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Linear growth of atmospheric particulate matter (PM) over south Asia is one of the significant problems affecting human health and |
climate change. In addition, these particulate matters have the potential to absorb and scatter solar radiation, causing a disturbance in the |
earth radiation budget resulting in this region facing several floods and droughts, excessive glacier melting, loss of a million lives, and
many more in the last two decades. This context aim to provide a brief knowledge of PM,s chemical composition and their optical |
properties. To assess, existing field studies conducted after the year 2000 were reviewed and summarized in terms of geographical, |
temporal and seasonal variation across the region. It is seen that PM. s were significantly increased by 25.04% in the last two decades. |
Annual PM, s was up to 10 times the prescribed limit set by world health organization (WHO) guidelines. Annual PM, s was higher in the |
northern than southern cities, and more increased in Indo-Gangetic plains (IGP) than coastal and southern region (CASR) and high
altitude (HA) regions. The highest seasonal variation occurred in the winter months. Organic carbon and elemental carbon contribute |
nearly 31% of the annual average PM, s ranged from 14 to 70%. Higher variability in the percentage contribution of organic carbon and |
elemental carbon suggests different sources mainly influences this region. Biomass and fossil fuels, vehicular emission, and secondary |
aerosol are the major source factors in the inland region, while marine salt and soil dust are dominant fractions observed in a coastal area. |
Light absorbing brown carbon contributes significant amount in this region, and it’s clearly seen by aerosol optical depth, varied from 0.04
to 1 in the entire region. I
|
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INTRODUCTION

To address global and regional air quality and climate
issues, an essential requirement is to understand spatiotemporal
variations in chemical and optical properties of atmospheric
particulate matter (PM) [1]. In the last two decades, aerosol
concentration over south Asia has been highly concentrated
caused by economic development, urbanization, energy consu-
mption, transportation, and motorization [2]. An atmospheric
PM affects air quality, visibility, human health and climate
change [3]. Ambient PM levels are affected by meteorological
parameters. Emissions from industries, forest fires, and various
anthropogenic activities are the primary sources of ambient
particulate matter. The significant component of PM includes

metals, carbonaceous matter [organic carbon (OC), elemental
carbon (EC)], sulfate, nitrates, ammonium and other ions [4].
Carbonaceous matters are usually a significant part of partic-
ulate matter and thus significantly contributes to climate change
[5]. In South Asia, carbonaceous species contributed 40-70%
to the ambient particulate matter [6]. Carbonaceous aerosol
can also absorb and scatter solar radiation and remains the largest
source of uncertainty in the radiative forcing of climate, and
thereby it affects the abundance and distribution of atmospheric
trace gases [7,8]. The atmospheric emergence of light-absorbing
carbonaceous aerosols, collectively known as brown carbon
(BrC) [9], is produced by slow-burning organic matter. Biomass
burning and emissions of carbonaceous aerosol from the comb-
ustion of domestic biofuel can give stronger light absorption

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.



https://orcid.org/0000-0001-8334-9387

1040 Verma et al.

Asian J. Chem.

[10-12]. Radiative effects and optical properties of atmospheric
carbonaceous species can be determined by their physical prop-
erties. This assumption is prime to modelling how anthropogenic
activities affect climate [13] was the first to make a model for
carbon dioxide, after some years, models for greenhouse gases
[14], sulphate aerosol [15,16], mineral dust [17] and carbon-
aceous aerosol [ 18,19] were also introduced. Thus, the present
review addresses the current scenario of physical and optical
properties of particulate matter over the South Asian region.
This review has been prepared by summarizing more than
110 research articles published during 2001-2020 in national
and international journals (Tables 1 and 2). The articles were

searched through the web of science, science direct, research
gate, google scholar, and sci-hub using keywords atmospheric
carbonaceous matter, ambient PM, s, PM,o, South Asia region,
light absorbing aerosols, brown carbon chromophore, optical
properties, thermal fractions of carbonaceous matter. Almost
all articles showed measurements of carbonaceous matter in
ambient PM, s only. Conversion factor, for converting PM,
and associated carbon fraction to PM, 5 fractions, is applied in
findings of few locations of southern India where PM,s and
carbon data are unavailable. Conversion factor is used for conv-
erting PM]() to PMz_s (061), PM]() (OC) to PMz_s (OC) (067)
and PM,,(EC) to PM, 5 (EC) 0.68 for those articles that reported

