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The chemical composition determines the influence atmospheric aerosols exert on environment, radiation
budget, and climate. In this study, for the first time, using Aerosol Robotoc Network (AERONET) columnar
aerosol observations at ten locations across the Indo-Gangetic Plain (IGP) and the Himalayan foothills, a
comprehensive regional and seasonal analyses of aerosol chemical characteristics and radiative effects is per-
formed. Single scattering albedo (SSA) increases during monsoon, with varying magnitude across the sites
depending on the strength and the advancement of monsoon from west to east. SSA over Kathmandu in the
Himalayan foothills during pre-monsoon is the lowest among all sites. Black carbon (BC) dominates aerosol
absorption over the eastern IGP and the Himalayan foothills, whereas dust dominates the western IGP. Absorbing
aerosol types are ‘Mostly BC’ and ‘Mixed’ which originate from urban/industrial and biomass burning emissions,
and ‘Mostly Dust’ is absent over the eastern IGP and the Himalayan foothills revealing a spatial gradient in dust.
Aerosol radiative forcing at the surface (ARFsgc) is < -50 Wm™2 throughout the year contributing to a significant
surface cooling across the entire region. ARF efficiency at the surface and in the atmosphere are highest for
Kathmandu. Aerosol-induced atmospheric solar heating rate (HR) is > 0.4 K day ! throughout the year at all
sites. The HR is highest over Kathmandu (~1.5 K day ') during pre-monsoon. In present day conditions, a
significantly regionally coherent higher HR over the Himalayas can enhance the total atmospheric warming in
the large region. Quantitative knowledge obtained from the present analysis heretofore unavailable are crucial
for global climate models and regional chemistry-transport models to more accurately assess the climate impact
of aerosols over this ecologically sensitive and climatically vulnerable region.

1. Introduction the determination of their chemical properties - aerosol absorption, and

determination of the absorbing aerosol types (Myhre et al., 2013; Li

The size and chemical composition of atmospheric aerosols, emitted
from natural sources and anthropogenic activities, which impact envi-
ronment, human health, earth radiation budget, and climate, govern
their chemical and physical characteristics. The chemical composition of
aerosols depends on the types of aerosol species, which is based on the
emission sources. The chemical composition of these aerosols
comprising a mixture of light-scattering and absorbing particles, deter-
mine the extent of impact on environment and climate. These aerosols
contribute to warming of the Earth's atmosphere and cooling at the
surface. The net aerosol radiative forcing (ARF) is cooling, and has
annulled a substantial portion of greenhouse gas warming (IPCC et al.,
2021). Nevertheless, ARF is still a factor of three uncertain (IPCC et al.,
2021). This uncertainty mainly arises from the inaccuracies involved in
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et al.,, 2022). In global circulation/chemical transport models aerosol
absorption is underestimated in many regions, in particular over Asia
and at higher altitudes (Myhre et al., 2013; Shindell et al., 2013). The
Indo-Gangetic Plains (IGP) which include parts of Pakistan, India, Nepal
and Bangladesh, is a highly polluted, densely populated, intensely
cultivated, and industrialized region. Diverse aerosol emissions from
natural and anthropogenic sources (dust, black carbon, brown carbon,
nitrate, sulfate and organics) give rise to a persistent blanket of haze
with a peak in winter over this region and regions that are downwind
(Lawrence and Lelieveld, 2010; Ramanathan et al., 2007).

The Himalayas and the surrounding regions have globally important
yet frigile ecosystems and highly vulnerable population, and still,
remain one of the less studied regions in terms of aerosols. The aerosol
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properties and trace gases over the Himalayan foothills and the Hima-
layas are largely affected by biomass burning emissions from northern
India, southern Nepal and the Himalayan foothill region (Liithi et al.,
2015; Bhardwaj et al., 2018; Mahata et al., 2018; Singh et al., 2019). The
emissions from forest fires, burning of crop waste, and bio-fuels used in
cooking and heating also contribute to atmospheric aerosol composition
over this region. In addition, atmospheric dynamics plays a dominant
role in transporting and transforming the aerosols over this region (e.g.,
Liithi et al., 2015; Singh et al., 2019). Air pollution over the Himalayas
and the surrounding regions affects the health of large populace of
people and ecosystems, crops, climate, cryosphere, precipitation and
monsoon (e.g., Saikawa et al., 2019).

The simulation of aerosol characteristics in climate models remains a
significant challenge, particularly in elevated locations such as the
Himalayan-Tibetan Plateau region. The region's complex terrain,
coupled with intricate vertical and horizontal transport processes (e.g.,
convection, large regional circulations, and local mountain-valley cir-
culation), contributes to this complexity (Forster et al., 2021; Myhre
et al., 2013). Evidence regarding the climate change over the Himalayas
is still inconclusive, in particular aerosol-induced climate change, and
estimates suffer from high uncertainty due to limited observational data
(e.g., Krishnan et al., 2019; Forster et al., 2021). This is particularly true
for the magnitudes and sign of regional aerosol distribution, their
physical and chemical characteristics, and radiative forcing in both
source, and downwind regions like the Himalayan mountain regions. (e.
8., Krishnan et al., 2019; Forster et al., 2021).

