) and slopes
(0.687-0.825), and larger errors (RMSE = 0.127-0.284, MAE =
0.086-0.244) over all administrative divisions as well as for entire
Bangladesh. In terms of RMB, MERRA-2 significantly underestimates the
AOD (—0.083 — —0.337), whereas CAMS under- or over-estimates the
AOD (—0.052—0.224) for different administrative divisions. A global
evaluation of MERRA-2 and CAMS (Gueymard and Yang, 2020) reported
that CAMS and MERRA-2 behave similarly, with some regional differ-
ences, depending on the continent. The performance of both datasets
appears relatively uniform over Europe and the USA. The RMSE is larger
over Africa, Asia, and parts of South America where AOD is normally
substantially higher, and likely subject to more errors. The RMSE varies
in the range from 0.031 to 0.268 for CAMS and 0.017 to 0.232 for
MERRA-2, depending on the continent. Both CAMS and MERRA-2
include assimilation of bias-corrected AOD from satellite measure-
ments such as MODIS. However, both CAMS and MERRA-2 also simulate
the aerosol species, which is influenced by uncertainties such as emis-
sions of aerosol particles and aerosol precursors, simulated meteoro-
logical variables, and mixing ratio of aerosols. Therefore, uncertainties
in the data may vary in space and time. Determining the emissions for
different anthropogenic sectors in a developing country like Bangladesh
is challenging and time-consuming, and the results change with evolving
economic conditions and environmental policy measures. Uncertainty in
the magnitude of emissions may lead to over- or under-estimation of the
simulated AOD. Overall, the results lead to the conclusion that CAMS
provides AOD values over Bangladesh which are in reasonable agree-
ment with the MODIS DTB AOD. Therefore, in the next section, the
CAMS aerosol products (AOD and its species: black carbon, dust, organic
carbon, sea salt, and sulfate) are used along with MODIS DTB AOD for
further analyses.

3.2. Spatial distribution of the annual and seasonal mean AOD

Fig. 3 presents the spatial distributions of the annual and seasonal
mean CAMS and MODIS DTB AOD over Bangladesh, averaged over the
years 2003-2020. The spatial patterns of CAMS and MODIS DTB AOD
are similar for both the annual mean AOD and in each of the seasons.
However, a closer look shows that for the regions in Bangladesh with the
highest AOD, the MODIS DTB AOD is somewhat higher than that from
CAMS, whereas in contrast, over regions with lower AOD, values from
MODIS are somewhat lower than those from CAMS. The AOD varies
over Bangladesh from west to east, with the highest annual mean AOD
(> 0.60) in the west and lower values over the eastern areas of Chat-
togram and Sylhet, as well as in the south (Barisal) and along the
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northern border in Mymensingh and Rangpur. The lowest values are
observed in the southeast of Chattogram (0.20-0.30). However, among
the eight administrative divisions, the highest 18-year annual mean
MODIS DTB AOD occurs in Rajshahi (0.73 £ 0.09), with a similar value
for CAMS (0.69 + 0.07); the lowest value occurs in Chattogram (MODIS
DTB = 0.38 + 0.05, CAMS = 0.47 + 0.05) (Table S1).

