
1.  Introduction
Among many globally recognized aerosol hotspots, both South and Southeast Asia have been studied and 
documented most extensively (Huijnen et al., 2016; Singh et al., 2017a, 2017b; Vadrevu et al., 2019; Yin 
et  al., 2019); owing to their common vulnerabilities to possible implications of aerosols on regional cli-
mate (Ramanathan et al., 2001), atmospheric chemistry (Duncan et al., 2003), hydrological cycle (Bollasi-
na et al., 2011; Vinoj et al., 2014), fragile ecosystem (Sonkar et al., 2019; Turetsky et al., 2015; Yanhong 

Abstract Aerosol climatology during typical haze dominating period over South and Southeast 
Asia was explored using several Earth-Observing A-Train satellite products retrieved in between 2010 
and 2020. Comparatively high aerosol optical depth (AOD) with dominance of fine and UV-absorbing 
aerosols are noted across the Indo-Gangetic plain, South Asia (IGP; AOD: 0.58; UVAI: 0.74) against 
weak UV-absorbing fine aerosols over Southeast Asia (SEA; AOD: 0.26; UVAI: 0.07). Among inland IGP 
sites, decadal mean AOD resembles in Lahore (0.72 ± 0.45), Delhi (0.81 ± 0.46), Kanpur (0.84 ± 0.42), 
and Varanasi (0.78 ± 0.45); all exhibiting bimodal AOD distribution with a first peak in early November 
followed by a second in early January. In contrast, except mainland site Chiang Mai, all SEA maritime 
cities resemble in having typical September-October AOD peak, with the presence of fine and UV-neutral 
aerosols. Urban hotspots across IGP and SEA (except Dhaka, Chiang Mai) denote a spatially consistent 
minor increasing trend in AOD (0.2–1.8 × 10−2 year−1) while increase in UVAI is more prominent over 
upper IGP. Dust aerosols dominate only in Karachi (46%) against strong UV-absorbing smoke aerosols 
over rest of the IGP (71–91%), and UV-neutral smoke aerosols across SEA (84–92%). Vertical stratification 
of aerosol types is noted across IGP as in lower atmosphere (<4 km) polluted dust/urban aerosols remain 
abundant, with gradual decrease in dust aerosols from upper to lower IGP and consequent increase in 
smoke aerosols. At upper atmosphere (>4 km), however, dust aerosols clearly dominate. Over SEA, smoke 
are the most abundant aerosols across the atmospheric column followed by polluted dust. No evidence of 
intracontinental transport of aerosols from IGP to Southeast Asia or vice versa is, however, noted.

Plain Language Summary Aerosol climatology during typical haze dominating period 
over two global aerosol hotspots: South and Southeast Asia was explored using several satellite-based 
aerosol optical properties retrieved using Earth Observing A-Train satellites (Aqua, Aura, CALIPSO). 
Comparatively high aerosol optical depth with dominance of fine and absorbing aerosol are noted across 
the Indo-Gangetic plain, South Asia against weak absorbing fine particles over Southeast Asia. Presence 
of strong absorbing aerosol over Indo-Gangetic plain may have greater implications on regional climate. 
We note absorbing dust aerosols only over Karachi against strong absorbing smoke aerosols over Lahore, 
Delhi, Kanpur, Varanasi, and Dhaka, and UV-neutral smoke aerosols over Singapore, Penang, and Kuala 
Lumpur. Vertical stratification of aerosol types is also noted across IGP as in lower atmosphere (<4km) 
polluted dust/ polluted urban aerosol remains abundant, with gradual decrease in dust aerosols from 
upper to lower IGP and consequent increase in smoke aerosols. No evidence in intracontinental transport 
of smoke aerosols is found, as biomass burning emissions over upper IGP, Kalimantan, and Sumatra 
primarily modulating climatology of regional aerosols.
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Key Points:
•  Smoke aerosols are more UV-

absorbing across South Asia 
compared to Southeast Asia

•  Vertical stratification of aerosols 
is prominent over IGP as urban 
aerosols and smoke dominate at low 
altitude while mineral dust at high 
altitude

•  Smoke and urban aerosols are 
abundant across the atmospheric 
column over SEA
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et al., 1996), and perturbations to economically sensitive population (Quah & Johnston, 2001). Together, 
these two regions account for nearly 33% of world population with 25% of global fine particulate and 28% of 
black carbon emissions (in 2010), considerable proportion of which originate from the forest and other bi-
omass burning emissions (Klimont et al., 2017). The growing demand for energy, intensive land-use-based 
urbanization and industrialization, deforestation related to agricultural expansion, limited and inefficient 
public transport system, indiscriminate waste/refuse burning; all these lead to massive emissions of aero-
sols and their precursors. Exposure to such airborne particulates has been vowed to cause severe negative 
health impacts and millions of premature deaths, especially over these two geographical regions (Sahani 
et al., 2014; Singh et al., 2021a).

Beside conventional sources of aerosols (like industrial and vehicular emissions), Southeast Asia (SEA) 
experiences widespread and ubiquitous emissions from forest fire, peatland combustion, and slash and 
burn agricultural activities (Latif et al., 2018; Nguyen et al., 2019; Vadrevu et al., 2019). These fires are often 
sufficiently intense and spread across (Vadrevu et al., 2014), frequently intensified by El Niño mediated 
hydrological drought and pattern in Indian Ocean Dipole (Field et  al.,  2009). This has been a common 
scenario from last half a decade and has been accounted for releasing huge amounts of terrestrially stored 
carbon, smoke, and other primary and secondary aerosols (Cohen, 2014; Huijnen et al., 2016; Stockwell 
et al., 2016). Characteristically, two typical trends in fire occurrence prevail over SEA. Mainland countries 
like Thailand, Myanmar, Cambodia, and Vietnam experience peak in fire density and associated poor air 
quality during March-April with a second peak in October; whereas the maritime countries (Indonesia, 
Malaysia, Singapore, Philippines) experience the same during September-October (Nguyen et  al.,  2019; 
Vadrevu et al., 2019). Indeed, fire strength and emission vary with space, biomass type, topography, and 
climate but in general, carbonaceous smoke particle, secondary inorganic and organic dominate the aerosol 
constituents (Huijnen et al., 2016; Latif et al., 2018).