TABLE-1
SUMMARY OF ANNUAL MASS CONCENTRATION OF PM, ., ORGANIC CARBON (OC)
AND ELEMENTAL CARBON (EC) OVER SOUTH ASIA REGION

Location Sampling period Site Size fraction Mass (ug/m’) OC (ug/m’) EC (ug/m’) Ref.
Trivandrum, India 1998-2000 CASR PM, 43.00 - - [20]
Dhaka, Bangladesh 2000-2001 IGP PM, 38.95 - 12.70 [21]
Delhi, India 2001-2002 IGP PM, 138.42 51.77 10.30 [22]
Kolkata, India 2001-2002 IGP PM, 107.60 47.70 12.00 [22]
Chandigarh, India 2001-2002 IGP PM, - 9.50 3.70 [22]
Mumbai, India 2001-2002 CASR PM, 55.67 21.00 5.83 [22]
Hyderabad, India 2003 CASR PM, 26.00 - - [23]
Kanpur, India 2002-2003 IGP PM, 100.67 - - [24]
Delhi, India 2003 IGP PM, 82.90 - - [25]
Delhi, India 2005 IGP PM, 98.70 - - [26]
Lahore, Pakistan 2005-2006 IGP PM, 167.00 - - [27]
Manora peak, India 2005-2006 HA TSP 83.67 8.40 1.10 [28]
Mt. Abu, India 2005-2006 HA TSP 64.42 3.55 0.45 [28]
Kolkata, India 2006 IGP PM, 71.20 12.20 5.80 [29]
Dhaka, Pakistan 2006 IGP PM, 66.20 - - [30]
Karachi, Pakistan 2006-2008 CASR PM, 83.53 - - [31]
Agra, India 2006-2008 IGP PM, 104.90 - - [32]
Lahore, Pakistan 2007-2008 IGP PM, 196.22 64.36 11.21 [33]
Islamabad, Pakistan 2007-2010 IGP PM, 75.22 - - [34]
Mt Abu India. India 2007 HA PM, 16.55 2.55 0.55 [35]
Delhi, India 2007 IGP PM, 97.00 - - [36]
Chennai* India 2007 CASR PM, - 6.29 2.75 [37]
Mumbai, India 2008 CASR PM, 42.00 - - [38]
Kanpur* India 2007-2008 IGP PM,, - 33.52 13.33 [39]
Mumbai, India 2007-2008 CASR PM, 69.21 - - [40]
Jorhat, India 2007-2008 IGP PM, 21.50 - - [41]
Lucknow, India 2007-2009 IGP PM, 87.30 - - [42]
Agra, India 2007-2009 IGP PM, 116.00 - - [43]
Kanpur, India 2008-2009 IGP PM, 127.20 37.40 6.80 [44]
Chennai, India 2008-2009 CASR PM, 65.95 - - [45]
Durg*, India 2009-2010 CASR PM,, 154.33 - - [46]
Agra, India 2009 IGP TSP 216.30 25.40 3.30 [47]
Barapani, India 2009-2010 IGP PM, 152.10 - - [48]
Kolkata, India 2010-2011 IGP PM, - 24.10 7.20 [49]
Agra, India 2010-2011 IGP PM, 165.42 69.96 9.53 [50]
Islamabad, Pakistan 2011 IGP PM, 66.10 - - [34]
Agra, India 2010-2011 IGP PM, 79.70 22.80 3.40 [51]
Delhi, India 2011 IGP PM, 122.70 - - [52]
Hyderabad, India 2011 CASR PM, 50.00 8.65 1.50 [53]
Delhi* India 2011 IGP PM,, 121.35 14.95 5.90 [54]
Kolkata* India 2011 IGP PM,, 102.89 9.09 5.32 [54]
Varanasi* India 2011 IGP PM,, 123.70 11.17 5.87 [54]
Delhi. India 2011-2013 IGP PM, 117.6 37.5 7.05 [55]
Kangra, India 2012-2013 HA PM, 123.70 11.17 5.88 [35]
Bhubneshwar, India 2012-2013 CASR PM 60.72 11.16 6.00 [56]
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Lucknow, India 2013-2014 IGP PM,
Kolkata, India 2013-2014 IGP PM,
Delhi, India 2013-2016 IGP PM,
Varanasi, India 2013-2014 IGP PM,
Guwahati, India 2013-2014 CASR PM,
Delhi, India 2013-2014 IGP PM,
Delhi, India 2013-2014 IGP PM, ;
Dehradun, India 2014-2015 HA PM,
Delhi, India 2014-2015 IGP PM, ;
Patna, India 2015 IGP PM,
Dhaka, Bangladesh 2013-2018 IGP PM,
Jammu, India 2015-2017 IGP PM,
Agra, India 2015-2017 IGP PM,
Raipur, India 2015-2016 CASR PM,
Pune, India 2016 CASR PM,
Delhi, India 2016-2017 IGP PM,
Delhi, India 2016-2017 IGP PM,
Delhi, India 2016-2017 IGP PM,
Delhi, India 2017 IGP PM,
Guwahati, India 2017-2018 HA PM,
Islamabad, Pakistan 2017 IGP PM,
Mumbai* India 2018 CASR PM,,
Karachi, Pakistan 2015-2017 CASR PM,
Garhwal, India 2017 HA PM,
Darjeeling, India 2018-2019 HA PM,