The spatial distributions in AOD over the study area show a strong
seasonality (Fig. 3), related to the strength of both natural and anthro-
pogenic emissions. In addition, seasonal variations in AOD are associ-
ated with meteorology. The spatial patterns of the seasonal and annual
mean AOD are similar, with an east-west gradient and highest concen-
trations in the west (in particular in Rajshahi, Khulna, and the south of
Rangpur). The AOD maps in Fig. 3 show that the seasonal mean AOD is
highest in spring (March-April-May), followed by winter (December-
January-February), summer (June-July-August), and autumn
(September-October-November). Table S1 shows the annual and sea-
sonal mean AOD over eight administrative divisions as well as for entire
Bangladesh. These data show that in spring, the highest 18-year seasonal
mean AOD is observed in Mymensingh (MODIS DTB = 0.81 + 0.11
(CAMS = 0.79 =+ 0.09) and the lowest in Chattogram (MODIS DTB =
0.54 + 0.08, CAMS = 0.63 + 0.07). In winter, the seasonal highest mean
AQOD occurs in Rajshahi (MODIS DTB = 0.85 + 0.15; CAMS = 0.79 +
0.14) and the lowest in Chattogram (MODIS DTB = 0.33 + 0.09, CAMS
= 0.50 + 0.10). In summer, the highest seasonal mean AOD occurs in
Khulna (MODIS DTB = 0.83 + 0.19; CAMS = 0.55 + 0.08) and the
lowest in Chattogram (MODIS DTB = 0.42 + 0.08, CAMS = 0.42 +
0.05). Note however that in summer the CAMS AOD over Bangladesh
was lower than MODIS DTB AOD, especially in Khulna and Barisal
(Table S1). In autumn, the highest seasonal mean AOD occurs in Khulna
(MODIS DTB = 0.58 + 0.11, CAMS 0.51 + 0.08) and the lowest in
Chattogram (MODIS DTB = 0.24 + 0.05, CAMS = 0.33 + 0.06)
(Table S1). Overall, the observations reported in this section suggest that
the spatial patterns for both datasets are similar, with differences in the
absolute values of the 18-year means, on both annual and seasonal
scales. The differences between the CAMS and MODIS DTB AOD are
however within one standard deviation. A strong seasonality is observed
in Bangladesh. In section 3.3, the spatial distributions of different
aerosol species from CAMS and their correlation with MODIS DTB AOD
are investigated.

3.3. Spatial distributions of aerosol species and their correlation with
AOD

The reanalysis models simulate the concentrations of different
aerosol species (such as black carbon, dust, organic carbon, sea salt, and
sulfate), calculate the AOD for each of them and add them to provide the
total AOD. Figure S1 shows the 18-year (2003-2020) averaged spatial
distributions of the AOD over Bangladesh caused by the different aerosol
species included in the CAMS models. The maps in Figure S1 show
higher values caused by OC aerosol species (0.25-0.40) than that by
sulfate (0.15-0.25), dust (0.05-0.10), and BC and SS (<0.05)
throughout the country. To better understand the connection between
aerosol species and total AOD, we first conducted a correlation study
between aerosol species and MODIS DTB AOD, which demonstrates
significant positive correlations for OC, sulfate, and BC, whereas for dust
and SS the correlations are smaller, and either positive or negative,
depending on the region (Fig. S2). The contribution of dust and sea-salt
to the total AOD is small compared to carbonaceous and sulfate-based
aerosol, which increases rapidly over the region and induces a nega-
tive correlation. This is in agreement with an earlier study (Mhawish
et al., 2021) showing that the eastern IGP region is dominated by
fine-mode aerosol, mainly sulfate-based and carbonaceous aerosols. This
study suggests that aerosol species can be effectively used to calculate
the relative contributions of different aerosol species to the total AOD.
This is further investigated in section 3.4.
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Fig. 3. Spatial distributions of the annual and seasonal mean MODIS DTB AOD (top row) and CAMS reanalysis AOD (bottom row) over Bangladesh, averaged over

the period 2003 to 2020.
3.4. Relative contributions of aerosol species to the total AOD

The CAMS dataset includes information on aerosol species (such as
black carbon, dust, organic carbon, sea salt, and sulfate), which can help
understand the relative contributions of each aerosol species to the total
AOD across Bangladesh. Fig. 4 shows that on an annual basis, the largest
contribution to the AOD is from OC, with 52-59%, across eight
administrative divisions as well as for entire Bangladesh. The second
largest contribution is from sulfate (30-33%), with minor contributions
from dust (6-7%), BC (3-4%), and SS (2-4%). Local anthropogenic
emissions are likely responsible for the dominance of OC and sulfate. For
most of the major administrative divisions of Bangladesh, the contri-
butions of OC and BC are higher in winter, while the contributions from
sulfate, dust and SS are higher in summer (Fig. 4). In winter, the
contribution of OC to the total AOD is highest in Rangpur (70%) and
lowest in Barisal (66%), whereas the contribution of BC to the total AOD
is highest in Chattogram (4.33%) and lowest in Khulna (4%). In summer,
the contribution of sulfate to the total AOD is highest in Mymensingh
(36%) and lowest in Sylhet (34%), whereas the contribution of SS to the
total AOD is highest in Chattogram (14%) and lowest in Rangpur (5%).
Furthermore, in summer, the contribution of dust to the total AOD is
highest in Barisal (15.38%) and lowest in Rangpur (11.18%). Section 3.5
examines the relative contributions of individual aerosol species to
changes in total AOD, by comparing trends of aerosol species obtained
from CAMS with those from MODIS DTB AOD.