In contrast, over South Asia, the Indo-Gangetic plain (IGP) bears the highest burden of aerosols (Dey & 
Di Girolamo,  2011; Kumar et  al.,  2018; Mhawish et  al.,  2020); aerosols which are highly diverse (Gau-
tam et al., 2011; Jethva et al., 2005; Mhawish et al., 2017, 2019), dynamic (Dey et al., 2008; Rajput & Sa-
rin, 2014; Singh et al., 2017a) with signature of multiple emissions sources (Chakraborty et al., 2015; Singh 
et al, 2017b, 2021b). Both observational (Gautam et al., 2011; Jethva et al., 2019; Singh et al., 2018; Vinja-
muri et al., 2020) and model simulations (Henriksson et al., 2011; Ojha et al., 2020) indicate the predomi-
nance of mineral dust during premonsoon while biomass burning, waste/refuse incineration and residen-
tial emissions essentially contribute in postmonsoon and winter months. Also, there are several reports of 
consistent increase in surface PM2.5 (Shi et al., 2018) and columnar aerosol loading over IGP, a trend varying 
from 0.007 years−1 over northern India (Krishna Moorthy et al., 2013) to 0.01–0.04 years−1 over IGP (Dey 
& Di Girolamo, 2011), with a recent estimate by Kumar et al. (2018) as 0.002 years−1. Notably, the rate of 
increase is more pronounced during October to February months (Kumar et al., 2018; Srivastava, 2017) with 
greater incidence of hazy days (Singh et al., 2021a; Thomas et al., 2019) and consequent atmospheric warm-
ing, frequently associated to emissions from indiscriminate biomass burning and anthropogenic sources.

Yet our understanding on the sectoral emissions of aerosols, its nature and atmospheric chemistry, trans-
port and vertical distributions are severely limited; constrained especially by the absence of coordinated 
ground-based observations, and heterogeneity in emissions sources and strengths. Here, we have explored 
the nature of aerosols and its spatial-temporal-vertical distributions across two geographical regions, with 
specific emphasis on urban pollution hotspots, using multiple coordinated earth observation satellite prod-
ucts, retrieved in between September 2010 and February 2020. However, instead of analyzing year-long 
variations we intend to focus only on haze dominated period. We took advantages of multiple satellite-based 
aerosols products; established initially the spatial signature of aerosol loading, its optical and microphys-
ical properties, followed by aerosol trend, distinguished prevailing aerosols constrained by their size and 
light-absorbing properties, explored vertical gradient in aerosol extinction and concluded by recognizing 
potential emission source fields. Our analysis has limitation in exempting surface PM2.5 measurements but 
have broader implications in recognizing nature of aerosols during hazy days, in improving aerosol-partic-
ulate modeling and in epidemiological studies.
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2.  Data and Experimental Methods
2.1.  Site Description

Geospatial analysis was done initially for two large geographical regions: South Asia and Southeast Asia 
considering every single pixel, followed by 10 individual sites located across two regions (Figure 1). Here, 
IGP was considered to represent South Asia as it possesses the maximum burden of particulate loading 
(Dey & Di Girolamo, 2011; Kumar et al., 2018) with presence of highly diverse and dynamic aerosols (Dey 
et al., 2008; Gautam et al., 2011; Mhawish et al., 2017) having considerable spatiotemporal variations (Jeth-
va et al., 2005; Vinjamuri et al., 2020). In comparison, geographical regions of Thailand, Malaysia, Singa-
pore, and Indonesia were earmarked as Southeast Asia.

Individual sites were selected considering their representativeness of broad geography, predominating aer-
osol types and sources, prevailing meteorology, and population count. A very brief description of individual 
sites is included here while detailed discussions may be found in Singh et al. (2017b), Kumar et al. (2018), 
and reference therein. Karachi (24.95°N, 67.13°E), is a typical coastal city in southeast Pakistan with indus-
trial and vehicular emissions as predominating sources of aerosols, periodically influenced by deserts dust 
and marine aerosols (Mansha et al., 2012). Lahore (31.48°N, 74.26°E) located at northern Pakistan experi-
ences seasonal reversal of emission sources with vehicular and industrial emissions, biomass burning and 
transported dust contribute to local particulates (Stone et al., 2010). New Delhi (28.63°N, 77.17°E), having 
one of the world’s poorest air quality experiences variety of aerosol sources and mix aerosol types; with 
abundance of dust during the premonsoon and fine aerosols from biomass burning, vehicular and industrial 
sources (Jain et al., 2020). Kanpur (26.51°N, 80.23°E), an industrial city in central IGP experiences seasonal 
variations in aerosol types linked to biomass and refuse burning emissions, with dominating proportions of 
carbonaceous and sulfate aerosols (Chakraborty et al., 2015). Varanasi (25.31°N, 82.97°E), reported to have 
the highest columnar aerosol loading among the cities in IGP (Kumar et al., 2018); have aerosols mostly of 
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Figure 1.  Geographical location of the study domain and spatial distribution of selected sites across South and 
Southeast Asia. Note: To compare geospatial means of aerosol properties, only the geographical regions of IGP (for 
South Asia) and Thailand, Malaysia, Singapore, and Indonesia (for Southeast Asia) were considered. Yellow dot 
indicates urban hotspots considered for analysis. IGP, Indo-Gangetic plain.



Journal of Geophysical Research: Atmospheres

secondary in nature with contribution from biomass/waste burning, crustal resuspensions, and residential 
emission sources (Murari et al., 2020; Singh et al., 2021b). Fine absorbing aerosols mainly prevail in Dhaka 
(23.72°N, 90.39°E), with sources like vehicular emissions, household energy practices and emissions from 
brick kilns (Begum et al., 2004). Among the cities located in Southeast Asia, Chiang Mai (18.81°N, 98.98°E) 
is in northwest Thailand influenced mainly by forest fires and biomass burning aerosols (Guatam et al., 
2013). Penang (5.35°N, 100.30°E) located in the northwest coast of Peninsular Malaysia and primarily is an 
industrial hub. Singapore (1.29°N, 103.78°E), a highly industrialized global megacity, is affected by fossil 
fuel emissions from cars, petrochemical industries, and ship emissions with periodic influence from marine 
and biomass burning aerosols (Nguyen et al., 2019). Kuala Lumpur (3.13°N, 101.68°E), situated in the west 
coast of the Malaysian Peninsula; essentially have secondary and biomass burning aerosols, with intermit-
tent contribution from road dust and marine aerosols (Sulong et al., 2017).

2.2.  Satellite-Based Observations

This study integrates observation from several coordinated Earth Observing System (EOS) satellites, includ-
ing the Afternoon Constellation (A-Train) satellites like Aqua and Aura, and C-Train satellite like CALIPSO 
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation). All these coordinated group of polar 
satellites have near synchronous orbit crossing within minutes of each other thereby, providing near-si-
multaneous observation of both spatial, temporal, and vertical distribution of aerosols. To create three-di-
mensional aerosol climatology of atmospheric haze over South and Southeast Asia; we followed Moderate 
Resolution Imaging Spectroradiometer (MODIS, Aqua) and the Ozone Monitoring Instrument (OMI, Aura) 
to assess spatial nature of aerosol optical and microphysical properties while Cloud-Aerosol Lidar with 
Orthogonal Polarization (CALIOP, CALIPSO) was used to distinguish the vertical distribution of aerosols.