77.30 = = [571
313.00 = = [58]
131.00 15.70 7.31 [59]
81.78 - - [60]
52.40 - - [61]
125.50 17.70 10.30 [62]
335.00 - - [63]
51.00 - - [64]
133.27 = = [65]
52.78 - - [66]
86.10 - - [67]
66.70 - - [68]
91.00 - - [69]
133.00 36.39 15.45 [70]

- 9.71 3.11 [71]
113.89 - - [72]
130.60 25.60 19.56 [73]
137.69 = - [65]
187.50 - - [74]
102.00 = - [75]
51.59 = - [76]
114.42 13.17 3.33 [77]
234.60 24.55 5.80 [78]
76.07 15.28 5.20 [79]

37 3.56 1.93 [80]

*A conversion factor is used for converting PM,, to PM, ; (0.61), PM,,(OC) to PM, , (OC) (0.66) and PM,, (EC) to PM, ; (EC) 0.68 for those article
that reported values for PM,, masses. HA = high altitude, IGP = Indo-Gangetic plains, CASR = Coastal and southern region.

TABLE-2
CONVERSION FACTOR TABLE*
PM, PM,, Ratio

PM, PM,, OC of EC of Ref.

ocC EC oC EC PM, /PM,, PM,/PM,, PM,/PM,

81.2 156.46 8.60 2.55 11.60 4.01 0.52 0.74 0.64 [81]
50.00 69.00 8.65 1.50 14.05 2.12 0.72 0.62 0.71 [82]
133.35 260.40 25.6 19.56 45.64 31.76 0.51 0.56 0.62 [73]
162.50 242.50 45.8 8.20 60.30 10.60 0.67 0.76 0.77 [44]

Mean 0.61 0.67 0.68

*The reported values in terms of PM,, masses and associated OC, EC were converted to corresponding PM, ,, OC, EC using pre-determined
conversion factors. A conversion factor is used for converting PM,, to PM, ; (0.6), PM,, (OC) to PM, , (OC) - (0.66) and PM,,(EC) to PM, . (EC)-
0.68 for those article that reported values for PM,, masses. Conversion factor is determined using earlier reported values of PM, ., PM,, and
associated OC and EC values in the studies conducted in India and China [44,73,81,82].

concentrations of mass and carbon fractions for PM;, only.
Conversion factors are determined using earlier reported values
of PM,s, PMpand associated OC and EC values [73,82,83].