3.5. AOD and aerosol species trends

In this study, we used the annual and seasonal mean MODIS DTB
AOD with a spatial resolution of 1° ' 1° for calculating AOD trends from
2003 to 2020. The spatial distributions of these annual and seasonal
pixel-level trends are mapped in Figure S3. The annual and seasonal
trend maps show positive trends over 18 years which are statistically
significant over Bangladesh as indicated by black dots (Fig. S3). The
trends over this period were larger in winter and spring mainly due to
increase the anthropogenic emissions from local sources and due to
transport from the upper IGP region (Mhawish et al., 2021). The AOD
trends in summer were smaller and insignificant which may be due to

clouds or washout during the rainy season. In addition to pixel-level
trends, also trends of the annual mean AOD over individual adminis-
trative divisions were calculated using time series of the annual mean
AOD averaged over each of them as illustrated in Fig. 5. The data in
Fig. 5 show positive trends at the 95% confident level over each of the
administrative divisions, with variation between 0.006 year ! and
0.014 year '. The increasing trend over this period was largest in
Khulna (0.014 year’l) and lowest in Chattogram (0.006 year’l).

Seasonal trends of the AOD averaged over each of the eight admin-
istrative divisions in Bangladesh over the years 2003-2020 are indicated
in Table S2. All trends over this period were larger in winter and spring
than in autumn and summer. In winter and spring, significant positive
AOD trends varied throughout the country with values between 0.008
year~! and 0.021 year . These were largest in Rajshahi and lowest in
Chattogram (Table S2). In summer, the AOD trends were small (0.003
year~! to 0.010 year ), but significant was less than <95% over all
administrative divisions (Table S2). In autumn, the trends were positive
and significant over Dhaka (0.009 year’l), Rajshahi (0.012 year’l),
Khulna and Mymensingh (0.010 year™!), while over other administra-
tive divisions, the trends were insignificant.

Trends in the major aerosol components over Bangladesh (BC, OC,
and Sulfate) were calculated from the CAMS data for the years from
2003 to 2020. The annual trends in aerosol species at both pixel-level
and administrative division-level were positive throughout the country
(Fig. S4 and Table 2). The pixel-level trends were positive and significant
at the 95% level over the entire country except over the eastern parts of
Chattogram and Sylhet, where the trends were insignificant and nega-
tive. In addition, significant positive trends of carbonaceous (BC and OC)
and sulfate aerosols were observed over all administrative divisions,
with greatest increases in Dhaka, Rajshahi, Khulna, and Rangpur
(Table 2). The significant increases in carbonaceous and sulfate aerosols
suggest increasing anthropogenic activities during the study period.

Trends in anthropogenic emissions (BC, OC, NOy, and SO5) have also
been examined. Trends (tons year’l) were calculated using annual
emissions from 2003 to 2020 (Fig. 6). The trends in annual anthropo-
genic emissions are positive and significant. The trends in NOy and SO»
emissions were largest with (NOy: 11 x 103; S05:9.9 x 10%) compared to
OC (0.82 x 10%) and BC (0.21 x 10%). In 2011-2012, abrupt changes
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Fig. 4. Relative contributions of CAMS-based aerosol species (i.e., black carbon: BC, dust, organic carbon: OC, sea salt: SS, and sulfate) to total AOD on annual and
seasonal timescales averaged over the period 2003-2020, over eight administrative divisions in Bangladesh.