All the satellite data were retrieved for a period of 10 years (September 2010 to February 2020, all inclusive) 
exclusively for the haze dominating period over South and Southeast Asia. However, it should be noted 
that atmospheric haze was not defined here on a daily basis constrain by the fact that we did not account 
for ground-level PM2.5 concentration and visibility data, and CALIPSO has a revisit period in each 16 days. 
Across IGP, there are evidences of greater incidence of hazy days with very high aerosol concentration dur-
ing October to November (Thomas et al., 2019), influenced mainly by the burning of agricultural residues 
(Jethva et al., 2019; Singh et al., 2018). From December to February, haze episodes are mostly accompa-
nied with the burning of biomass/waste/refuse, that are frequently practiced for residential heating and 
cooking purposes (Singh et al., 2021b). In a separate manuscript based on ground-based PM2.5 observation 
in Varanasi, we have noted 67% of monitoring days (in between 2009 and 2016) were haze days, most fre-
quently (>80%) from October to February months (Singh et al., 2021a). In contrast, over Southeast Asia, 
haze episodes are most frequent during southwest monsoon (September-October) while the intermonsoon 
(October-November) and northeast monsoon (December-March) also pose haze days with high aerosol con-
centration with dominance of smoke aerosols (Nguyen et al., 2019; Sulong et al., 2017). Therefore, in each 
year, October to February months over South Asia, and September to January over Southeast Asia were se-
lectively considered as haze dominating period, and followed for satellite retrievals and geospatial analysis.

2.2.1.  Aqua-MODIS AOD and AE

For this analysis, we relied on MODIS onboard EOS Aqua satellite for retrieval of aerosol optical properties. 
The MODIS sensor measures the earth and atmospheric radiance on a systematic manner, and provides 
retrievals in 36 spectral bands from 0.415 to 14.235 µm. MODIS AOD (aerosol optical depth) retrievals have 
been validated widely both on global (Sayer et al., 2019) and regional scale (Bilal & Nichol, 2015), and over 
IGP (Mhawish et al., 2017). Three independent MODIS aerosol retrieval algorithms are in operation viz. 
Dark Target (DT) for dark or vegetated surfaces, DT over ocean, and Deep Blue (DB) for universal land 
surface. Recently, Lyapustin et al. (2011) introduced the Multiangle Implementation of Atmospheric Cor-
rection (MAIAC), a new generic aerosol algorithm which has been proved to be effective in identifying fine 
aerosols and emission sources over varying land surfaces (Mhawish et al., 2019).

Aqua MODIS (C6.1) aerosol product was used to retrieve aerosol optical and microphysical properties. The 
combined DT and DB AOD product was used to retrieve aerosol optical depth (AOD at 10-km resolution) 
considering its capability to retrieve aerosols over varied land surfaces. Only highest quality (QA > 2) AOD 
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data were retrieved from September 2010 to February 2020 (all inclusive) to assess the spatiotemporal var-
iations of aerosol loading. To retrieve information on microphysical properties of aerosols, Aqua MODIS 
(C6.1) DB angstrom exponent (AE at 10-km resolution) with recommended quality flag (QA > 2) was used 
as a qualitative indicator of aerosol size.

2.2.2.  Aura-OMI UVAI and AAOD

To distinguish UV-absorbing aerosols (e.g., absorbing part of carbonaceous aerosols and desert dusts) 
against scattering aerosols (sulphate aerosols), we retrieved UV-Aerosol Index (UVAI) from OMI sensor 
onboard Aura satellite (Herman et al., 1997; Torres et al., 2007). The UVAI is a function of aerosol optical 
depth, aerosol absorption, and layer height; and a proven semiquantitative parameter that has been widely 
used to trace distribution of absorbing aerosols (Jethva et al., 2018, 2019; Singh et al., 2018;Zhang et al., 
2017). To retrieve UVAI, we considered spectral measurements at 354 and 388  nm using OMI near-UV 
aerosol retrieval algorithm (OMAERUVG, V3, Level 2G data) retrieved at 0.25° × 0.25° resolution. A de-
tail discussion on OMAERUV algorithm and its uncertainties is included in Jethva et al. (2014) and Ahn 
et al. (2014). Besides UVAI, we also retrieved and processed absorbing aerosol optical depth (AAOD) from 
Aura-OMI sensor using same algorithm with associated quality flag (1). AAOD was used to denote nonscat-
tering part of AOD which also serves as a proxy for absorbing aerosols (Ahn et al., 2014; Zhang et al., 2017).

2.2.3.  CALIPSO-CALIOP Aerosol Extinction

Vertical distribution of aerosols serves categorical information on potential transport, chemistry, interaction 
with cloud and radiation, and its removal mechanism (Bourgeois et al., 2018; Winker et al., 2009). Aerosol 
attenuated backscatter profiles over each station (1° × 1°) was retrieved from space borne active lidar CAL-
IOP onboard CALIPSO satellite. The CALIOP is a dual-wavelength (532 and 1,064 nm) elastic polarization 
lidar that retrieves aerosol backscatter profiles at 30–60 m vertical resolutions with detection sensitivity of 
0.01–0.07 km−1 (Winker et al., 2009). Recent improvements on CALIOP V4 Level 2, uncertainties and global 
validation of CALIOP AOD against ground observation are reported by Kim et al. (2018). For this research, 
aerosol extinction coefficients at 532 nm were retrieved using latest and improved CALIPSO version 4.20 
(V4) Level 2 5-km aerosol profiles. Individual aerosol types were classified based on Kim et al. (2018) and 
only nonnegative aerosol extinctions with designated quality flags (0, 1, 18, or 16) and cloud-aerosol dis-
crimination criterion (CAD ≤ −20; ≠−101) were considered.

2.3.  ERA-Interim Data

Wind vector profile at 10  m a.g.l. across the study domain was obtained from the European Centre for 
Medium-range Weather Forecasts (ECMWF) ReAnalysis-Interim (ERA-Interim) data set. The ECMWF re-
analysis data are based on several EOS and weather prediction models, and provide better accuracy and 
resolution compared to other contemporary data set. Vector wind was retrieved at 0.25° × 0.25° horizontal 
resolution only for a single representing year (September 2018 to February 2019) and monthly means were 
plotted using Grid Analysis and Display System (GRADS).

2.4.  Air Mass Back Trajectories

Five-day isentropic air mass back trajectories for all the sites across IGP and SEA were plotted by Hybrid 
Single Particle Lagrangian Trajectory (HYSPLIT) model. We have used GDAS (1° × 1°) archived data set to 
run HYSPLIT, averaged from September 2018 to February 2020. Constraining the prevailing boundary layer 
height, backward trajectories were plotted at 500 and 1,500 m for sites over IGP (Murari et al., 2017), and 
1,500, 1,900, and 2,300 m for sites over Southeast Asia (McGrath-Spangler & Denning, 2013). Concentration 
weighted trajectories (CWTs) were drawn using GIS-based TrajStat software (Wang et al., 2009) to recognize 
potential aerosol source fields.