Spatio-temporal variation pattern of PM, s mass: Fig. 1
shows the temporal variations of PM,s for the biggest south
Asian countries (India, Pakistan and Bangladesh) from the year
2000-2020. Most of the studies have been carried out in the
North region associated with the Indo-Gangetic plain (IGP),
and very few studies have been conducted in the Coastal and
Southern region (CASR), and as well as in high altitude (HA)
region. To evaluate the South Asian region’s temporal variation
pattern, a year-long measurement has been used in the present
review. PM, slevels have been increased by 25.04% in the last
two decades. According to a monitoring database among all
the major cities in South Asian countries e.g. Delhi, Agra,
Kanpur and Lahore have shown higher PM, s levels throughout
the year. During these last 20 years, the highest annual mean
data of PM,swas found in Delhi (335 pg m™) [63]. The lowest
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Temporal variation of PM, s from year 2000-2020 with filter-based
measurement in south Asia region

Fig. 1.

annual mean data for PM, swas found 43 pg.m™at Trivandrum
[20], respectively. WHO [84] suggested that Delhi, Mumbai,
and Dhaka were the most polluted cities in the world, while
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Delhi ranked first in terms of the highest concentration of PM,
level between 2011-2015, which is more than 10 times higher
than the limit set by WHO 2016 [84] (annual mean value of
20 ug m™ (for PM,0) and 10 ug m™ (for PM, ). A higher concen-
tration of particulate matter over Delhi might be due to middle
IGP region, where most of the time particulate matter is highly
concentrated [85]. Particulate matter was highly concentrated
over India (range 56-277 ug m™) as compared to other Asian
countries, viz. Pakistan (66-107 ug m*) and Bangladesh (61-
106 ug m™) [84]. The elevated PM, s loading over these coun-
tries due to acceleration of industrialization and urbanization.
Relatively lower PM,s concentrations were reported by
Afghanistan (68-86 Llg m®), Bhutan (13-29 ug m™), Nepal
(25-59 pg m*), Maldives (13-19 ug m™) and Sri Lanka (23-36
ug m™), which have been shown lesser anthropogenic emissions
due to comparatively less industrialization and urbanization
[86].

Spatio-temporal variation of PM,s and its major
component (OC and EC): Similar trends in OC and EC were
observed, like PM, where the Northern region of south Asia
has shown significantly higher atmospheric carbon fraction
concentrations compared to those reported for southern region.
In this section, carbonaceous species (OC and EC) with respect
to the PM: 5 study have been chosen according to a geographical
location such as IGP, CASR and high altitude. Fig. 2 shows the
geographical distribution of OC and EC in these three different
regions of the south Asia. Both OC and EC have showed incre-
asing trend in all three IGP, CASR and high altitude regions
of south Asia during the period of 2000-2020, with OC
increased by 20%, 25% and 113%, respectively. While 12.5%,

5% and 7-fold increase in EC was also observed in IGP, CASR
and high altitude regions, respectively, during the same period.
Higher variability have been seen in OC and EC over the south
Asiaregion suggested different sources, which were influenced
by region activities. During a study of 2001-2002, primary
emissions from fossil fuels contribute 25-33% to PM,sin Delhi,
21-36% in Mumbai, 37-57% in Kolkata, while emissions from
biomass combustion contribute 7-20% for Delhi and Mumbai,
and 13-18% for Kolkata [87]. In upper IGP region such as
Delhi, total carbonaceous aerosol (TCA) shares 28% and 19%
during summer and winter, reflecting fossil fuels and biomass
burning contributed large fraction to ambient PM [88]. Positive
matrix factorization (PMF), a tool to identify source, resolved
that secondary organic aerosols, biomass burning and fossil
fuel contributing more than 50% to PM,s[54]. Another studies
from Kolkata (located at lower IGP) reported that OC and EC
contribute to 27% and 25% of total PM, 5, respectively, emitted
from burning biomass and fossil fuels [89]. A higher value
was obtained at Lahore, where carbonaceous aerosol accounts
for 37% of PM,s [33], where the findings also revealed that
the carbonaceous aerosol was not a dominant fraction in coarse
particles. A similar value was also noted by Ram & Sarin [44]
where carbonaceous aerosol contributes 34% to fine particles
during the same study period of 2007-2008. Previous studies
[54,90] have found that OC primarily derives from biomass
burning emissions, which are the largest contributor to ambient
fine particulate matter in south Asia. These type of emission
mainly comes from burning of crop waste, fuel made up of cow
dung, raw wood, a mixture of solid and liquid waste dumped
by a municipal corporation, In south Asia, 70-80% people
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living on rural areas use cow dung, fuelwood, charcoal, and
crop waste to meet their energy required to support their life-
style [86]. Around, more than 60% population from Bangladesh,
Srilanka, India and Pakistan [91-93] depends on biomass fuels
for their primary energy. These fuels can emit a large number
of organic and inorganic gases and particulate matter to ambient
air.