were observed for all emissions, with stronger increase for SO, whereas
the emissions for NOy, OC, and BC increased less than before 2011
(Fig. 6). Possible explanation for these trend changes is that with
increasing electricity demand, the Bangladesh government in 2011
sanctioned the setting up of fuel-oil-based power plants in the private
sector (for quick generation of power) and the sharing of diesel and
furnace oil in electricity production. These small and medium capacity
(20-100 MW) fuel oil-based power plants use internal combustion en-
gines that operate without fuel gas desulfurization (FGD) devices and
combined cycle technology. This resulted in higher SO, emissions, and
air pollution rising to a severe level. Besides, large anthropogenic ac-
tivities during the Cricket World Cup in February 2011 may also have
led to higher emissions in 2011 (DoE, 2012). Overall, increasing trends
in satellite-based AOD, CAMS aerosol species, and anthropogenic
emissions across Bangladesh appear mainly due to increasing anthro-
pogenic activities in the last two decades.

4. Discussion

In this study, long-term spatiotemporal variations and trends in
aerosol optical properties and anthropogenic emissions over Bangladesh
were investigated. Because ground-based aerosol measurements over
Bangladesh are sparse, we utilized the long-term reanalysis datasets
from MERRA-2 and CAMS together with satellite-based AOD from
MODIS and emission data. First, we evaluated MERRA-2 and CAMS-
based AOD by comparison with satellite-based MODIS DTB AOD. The

best performance datasets were used for spatiotemporal variations and
trend analysis. In comparison to MODIS DTB AOD over Bangladesh,
MERRA-2 significantly underestimates AOD, whereas CAMS showed
better performance in terms of smaller error (RMSE, CAMS: 0.07;
MERRA-2: 0.20) and better correlation coefficient (r, CAMS: 0.93;
MERRA-2: 0.80). The differences can be attributed to several factors.
These include (1) low aerosol content due to washout by the rains during
the monsoon, (2) the sparsity of AOD data due to the occurrence of
clouds, causing underestimation in MERRA-2 AOD (Buchard et al.,
2017), (3) anthropogenic emissions that are not prolonged to 2013 (e.g.,
2006 and 2008 are the terminal years for OC/BC and SO, emissions), (4)
too-low estimates of organic carbon (OC) in the Goddard Chemistry
Aerosol Radiation and Transport (GOCART) model (Buchard et al.,
2017; Che et al., 2019a; Shi et al., 2019), and (5) the formation of sec-
ondary aerosols, which significantly contribute to aerosol loading in
highly polluted regions (Kulmala et al., 2021), which may increase the
negative bias in assimilating AOD data. However, this regional evalua-
tion of CAMS and MERRA-2 AOD products over Bangladesh shows that
CAMS aerosol products are suitable for their use in further analyses (e.g.,
examining long-term spatiotemporal variations and trends in AOD and
determining relative contributions from aerosol species and anthropo-
genic emissions to the total changes in AOD).

The long-term spatiotemporal distribution of CAMS and MODIS DTB
AOD shows high aerosol loading over the entire country, the highest
being in the western and central parts of the Bangladesh extension of the
IGP. The spatial and temporal patterns of CAMS and MODIS DTB AODs
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Fig. 5. Temporal variation of the annual mean AOD, averaged over each of the eight administrative divisions in Bangladesh, for the years from 2003-2020. Trend

lines are indicated by the dotted lines and the trend is indicated at the bottom

Table 2

Annual trends in CAMS-based aerosol species (i.e., BC, OC, and sulfate) across
Bangladesh from 2003-2020. The asterisk symbol (*) represents change at the
95% significant level.

Administrative divisions BC ocC Sulfate
Dhaka 0.0002* 0.006* 0.005*
Rajshahi 0.0002* 0.006* 0.006*
Chattogram 0.00004 0.003* 0.004*
Sylhet 0.00005 0.004* 0.004*
Khulna 0.0002* 0.006* 0.005*
Barisal 0.0002* 0.004* 0.004*
Mymensingh 0.0001 0.005* 0.005*
Rangpur 0.0002* 0.006* 0.006*
Bangladesh 0.0001* 0.005* 0.005*

are similar across eight administrative divisions, except in summer.
Although overall, the MODIS DTB AOD is larger than the CAMS AOD,
the differences are within one standard deviation. High cloud cover
during summer reduces the number of satellite-based AOD retrievals,
while the model simulates the data during both rainy and clear sky days.
On the other hand, in summer, the large water-vapor content in the
atmospheric column and the high relative humidity in the rainy season
result in high AOD due to the hygroscopic growth of aerosol particles,
along with emission from local anthropogenic activities (Li and Wang,

of each figure. The asterisk symbol (*) indicates significance at the 95% level.