2.5.  Data Processing

Spatial variations in aerosol loading and aerosol types across South and Southeast Asia were investigated 
during haze dominated period. We took advantages of a set of robust satellite-retrieved data set including 
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AAOD, AOD, UVAI, and AE to classify existing aerosol types. Selection of UVAI and AE thresholds is mo-
tivated by the ability of OMI OMAERUV product UVAI to accurately distinguish absorbing (+UVAI) and 
scattering aerosols (−UVAI) while MODIS DB product AE was considered as a proxy for aerosol size. Spatial 
dominance of fine absorbing aerosols (like smoke aerosols) was traced by the prevalence of high (+) UVAI, 
AAOD with a corresponding high AE value (>1.2).

We also tried multidimensional clustering analysis to ascertain existing aerosol types over individual sites 
across two geographical regions. A 1° × 1° spatial grid centered over each site, as discussed in Section 2.1; 
is uniformly selected to retrieve daily area-weighted mean of AOD, AE, AAOD, and UVAI. They were first 
used to recognize any reiterating pattern that exist in daily variations of the parameters in between the 
cities, before being subject to multiyear trend analysis using nonparametric statistical test. A standard 
Mann-Kendall (M-K) test was used to estimate the monotonic trend in aerosol time series following Kumar 
et al. (2018) and Li et al. (2014).

Identification of prevailing aerosol types is often challenging and many researchers have explored ways 
to identify aerosol types using either sensors with diverse range of spectrum or by using multiple satellite 
sensors (Jeong & Li, 2005; Kim et al., 2007; Lee et al., 2010; Penning de Vries et al., 2015). In order to classify 
aerosol types, we followed defined protocol of aerosol type classification by Penning de Vries et al. (2015) 
and Vinjamuri et al. (2020). Classification of aerosol types was done following UV radiation absorptivi-
ty of aerosols and effective particle size. Here, we classified aerosol absorption in UV range as scattering 
(S), neutral (N), and absorbing (A); considering UVAI threshold as a semiquantitative indicator of aerosol 
absorption (Zhang et al., 2017). To classify aerosol size, we considered AE over FMF (fine mode fraction). 
Although, FMF, defined as fine-mode AOD to total AOD, is a quantitative parameter; it is not included 
in MODIS DB algorithm product. Therefore, FMF is unable to provide reliable estimation of aerosol size 
over bright surfaces like in upper IGP. Besides, AE is widely considered to constrain particle size (Mhawish 
et al., 2017; Penning de Vries et al., 2015; Sayer et al., 2019). Briefly, three aerosol types according to its sizes 
e.g., coarse (AE < 0.7), mixed (0.7 < AE < 1.2) and fine aerosols (AE > 1.2); and three types according to 
their UV-absorption potential e.g., scattering (UVAI < −0.5), neutral (−0.5 < UVAI < 0.25) and absorbing 
aerosols (UVAI > 0.25) were defined with a total of nine independent aerosol subtypes.

To investigate vertical distribution of aerosols, CALIOP attenuated backscatter profiles fall within each 
selected grid of 1° × 1° for each city was considered. We did not segregate day and night profiles as diurnal 
variation in aerosols was not intended. A total of 431332 CALIOP lidar profiles were considered spanning 
from a range of 2,604 (in Singapore) to 97,243 (in Lahore) profiles for each city. Cloudy profiles were re-
moved using the Cloud-Aerosol Discrimination score (inclusive of -100 to -20). At each vertical bin, respec-
tive extinction coefficients of individual aerosol subtypes were compared against total extinction including 
the scenarios marked as “0” when null contribution of a particular aerosol type was noted.

3.  Results and Discussion
3.1.  Spatial Distribution of Aerosols

Spatial distributions of aerosols during typical haze dominating period over South (October-February) and 
Southeast Asia (September-January) are included in Figure 2 while intraperiodical averages are in Table S1 
(in supporting information). Clearly, the Indo-Gangetic plain (IGP) depicts the highest columnar aerosol 
loading (AOD) with area-weighted spatial mean of 0.58 against 0.26 over Southeast Asia (SEA). For the IGP, 
the spatial mean of AOD during haze is slightly high compared to the reported annual mean of 0.50 from 
2006 to 2015 (Kumar et al., 2018) and from 2008 to 2017 (0.55; Vinjamuri et al., 2020). Significant spatial 
gradient in aerosol loading is also evident with comparatively high AOD over central to lower parts of IGP. 
This is also true over Southeast Asia as eastern Indonesia, southern part of Malaysia, and west Kalimantan 
(Indonesian Borneo) recorded higher aerosol loading compared to rest of the region.

Across two geographical regions, spatial variations in AE are less stringent with geospatial average ranging 
from 1.39 (IGP) to 1.49 (SEA) indicating dominance of fine particulates. Figure 2 also indicates that the dis-
tribution of fine particulates is not robust and does not correspond well to the spatial variations in columnar 
aerosol loading. In terms of UV-absorbing potential of prevailing aerosols, geographical distinctions be-
tween IGP and SEA are clearly evident. The IGP is accompanied with more UV-absorbing aerosols (spatial 
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mean: 0.74), especially over the upper IGP (>0.75), whereas no such dominance in absorbing aerosols is 
noted over SEA (spatial mean: 0.07). Presence of absorbing aerosols over upper part of the IGP overlaps 
well with the region that accounts for the emissions of carbonaceous aerosols from burning of crop residues 
(Jethva et al., 2019; Singh et al., 2018; Vinjamuri et al., 2020). Spatial variations in AAOD, a reliable indica-
tor of absorbing aerosols, are not evident across IGP and SEA as both the regions account for a low spatial 
mean (0.06) during haze dominated period.