Optical properties of PM., s carbonaceous matter: Optical
properties include absorption coefficient (bas), Scattering co-
efficient (bs,), mass absorption efficiency (MAE), aerosol optical
depth (AOD) and angstrom exponent (AE), it has the ability
to provide qualitative data on particle size. The preponderance
of fine particles is represented by higher AE values, whereas
the dominance of coarse particles is represented by lower AE
values [94]. The inverse of the mega metre (M m™") unit is used
to measure absorption and scattering coefficients, although
AOD, AAE, and SSA are unitless quantities. Only a few optical
property studies have been carried out in India.

In south Asia, comparatively, very few studies have been
carried out on aerosol optical properties than chemically resol-
ved PM,s data. The relationship between optical properties
and PM, s mass concentration is influenced by various variables,
including refractive index, aerosol size distribution, climatic
conditions, and single-scattering albedo. MODerate-resolution
Imaging Spectroradiometer (MODIS) data is mainly used to
calculate aerosol optical depth (AOD), the total light extinction
coefficient exhibited by aerosol within a vertical column, and
it may be high when PM concentrations increase [95]. This
section discusses the spatio-temporal pattern of aerosol optical
characteristics such as by, bap, MAE, AE, SSA and AOD mea-
sured in south Asia. The AOD varied from 0.1 to 1.2 with the
maximum in IGP, followed by CASR and HA regions. Among
the reported locations of IGP region, central IGP has shown
highest AOD value due to the associated highest aerosol mass
loading over this location of IGP [54,74]. In winter, extensive
local sources of fine-mode aerosols (anthropogenic origin)
predominate, while coarse-mode absorbing aerosol flown from
the upper IGP is responsible for high AOD during the summer
[96,97]. A long-term study also suggests that upper IGP aerosol
mass loaded with coarser particles while central and lower
IGP exhibit by the dominance of fine and mixed particles and
observed growth of AOD 0.002/year statistically during 2006-
2015 [98]. A comprehensive study on measurement of AOD
was conducted during 2009-2017 in various locations of IGP
region. Upper IGP locations showed significantly lower values
of AOD compared to those reported for central and lower IGP
with higher trend in wintertime measurements in central and
lower IGP locations (Kanpur and Dhaka). While, monsoon
season AOD values are reported to be higher in upper IGP
locations. This might be due to the impact of southwest Monsoon,
causes an aerosol mass force to shift towards upper IGP locations
[99].

In CASR, mean AOD varied from 0.39-0.70, with maxi-
mum observed at Vizag and lowest at Goa [93,100]. The higher
spatial variability of AOD at Vizag is due to the continental
outflow from the Bay of Bengal containing complex aerosol
mass of different sizes and species spread over near and far

eastern coastal regions. In Goa, a lower mean value of AOD is
responsible for extreme rainfall during monsoon and nearly a
flat line spectra observed during June-September months. Alam
et al. [101] studied aerosol optical properties over Karachi a
northwestern coastal region of south Asia and found AOD
varied from 0.31-0.92 with an annual mean of 0.48 + (.18
and found a similar Angstrom exponent 0.49 + 0.31, these
value of exponent less than 1 indicates a dominance of coarser
particles. In tropical urban site, southern part of south Asia
during 2007-2008, a high variability observed for AOD and
exponent value in post-monsoon, pre-monsoon and winter
season, higher value of AOD and AE in winter seasons suggests
increases in anthropogenic emissions [102]. A long term study
conducted during 2008-2018 at a rural site (Gadanki) of CASR
region observed positive trends in AOD and AE value and
concluded that the site exhibited a strong spectral and seasonal
dependence, indicating the presence of different natural and
anthropogenic activity. Fewer studies have been conducted in
HA regions to date, with the majority of investigations were
reported for locations of foothills of Himalayan HA regions
[103]. The absorption coefficients for HA locations were varied
from 5.84-18 Mm™ [104,105,107,109]. The lower value of
absorption coefficient at this site may be due to the thar desert,
where coarser particles are likely to be the dominant fraction
[104,105]. The AE greater than one was observed in the
Manora peak 1.13 [106] and 1.12 [107] comparing these AE
values to other Himalayan sites such as Lhasa and the average
AE over these sites are 0.48 [108], suggesting that there is a
dominance of fine particles of aerosol over Manora peak
(located at central Himalayan region). Manoharan et al. [109]
observed 18 M m in Nainital close to Manora peak. The
previous study also reported that the AOD over the Manora
peak dominated other Himalayan peaks. The lowest value of
AOD (0.04) was observed at Hanle [110], while the highest
value (0.16) was found in Manora peak, respectively [111]. A
higher value of AOD at the Manora peak is associated with
this site near the central Indo-Gangetic plain, where highly
concentrated PM levels are found throughout the year. Positive
trends in an annual mean of AOD was found in 56% of regions
of south Asia [112]. Such increasing trends may be attributed
to increased sub-micron particles generated by biomass
burning [113].