2015; Mhawish et al., 2021). Additionally, the warm summer weather
may lead to faster photochemical reactions, resulting in a high sum-
mertime aerosol load in the study area (Dickerson et al., 1997; de Leeuw
et al., 2022). The lowest AOD in autumn was also reported in earlier
studies (Ali et al., 2019; Hu et al., 2021; Mamun et al., 2014), which can
be attributed to an autumn increase in rainfall.

The high aerosol loading over Bangladesh is mainly attributed to
local sources, along with long-range transport of aerosols from the
western and central IGP enhancing the aerosol pollution over
Bangladesh (Eastern IGP) (Chutia et al., 2019; Islam et al., 2017;
Mhawish et al., 2020, 2021; Ojha et al., 2020). The high population
density in urban and suburban regions, the developing economy, high
industrialization, biomass burning, and domestic energy consumption
are the main contributors to high aerosol loading, mainly comprising
sulfate and carbonaceous aerosols (Ali et al., 2019; Hu et al., 2021; Karar
and Gupta, 2007; Mhawish et al., 2019). The spring season has the
highest aerosol loading (MODIS DTB AOD: 0.70 £ 0.09; CAMS: 0.69 +
0.08), followed by winter (MODIS DTB AOD: 0.65 + 0.12; CAMS: 0.66
=+ 0.12), which is mostly dominated by sulfate-based and carbonaceous
aerosol types. Wintertime AOD comprises mainly fine particulates,
mostly from biomass and waste burning, and limited ventilation due to
the shallow boundary layer (Kumar et al., 2018).

The analysis of CAMS-based aerosol species shows that aerosol
composition in Bangladesh is dominated by OC, followed by sulfate,
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Fig. 6. Annual trends in anthropogenic emissions (i.e., BC, OC, NOy and SO,) were obtained from CAMS over Bangladesh from 2003 to 2020. The asterisk symbol (*)

indicates that the trend is at the 95% significance level. Unit: Tons/year.

with small contributions from dust, BC, and SS. The primary sources of
sulfate and carbonaceous aerosols are from local anthropogenic activ-
ities (such as brick kilns, industries, agriculture, urban) (Mhawish et al.,
2021). demonstrated that small-mode aerosol types (e.g., sulfate-based
and smoke aerosol) dominate over the eastern part of the IGP region,
including Bangladesh. Moreover, dust over Bangladesh is mainly
transported from the Thar Desert in Northwest India and spreads to
neighboring countries, including Bangladesh (Hu et al., 2021). Chatto-
gram is close to the Bay of Bengal and is strongly affected by southwest
summer monsoon circulation, resulting in the city receiving more SS
from the Bay of Bengal than other cities in Bangladesh (Jin et al., 2014).
reported that the strong southwest summer monsoon circulation brings
about 13% of the sea-salt aerosol transported from the Arabian Sea
northeastward to the Indian subcontinent.

Another important objective of this study was to examine long-term
trends in AOD, aerosol species, and anthropogenic emissions over
Bangladesh. At the pixel-level, AOD trends over the entire country are
positive. Statistically significant trends are observed over all eight
administrative divisions of Bangladesh, with the largest positive trend
over Khulna, Rajshahi, and Dhaka (Fig. 5). The trends in aerosol species
are positive and significant, similar to the emission trends over the re-
gion. These increasing AOD trends across Bangladesh have also been
reported by several studies using different satellite-based AOD products
such as MODIS (Ali et al., 2019; Islam et al., 2019; Kumar et al., 2018;
Mhawish et al., 2021; Yoon et al., 2014). Several factors are responsible
for increasing AOD trends over the eastern IGP (Bangladesh), including
increases in residential/agricultural biomass burning, increases in traffic
density and industrial emissions, and energy demand (Reddy and Ven-
kataraman, 2002; Saud et al., 2011; Singh et al., 2017a, 2017b). The
significant increase in concentrations of black carbon (industry and
transport: 21.7%, agriculture and residential: 27%), NOy (industry and
transport: 45.4%, agriculture and residential: 35%), and SO, (industry
and transport: 51%, agriculture and residential: 36%) are consistent
with increases in small-mode and absorbing aerosols (Mhawish et al.,
2021), total AOD (Kumar et al., 2018), and emissions (Pandey et al.,