We also account for the intraperiodic variations in spatial means (Figure  S1 and Table  S1); considering 
two distinct seasons i.e., postmonsoon (ON) and winter (DJF) over IGP, and southwest monsoon (SO) and 
inter and northeast monsoon (NDJ) over SEA. Although the IGP suffers greater accumulation of smoke 
particles during October to February months, the dominant sources are reported to be biomass burning 
emissions during ON (Jethva et al., 2019; Singh et al., 2018) while emissions from waste/refuse and bio-
mass burning contributes mainly during DJF (Singh et al., 2021b). Here, geospatial mean AOD over IGP 
remains similar during ON and DJF (0.58) but aerosols that prevail over upper IGP during ON seems to be 
transported toward central to lower IGP by westerly wind (Figure S1a). In contrast, over SEA, spatial mean 
AOD is considerably high during southwest monsoon (SO: 0.35; NDJ: 0.18); particularly over east Indonesia 
and west Kalimantan (AOD > 0.75). High AOD during SO months over Indonesia corresponds well with 
AOD retrieved during extreme biomass burning events (AOD: 0.80; Vadrevu et al., 2014). The continental 
SEA, especially northern Thailand, Myanmar, and Vietnam usually experience the highest biomass burning 
events, highest AOD and corresponding haze during March-April-May months while over Malaysia, Indo-
nesia, and Singapore, maximum AOD prevail during September to October months (Nguyen et al., 2019). 
In contrast, temporal variations in particulate size (AE; IGP: 1.33–1.43; SEA: 1.48–1.51) are insignificant, 
although there is definite increase in UV-absorbing potential during high biomass burning episodes both 
over IGP (ON: 0.842, DJF: 0.667) and SEA (SO: 0.073; NDJ: 0.055). Similarly, AAOD increases slightly dur-
ing early haze period, both over IGP and SEA; coinciding well with the region that typically experiences 
high biomass burning events. Overall, spatial distribution of multiple satellite-retrieved aerosols indicates 
possible contribution of regional biomass burning emissions in regulating air quality which was further 
explored in the following section.

3.2.  Characteristics of Aerosols Over Urban Hotspots

Variations in aerosol loading (AOD), optical (AAOD and UVAI), and microphysical properties (AE) of aer-
osols for individual cities across IGP and SEA for the entire haze dominating period are plotted in Figure 3 
with descriptive statistics included in Table S2. Clearly, cities across IGP have high and distinct variations 
in AOD contrast to SEA cities. However, only exception to this is in Karachi (0.29 ± 0.15) where a low AOD 
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Figure 2.  Spatiotemporal nature of aerosols across (a) South and (b) Southeast Asia in between 2010 and 2020.
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(±SD) with mixed (AE: 0.84 ± 0.58) and moderately absorbing aerosols (UVAI: 0.67 ± 0.37) prevails. Besides 
local dust aerosols, abundance of coarse particles over Karachi is possibly due to the hygroscopic growth of 
particles influenced by intrusion of moisture-laden marine aerosols from Arabian Sea (Bilal et al., 2016). To 
depict temporal variations in aerosol properties, daily time series of satellite retrievals averaged over 2010 to 
2020 are included in Figures 4 and 5. Indeed, temporal variations in Karachi are insignificant except slight 
increase in particle size and absorbing aerosols during mid-November to the end of December (Figure 4).

As we move into inner continent toward northern Pakistan and India, influence of marine aerosols grad-
ually diminishes, resulting dominance of fine aerosols with identical trend reciprocating over continental 
cities across IGP. Indeed, decadal mean AOD resembles in Lahore (0.72 ± 0.45), Delhi (0.81 ± 0.46), Kanpur 
(0.84 ± 0.42), and Varanasi (0.78 ± 0.45); with bimodal distribution in AOD having the first peak in early 
November followed by a second in early January. Even the distribution of AE as a proxy for fine particu-
lates’ abundance yield interesting features (Figure 4). All the four mainland sites denote extreme AE values 
(mean AE > 1.5) with high median (1.59–1.76) and least SD (±0.3), having evidence of exclusive dominance 
of fine particulates. However, an influx of coarse aerosols during late November to early December may also 
be noted, more distinctively over the cities in upper IGP (like in Lahore and Delhi) before dissipating over 
the central parts (as in Kanpur), and completely eliminating over Varanasi. Possible explanation to this may 
be the influence of dust aerosols, particularly over the upper IGP which is comparatively dry and dust dom-
inated region in contrast to the central/lower IGP. Besides, this also indicate the convergence of two dis-
tinct seasons, one postmonsoon (ON) with single abundant source of agriculture residue burning emissions 
(Jethva et al., 2019; Singh et al., 2018) and winter (DJF) having many associated sources, however, being 
largely influenced by local meteorology, boundary layer in particular (Murari et al., 2017; Ojha et al., 2020). 
Predominance of UV-absorbing aerosols are also apparent in all the continental cities, with mean UVAI 
varying from 0.7 (Varanasi, Kanpur; SD: ±0.6) to 1.0 (Lahore, Delhi; SD: ±0.7). Clearly, peaks in UVAI dur-
ing early to mid-November (UVAI > 1.3) with corresponding increase in AAOD (AAOD > 0.08; AE > 1.2) 
bear the signature of smoke aerosols. This has also been reported by Vinjamuri et al. (2020) using CALIP-
SO-based aerosol extinction coefficient over upper IGP. In contrast, AOD time series in Dhaka did not 
exhibit any early November peak exemplifying none contribution from agriculture residue burning emis-
sions transported from the upper IGP. However, existing particles do pose characteristic signature of smoke 
aerosols with small particle size (AE: 1.46 ± 0.40) and high UV-absorption potential (UVAI: 0.59 ± 0.45).

Over SEA, distribution of aerosol loading and aerosol type in different urban hotspots has its own character 
(Figure 5). Chiang Mai in northern Thailand experiences minimum aerosol loading (0.18) and a modest 
temporal variation (±0.12) having complete dominance of fine (AE: 1.48 ± 0.20) and UV-neutral aerosols 
(UVAI: −0.02 ± 0.35). This is especially because continental SEA like Thailand experiences minimum bio-
mass burning and haze events during September compared to March to May months (Nguyen et al., 2019). 
Rest of the SEA sites exhibit similar trend in aerosol loading with initial peak during September (AOD ∼ 0.8) 
and consequent decrease; while overall mean varying from 0.31 (Penang) to 0.49 (Singapore). A similar 
trend in AOD time series is also reported by Nguyen et al. (2019). Intraperiodic variations in AOD and other 
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Figure 3.  Variations in aerosol properties (AOD, UVAI, AE and AAOD) during haze dominating period in different 
cities across South and Southeast Asia from 2010 to 2020. AOD, aerosol optical depth; UVAI, UV-Aerosol Index; AE, 
angstrom exponent; AAOD, absorbing aerosol optical depth.
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aerosol properties also indicates a decline in aerosol loading post-October (Table S3) but variations in AE, 
UVAI, and AAOD are less significant indicating predominance of haze/smoke aerosols throughout the pe-
riod, although with varying intensities. Clearly the existing aerosols are fine (AE: 1.47–1.57) with minimum 
SD (SD ± 0.2), and UV-neutral (UVAI: 0.07–0.17) with few event-specific influxes of scattering aerosols, 
may be of marine origin. Overall, feature that distinct aerosols over these two geographical regions is UV-ab-
sorption potential, as over IGP airborne particles are predominately fine and strongly UV-absorbing while 
across SEA, fine and UV-neutral aerosols prevail.