Molecular study of organic aerosol (OA): Light-absorbing
organic aerosols (LAOA), optically defined as brown carbon
(BrC) are known to absorb solar and terrestrial radiation effici-
ently, and therefore have the ultimate impact on climate forcing
[114]. However, quantitative predictions of BrC contribution
to the overall light absorption are still challenging because of
the chemical complexity and source diversity of BrC [115].

Among numerous BrC chromophores, nitrated aromatic
compounds (NACs) have been observed as the most abundant
BrC chromophores in ambient aerosol with strongest absor-
ption [116] and in cloud, water impacted by biomass burning
in eastern China [117]. It has been proposed that methyl nitro-
catechols are formed by photooxidation of m-cresol emitted
from wood combustion and could be used as tracers for secon-
dary organic aerosol (SOA) formed by secondary photo-
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oxidation of primary biomass burning emissions [118]. During
biomass burning, substituted phenols such as alkyl phenols
and methoxy phenols are produced from the pyrolysis of lignin
[119], which is the second most abundant component of plant
material after cellulose [120], these phenols are suggested to
yield nitrophenols through reactions with atmospheric radicals
such as OH, NO,, NOs, etc. [121]. A source study conducted
in Haryana shows that BrC chromophores emitted from burning
dung cake and brushwood are largely C,H,O,compounds [122].
Polycyclic aromatic compounds (PAHs) and methoxy phenols
(MOPs) are also the strongest light absorbing BrC chromo-
phores in ambient air. Yuan et al. [123] measured the light
absorption contribution of methanol soluble PAHs, NACs and
MOPs at 356 nm and found that fluoranthene (FLU), benzo(a)-
pyrene (BaP), benzo(ghi)perylene (BghiP), 4-nitro-1-naphthol
(4N1N), 4-nitrocatechol (4NC), vanillin (VAN) and 3-methyl-
4-nitrophenol (3M4NP) are the major contributors to ambient
air of Xian province, Northwest China.

Conclusion

Particulate distributions and their dominant components
over the entire south Asia are largely heterogeneous and uncer-
tain with variation mostly driven by seasonality, geographical
region, and socio-economic conditions. Limited study of
particulate matter are available for Bangladesh, Srilanka and
Nepal. During winter and the post-monsoon, >80% of the
Indian subcontinent shows increasing trends in particulate
matter levels, which could be due to the increase in biomass
burning emissions and shallow boundary layer heights during
the winter. Trends in pre-monsoon and monsoon show decre-
asing trends in the northern part of south Asia, and over most
of the land regions during the monsoon, this could be the result
of precipitation in the northern part of South Asia. Higher OC/
EC ratio found in HA over this region compared to IGP and
CASR suggesting a huge amount of biomass used in this
region. Study of optical properties of aerosol in the entire region
are fewer. A lower value of AE was observed over the Thar desert
and dust-dominated areas of western India and Pakistan. While
> | value of AE was observed over central, north and some
parts of southern and eastern India, suggesting a high prop-
ortion of sub-micron aerosols over the regions. No information
is available for the composition of Light absorbing organic
aerosol or brown carbon (BrC) over this region Therefore, in
this region, a study is needed that characterizes molecular
composition of light absorbing aerosol and its impact on earth
radiation budget.
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