10

2014; Sadavarte and Venkataraman, 2014) over the eastern IGP region.
Shohel et al. (2018) linked the observed increase in aerosol loading with
the rise in population, vehicular density, and industry in Bangladesh.
Results from the current study indicate that the extreme aerosol loading
over Bangladesh is dominated by sulfate-based and carbonaceous
aerosols mainly from local anthropogenic sources. Aerosol loadings over
the country are increasing at an alarming rate suggesting that immediate
action is needed to reduce the emissions from different sectors. Envi-
ronmental policies and regulations should be implemented to reduce
emissions from all major sectors. Using new technologies such as com-
bined cycle technology and fuel gas desulfurization (FGD) devices in
coal-fired power plants and industrial sectors can reduce emissions of
sulfur and NOy from industrial and energy sectors. The use of com-
pressed natural gas (CNG) instead of high-sulfur diesel could also miti-
gate Bangladesh’s air pollution.

5. Conclusion

In this paper, AOD obtained from the CAMS and MERRA-2 reanalysis
was evaluated against the Terra- and Aqua-MODIS DTB AOD over
Bangladesh. The advantage of using reanalysis data is in their spatio-
temporal coverage. Having established the good performance of CAMS
AOD data, they were used to study the spatiotemporal distributions of
the AOD and the relative contributions of aerosol species to the total
AOD over Bangladesh. A trend analysis was also conducted for the study
period (2003-2020) using MODIS DTB AOD, aerosol species, and
anthropogenic emissions.

o The results from this study shows the high correlation between
CAMS and MODIS DTB AOD (r = 0.802-0.928) and the large slopes
(0.820-0.973) in scatterplots of these data, with smaller errors for
CAMS (RMSE = 0.070-0.157, MAE = 0.048-0.119) than for MERRA-
2 AOD. These findings indicate that CAMS AOD products can be used
to study long-term spatiotemporal variations and trends in aerosol
optical properties and anthropogenic emissions over Bangladesh.
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e The spatial distributions of the annual mean AOD from MODIS DTB
and CAMS averaged over the years 2003-2020, show relatively high
AOD (> 0.60) over part of the country, with a west-east gradient
resulting in a substantially lower AOD over the eastern areas of
Chattogram and Sylhet. Averaged per administrative division, the
18-year annual mean AOD is highest in Rajshahi and lowest in
Chattogram. Seasonally highest AOD is observed in spring, followed
by winter, summer, and autumn.

eAerosol species (i.e., organic carbon, sulfate, and black carbon) are
significant contributors to total AOD over Bangladesh. The highest
contributions of OC and BC to total AOD occur in winter over most
cities of Bangladesh, while the highest contributions of sulfate, dust,
and SS are in summer.

Significant (at the 95% confidence level) positive AOD trends using
MODIS DTB data from 2003-2020 vary throughout the country,
from 0.006 year ! to 0.014 year !. The increasing AOD is attributed
to the substantial increase in population density, vehicular density,
and industrial activity in Bangladesh. Seasonally, significant positive
AOD trends are more evident in winter and spring (0.008 year™! to
0.021 year’l) than in summer (0.003 year’1 to 0.010 year’l) and
autumn (0.003 year’l to 0.012 year’l).

The significant increasing trends of aerosol species (i.e., OC, sulfate,
and BC) and anthropogenic emissions (i.e., OC, SO5, and BC) are also
obvious throughout the country, which explains the observed
increasing AOD trends over Bangladesh.

According to this study, CAMS reanalysis data is more appropriate to
study aerosol pollution in Bangladesh than MERRA-2, and this docu-
ment can be used as environmental assistance guide for Bangladesh to
mitigate anthropogenic emissions for improvement of air quality.
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