3.3.  Trend in Aerosol Properties in Urban Hotspots

Nonparametric trend in monthly mean AOD and other aerosol time series for individual sites are presented 
in Figure 6 with 95% level of confidence included in Table S4. In Kumar et al. (2018), we quantified the 
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Figure 4.  Time series of aerosol optical and microphysical properties in different urban hotspots across IGP. Note: Gray 
dots indicate daily retrievals while means averaged over 2010–2020 is indicated in color dot. To manage a similar scale 
for intercomparison, <2% of extreme observations were excluded. All the individual parameter bears identical scale (O, 
October; N, November; D, December; J, January; F, February). IGP, Indo-Gangetic plain.
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long-term geospatial trend in AOD across IGP (0.002 years−1) which was spatially inconsistent, having only 
robust and significant increasing trend over central to lower IGP. Here, for the haze dominating period (Oc-
tober-February), all the mainland sites in IGP denote spatially consistent and an increasing trend in AOD, 
varying from 0.937 × 10−2 year−1 (Varanasi) to 1.06 × 10−2 year−1 (Lahore). A minor increasing trend in AOD 
across IGP is in accordance to the previously reported observation both by Kumar et al. (2018) using satellite 
(Terra-MODIS; 2006–2015) and Khan et al.  (2019) using AERONET database (2001–2018). Interestingly, 
annual trend in AOD is negative in Dhaka (−2.40 × 10−3 year−1) and is comparable to the continental site 
Chiang Mai in northern Thailand (−2.03 × 10−3 year−1). This emphasize the resemblance of these two sites 
in terms of aerosol source profile as both are possibly influenced by the local emission sources. Other SEA 
sites experience an increasing trend in AOD (0.2–1.8 × 10−2 year−1) indicating influence of the transported 
biomass burning emissions from Indonesia and southern Malaysia.

Decadal trend in AE is declining across all the cities with trivial spatial variation except in Karachi, which 
experiences a statistically significant decreasing trend (−9.62 × 10−2 year−1) during haze period. The most 
interesting feature in Figure 6 is to identify the robust increase in UV-absorbing aerosols for all the sites 
across IGP and SEA. Indeed, all the sites over upper IGP record high and statistically significant increasing 
trend in UVAI varying from 2.86 × 10−2 year−1 (Delhi) to 6.02 × 10−2 year−1 (Lahore). Rest of the cities in 
IGP also record an increase in UVAI in the last decade but the rate declines gradually among the cities 
from upper to lower IGP. Among SEA cities, Kuala Lumpur (2.63 × 10−2 year−1) experiences the highest 
increasing trend in UVAI followed by Singapore (1.28 × 10−2 year−1), both possibly associated with rapid 
urbanization and associated emission sources. Decadal trend in AAOD is however low except for Lahore 
(4.72 × 10−3 year−1). Overall, nonparametric trend analysis of aerosol loading and aerosol columnar prop-
erties typically indicate systematic increase in aerosol loading and absorbing aerosols over IGP (except in 
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Figure 5.  Time series of aerosol optical and microphysical properties in different urban hotspots across SEA. Note: 
Gray dots indicate daily retrievals while mean averaged over 2010–2020 is indicated in color dot. To manage a similar 
scale for intercomparison, <2% of extreme observations were excluded. All the individual parameter bears identical 
scale (S, September; O, October; N, November; D, December; J, January; F, February). SEA, Southeast Asia.
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Dhaka) and maritime countries over SEA during typical haze dominating period which requires further 
investigation in terms of their sources and implications, both in regional climate and human health.

3.4.  Classification of Existing Aerosol Types

Aerosols over individual sites were classified constraining AE and UVAI, and predominate aerosols during 
haze period is shown in Figure 7 and in Table S5. Among the nine aerosol classes, absorbing coarse (AC) 
was treated as mineral dust aerosols as being largely nonspherical particles with high UV-absorption poten-
tial mainly due to the presence of iron oxide. Both AM and AF types indicate carbonaceous smoke aerosols 
of biomass burning, vehicular and industrial origin which are primarily small to medium sized particles 
with high UV-absorbing potential (Vadrevu et al., 2014; Vinjamuri et al., 2020). However, there are evidenc-
es that UVAI may decrease with corresponding decline in aerosol layer height, reduction in AOD and with 
increase cloudiness (Penning de Vries et al., 2015). This instigates us to also consider NF aerosol type to 
signify smoke aerosols, especially over the SEA which accounts greater cloudiness and lower aerosol layer 
height. In contrast, scattering aerosols of finer size (SF) bears signal of biogenic aerosols while coarse aero-
sols (SC) indicate marine aerosols. Following this classification scheme, a total of four dominating aerosol 
types were assigned: smoke (AM, AF, and NF); mineral dust (AC); marine (SC), and biogenic aerosols (SF).

During October-February, presence of mineral dust (46%) is only traced in Karachi with rest of the days 
mostly bearing signature of smoke particle abundance. For the rest of the cities across IGP, AF particles 
clearly dominates (59–81%), highest over the cities in upper IGP (Lahore: 76%; Delhi: 81%) with gradual 
decline toward central to lower IGP. Overall, smoke particles contribute 85% (Dhaka) to 98% (Delhi) of haze 
days during October to February months across IGP, 71–91% of days particularly with highly UV-absorbing 
aerosols, thereby having potential to largely influence regional radiation balance. Indeed, smoke particles 
also dominate over the SEA cities, accounting 84–92% of retrieval days. However, in contrast to IGP, NF aer-
osols dominates over all the SEA cities (51–61%) except in Singapore which experiences an even distribution 
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Figure 6.  Trend in aerosol properties (year−1) in different urban hotspots. Note: A * indicate statistically significant 
change.
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of UV-neutral to absorbing aerosols (AF: 35%; NF: 36%). Interestingly, marine aerosols (SC) does not dom-
inate among none of the cities while dominance of biogenic aerosols (SF) is only traced over SEA cities.

3.5.  Vertical Distribution of Aerosols

Aerosol extinction coefficient during haze dominated period in between 2010 and 2020 was retrieved over 
individual sites (1° × 1°) across IGP and SEA. We followed latest and improved CALIPSO version 4.20 aer-
osol profile which has many improvements against its predecessor, and has better aerosol retrieval accuracy 
over south Asia (Kim et al., 2018). Following the outcome of existing aerosol types over urban hotspots (in 
Figure 7), aerosol types having highest extinction at surface level are only included in Figure 8 while profiles 
of mean aerosol extinction for all CALISPO aerosol types are shown in Figure S2. To classify existing aerosol 
type based on ratio of extinction to backscattering at 532 nm; smoke aerosols (biomass burning and associ-
ated aerosols) were identified for an aggregate lidar ratio of 70 ± 25 sr (for polluted continental/smoke) and 
70 ± 16 sr (for elevated smoke), while dust aerosol was retrieved at 44 ± 9 sr. Another aerosol type, polluted 
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Figure 7.  Predominating aerosol types during typical haze conditions in different cities across South and Southeast Asia. Note: Aerosol types color-coded 
according to size and absorption. The first character in aerosol types represents the optical properties, i.e., A, Absorbing; N, Neutral; and S, Scattering; and the 
second character represents size, i.e., F, Fine; M, Mixed; and C, Coarse. For example, AF represent Absorbing Fine aerosol type.
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dust (55 ± 22 sr), essentially a mixture of AERONET desert dust (coarse mode) and biomass burning (fine 
mode) clusters was retrieved, signifying urban aerosols with a mixture of dust and biomass burning smoke 
aerosols (Kim et al., 2018; Omar et al., 2009). We also hypothesized insignificant spatial variations within 
the defined space among the sites.

3.5.1.  Vertical Distribution of Aerosol Extinction

Vertical distribution (<8 km) of aerosol extinction coefficient across two geographical regions, as shown 
in Figure 8, indicates two striking features: first, a gradual decline in aerosol extinction with height is only 
prominent for the cities over IGP; second, clearly polluted dust and smoke dominate the existing aerosol 
type. Likewise, for every urban hotspot across IGP, vertical gradient in total aerosol extinction is negative, 
more pronounce over Varanasi and lowest in Karachi. A relatively high extinction at surface level denotes 
the greater contribution of local sources compared to the transported one. Among the sites in IGP, the max-
imum near surface (<1 km) total aerosol extinction is retrieved in Varanasi (1.4 km−1), following minimum 
discrepancies among Dhaka, Kanpur, Delhi, and Lahore (∼1 km−1); while total surface aerosol extinction 
is lowest in Karachi (0.3 km−1). All the IGP sites resemble in having polluted dust as the most dominating 
aerosol type with highest extinction at surface (<1 km). Polluted dust bears the signature of typical ur-
ban aerosols, with sources associated to biomass burning, crustal resuspensions, and other anthropogenic 
emissions. Smoke aerosols which are typical carbonaceous aerosols induce the second highest extinction 
at surface in all the IGP sites except in Karachi while its contribution to total aerosol extinction increases 
gradually from upper to lower IGP. A characteristic peak in smoke extinction close to 4 km vertical height is 
also noted, possibly influenced by transported aerosols, as also evident by Kumar et al. (2015, 2017) during 
typical winter months.

Vertical profiles of dust aerosol extinction yield interesting result (Figure S2). For all the IGP sites, dust 
extinction does not vary significantly with height and its contribution to total aerosol extinction amplifies 
with increasing height. Karachi remains the solitary site that experiences significant extinction attribute 
by dust aerosols near surface (<1 km) and in between 3-km and 5-km height. Total aerosol extinction re-
mains almost stable with height over Karachi with an apparent zone of aerosol accumulation at 6–7 km. 
A similar zone of aerosol accumulation was also noted over Delhi, Kanpur, and Dhaka at 6–8-km height. 
Overall, dust remains a significant contributor to total aerosol extinction for all the sites over upper IGP 
(Karachi, Lahore, and Delhi); while over central IGP (Kanpur and Varanasi) polluted dust dominates, and 
over lower IGP (Dhaka), both smoke and polluted dust mainly contribute to total aerosol extinction. How-
ever, it is worth to mention that CALIPSO detects dust based on discrete dipole approximation considering 
realistic composition and irregular shapes of particle (Kalashnikova & Sokolik, 2002). So, it is quite possible 
for CALIPSO to miss approximate or overestimate moisture-laden finer particle as coarser dust due to its 
hygroscopic growth.
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Figure 8.  Vertical profiles of mean extinction coefficient of predominating aerosols over different urban hotspots.
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All the SEA sites denote comparatively low vertical gradient in total aerosol extinction implying robust 
contribution from transported aerosols across the atmospheric column. However, variations in individual 
aerosol extinction with increasing height is common for all the sites bearing the influence of Trade wind 
with greater velocity compared to the slow blowing westerly over South Asia (Figure S3). Figure S3 indi-
cates, there is an intrusion of ocean surface wind over upper IGP during September except which wind 
blowing over IGP is continental westerly. In comparison, wind blowing over SEA is both from Bay of Bengal 
(in September) and South China Sea (October-January) with relatively higher wind speed. There is a clear 
dominance of biomass burning smoke aerosols across all the SEA sites at surface; that contributes chiefly to 
total aerosol extinction up to 4 km vertical height, followed by the polluted dust. However, marine aerosol 
also found to contribute at surface (<800 m) both over Singapore and Kuala Lumpur before diminishing 
with increasing height. Besides, an intrusion of dust aerosols with extinction varying from 0.03 to 0.10 km−1 
at a vertical height >6 km is detected over Penang and Kuala Lumpur which may possibly be the wind-
blown dust of transboundary origin.

3.5.2.  Relative Abundance of Aerosol Types

Relative abundance of aerosol types during haze dominating period for each urban hotspot over South and 
Southeast Asia are plotted in Figure 9. Although not exhaustive, these aerosol subtypes provide valuable 
information on the distribution of aerosols across the atmospheric column, from surface to layer top height 
as detected by CALISPO over individual station. Considering a strong gradient in the distribution of aero-
sol species relative to its height, vertical distribution of aerosol subtype was made for two scenarios: first, 
from surface to vertical height up to 4 km (<4 km) and second, the upper atmosphere for a vertical height 
beyond 4 km (>4 km). Such classification of atmospheric profile yields interesting results as in the lower 
atmosphere (<4 km), polluted dust (PD) clearly dominates the aerosol subtype across the IGP except in 
Karachi. Relative abundance of polluted dust varies from 49% (Dhaka) to 60% (Delhi, Varanasi) with the 
lowest in Karachi (20%). Dust aerosols (D) abundance gradually diminishes from upper IGP (25–63%) to 
central IGP (10–20%) before being the lowest over lower IGP (4%). This is in contrast to the smoke aerosols 
(S) as its abundance increases consistently from upper (11–14%) to central IGP (23–26%) before reaching 
to its maximum over lower IGP (40%). At upper atmosphere (>4 km), however, dust aerosols dominate 
aerosol profile across IGP varying from 44% to 92% with the lowest abundance over Varanasi (18%) followed 
by Dhaka (44%). This clearly establish the spatial gradient in existing aerosol types that prevails across the 
atmospheric column over IGP during haze dominating period which possibly have diverse implications on 
regional health-climate-agriculture system. In contrast, a clear dominance of smoke aerosols is depicted 
across the Southeast Asia both at lower (60–64%) and in upper atmosphere (25–89%) followed by polluted 
dust aerosol (11–18%).

We conclude from the CALIPSO observations that during haze dominating period, both the IGP and SEA 
bear the similar character in having prevalence of smoke aerosols. However, over IGP, vertical gradient in 
aerosol distribution is especially evident as in lower atmosphere; smoke aerosols are more mixed with urban 
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Figure 9.  Relative abundance (in %) of predominating aerosol types over different urban hotspots across South and Southeast Asia. Note: Left column indicates 
a vertical height of <4 km from surface and right-side panel indicates vertical height of >4 km and beyond. D, dust; PD, polluted dust; DM, dusty marine; S, 
smoke; CC, clean continental; M, marine.
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aerosols with typical sources like anthropogenic emissions and remains close to the surface compared to 
SEA, where smoke aerosols are more evenly distributed across the atmospheric column. In contrast, at up-
per atmosphere, a clear dominance of dust aerosols is noted over upper IGP which gradually subside toward 
lower IGP with subsequent increase in polluted dust and smoke aerosols. This also reestablish our previous 
report in Vinjamuri et al. (2020) that over smoke dominated region in upper IGP, although smoke travels 
efficiently beyond planetary boundary layer to free troposphere but it remains close to the surface (<3 km) 
which may have greater implications to human exposure and regional climate.

3.6.  Aerosol Potential Source Fields

To assess the possible source fields and intracontinental transport of airborne particulates across South and 
Southeast Asia, 5-days concentration weighted trajectories (CWTs) were drawn in Figure 10. The CWTs 
were plotted for all the urban hotspots accounting prevailing mean average planetary boundary layer height 
as reported in Murari et al. (2017) and McGrath-Spangler and Denning (2013).

Indeed, Karachi receives aerosols transported by air masses both from ocean and continental origin. For 
the cities across IGP, except Karachi, all receive robust contribution from continental westerlies with very 
few trajectories originated from ocean. Likewise, for Lahore, potential high aerosol source regions are close 
to the city, with major contribution from western dry regions of Sulaiman range, Thal desert and from up-
per IGP. The CWTs for Delhi, Kanpur, and Varanasi resembles by having moderate to high contributions 
(CWT  >  0.3) from sources located over western semiarid regions, including northern parts of Pakistan 
and Punjab (India). However, these cities also pose potential source field over central highlands and lower 
Gangetic plain, but their overall contribution are relatively low (CWT  <  0.2). This concludes that dur-
ing postmonsoon to winter, continental westerlies originating from upper IGP and western semiarid re-
gions predominately contribute high to very high columnar aerosol loading in cities across the IGP (Kumar 
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Figure 10.  Aerosols potential source filed during haze dominating period. Note: CWTs (unitless) were plotted only for haze dominating period in between 2018 
and 2019 for sites over IGP (at 500 and 1,500 m) and SEA (at 1,500, 1,900, and 2,300 m). CWTs, Concentration weighted trajectories; IGP, Indo-Gangetic plain; 
SEA, Southeast Asia.
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et al., 2017, 2018; Murari et al., 2020). Potential aerosol source field for Dhaka, however, slightly differs 
with moderate to high CWTs (>0.4) originating mainly from central Bangladesh with added contribution 
by westerly blowing across IGP. This essentially establish that columnar air quality over Dhaka primarily 
receives pollution from local sources which resulted a slight deviation in existing aerosol properties com-
pared to inland cities.

Continental and maritime air masses are seen over the cities across SEA, however, none originating from 
IGP except few for Chiang Mai with very low CWTs. Chiang Mai receives aerosol laden air masses from 
across Thailand, western Cambodia and from eastern part of Burma, all with low CWTs (<0.1) but probably 
it receives the major proportion of aerosols from southern Thailand. Interestingly, biomass burning emis-
sion from Kalimantan and Sumatra is not found to reach till Chiang Mai which is more prominent for the 
rest of the SEA cities. Indeed, Penang, Singapore, and Kuala Lumpur has similar aerosol source fields. Be-
sides receiving maritime air masses from South China sea and Andaman Sea; all the maritime cities receive 
air masses from Riau province of Sumatra (and southern Malaysia) which has been reported to account for 
major proportion of Southeast Asian forest and peat land burning emissions (Vadrevu et al., 2014). Intra-
periodic variations in aerosol source fields were also explored for the sites over SEA (Figure S4). Clearly, 
higher CWTs during September-October are originated from the southern Malaysia, Indonesia and from 
Kalimantan while CWTs during November-January are contributing less to regional aerosol loading.

4.  Conclusions
Aerosol climatology over two globally recognized hotspots, South Asia and Southeast Asia (SEA), was ex-
plored for the haze dominating period in between 2010 and 2020. Several satellite-based aerosol optical 
properties were retrieved using coordinated Earth-Observing A-Train satellites (sensor) like Aqua (MODIS), 
Aura (OMI), and CALIPSO (CALIOP). Indeed, the Indo-Gangetic plain (IGP) bears the highest columnar 
aerosol loading (AOD) within South Asia, much higher than the aerosol loading over SEA. Besides, prevail-
ing aerosols are finer in size but with robust variations in UV-absorption potential; as much of the aerosols 
across IGP are highly UV-absorbing compared to UV-neutral aerosols over SEA. Presence of UV-absorbing 
fine aerosols is detected in close proximity to its reported source locations, especially over the upper IGP, 
east Indonesia, and southern part of Malaysia.

Daily variations in aerosol properties over urban pollution hotspots yield interesting results. Abundance of 
coarse particles is only noted in Karachi while the rest of the cities like Lahore, Delhi, Kanpur, and Varanasi 
exhibit a single peak in UVAI (>1.3) during November and a bimodal distribution in AOD, with the first 
peak in early November followed by in early January. Daily time series clearly indicate a transition in aer-
osol loading and optical properties in cities across IGP which is not evident over SEA. Rather all the cities 
over SEA (except Chiang Mai) denote typical September-October peak in aerosol loading with prevalence 
of UV-neutral aerosols. A spatially consistent and minor increasing decadal trend in AOD is noted for most 
of the cities over IGP and SEA (except Dhaka and Chiang Mai), while a statistically significant increase in 
UVAI only in Karachi, Lahore, and in Delhi, all located over the upper IGP.

Aerosol classification scheme revealed the dominance of dust aerosols only in Karachi (46%) while absorb-
ing fine particles with signature of smoke aerosols prevails over Lahore, Delhi, Kanpur, Varanasi, and in 
Dhaka (71–91%). Indeed, smoke particles are dominant over SEA cities, however, with less UV-absorbing 
potentials. CALIPSO lidar profiles further validate the predominating aerosol types and establish vertical 
distribution of aerosols. Vertical stratification of aerosols is particularly evident over the IGP as in lower 
atmosphere, polluted dust/urban aerosols dominate across the region with consequent decrease in relative 
abundance of dust from upper to lower IGP and corresponding increase in smoke aerosols. This was in 
contrast to SEA where clear dominance of smoke aerosols is noted across the vertical atmospheric column 
followed by polluted dust and dust aerosols. Potential aerosol source fields across urban hotspots were also 
simulated. We do not found evidence of intracontinental transport of aerosols from IGP to Southeast Asia 
or vice versa.
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