Though satellites can provide global coverage on aerosols, the ac-
curacy and resolution are lower (Schutgens et al., 2017). During the
monsoon season, it is cloudy and overcast over the IGP, due to which
satellite retrievals could be affected, as there exists no perfect cloud
mask (Levy et al., 2013). Further, an uncertainty of +0.03 in MODIS
AOD could be quite high to constrain aerosol forcing, therefore, MODIS
AODs may be used as effectively to support studies that combine models,
in situ observations and other satellite data sets for reducing the un-
certainty (e.g., Levy et al., 2013). In addition, traditional satellite-based
remote sensing observations can only retrieve fewer aerosol character-
istics, for example AOD, as compared to ground-based measurements
which remains a limitation. Aerosol extinction coefficient profiles from
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) are available at a 5-km horizontal resolution. However,
CALIPSO takes 16 days to pass over the same location (i.e., about two
over passes per month over a particular location), as a result its sampling
frequency is lower (Gui et al., 2021).

Alternately, chemical analysis (e.g., Decesari et al., 2010) and/or
source apportionment (Gustafsson et al., 2009; Chen et al., 2019) can be
useful to ascertain the sources of aerosols over this region, however,
these studies correspond to the surface whereas studies on columnar
aerosols have not been performed so far over this region in a manner
envisaged in this study, which would be very crucial for radiative
forcing estimates and climate change assessments. The earlier studies
over these regions (e.g., Kedia et al., 2014; Ramachandran and Kedia,
2012; Gautam et al., 2011; Gustafsson et al., 2009; Raatikainen et al.,
2014; Cho et al., 2017; Rupakheti et al., 2019), were limited to (a) a
particular season, (b) one or two locations in this region, (c) a small set
of aerosol properties, and (d) surface or columnar measurements.
Deriving aerosol characteristics and radiative effects are not only crucial
but also challenging over the Himalayas due to its diverse sources,
complex terrain, horizontal and vertical transport and mountain valley
circulation (e.g., Liithi et al., 2015). The regional scale investigations on
the radiative forcing of aerosols over the IGP and the Himalayan foot-
hills are indeed quite limited, and all the radiative forcing estimates
obtained so far were based on the sensitivity analysis of a combination of
aerosol chemical and optical properties in different radiative transfer
models (Ramachandran and Kedia, 2012; Cho et al., 2017) which have
significant uncertainties. Thus, determining the radiative effects of
aerosols more accurately in order to obtain a realistic assessment of
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aerosol impacts over this region is crucial.

The present study comprehensively examines the seasonal variations
in the chemical composition of columnar aerosols (single scattering al-
bedo, refractive index), absorbing aerosol types, and radiative effects
covering the entire IGP and the Himalayas, which are crucial for un-
derstanding climate change, air quality, and other environmental
changes. The results are deduced from a detailed analysis of aerosol
characteristics that is constrained (considering seasonal variations in
upper and lower bounds of aerosol properties) by high-quality ground-
based observations. The study's novelty lies in its observational data-
intensive approach, and statistical robustness. It leverages new, high-
quality ground-based column observations of multiple aerosol parame-
ters from ten distinct locations (including recently established Aerosol
Robotic Network (AERONET) sites in the Himalayan region), besides
systematic confirmation of already established features, covering a large
spatial domain within a climate-sensitive hotspot of global significance.
This extensive dataset enables the identification of seasonal-scale vari-
ations with unprecedented accuracy. By presenting the observational
evidences and constraints, this study provides critical insights that have
significant implications for advancing aerosol science, refining climate
models, and enhancing our understanding of regional and global climate
change, particularly quantification of impacts of aerosols, a major cur-
rent and future driver of regional climate change in South Asia.

2. Study locations and meteorology

Ten AERONET (Aerosol Robotic Network) (Holben et al., 2001) sites
across the IGP and the Himalayan foothills: Karachi, Lahore and New
Delhi in western IGP; Kanpur, Gandhi College, and Lumbini in central
IGP; Dhaka and Bhola in eastern IGP; and Pokhara and Kathmandu in
the Himalayan foothills (Fig. 1) were selected for the study. The selected
study locations exhibit a widely varying environmental ambience
(Fig. 1). The sites in Nepal are located at increasing altitudes, from ca.
100 m asl north of the IGP to the central Himalayan foothills with
distinctly different physiographical settings and urbanization. Lumbini,
is a rural area at the northern edge of the IGP, at the base of the Hi-
malayan mountains to the north. The Kathmandu Valley and Pokhara
Valley are the two metro regions situated in the Himalayan foothills.
Lahore, New Delhi, Kanpur and Dhaka are metropolitan cities that are
industrialized and marked with heavy air pollution (Fig. 1). Kanpur is
located about 500 km east of the megacity New Delhi whereas Gandhi
College is a rural location (~500 km to the east of Kanpur) and mostly
downwind of Kanpur and New Delhi. Karachi is an urban, coastal city
with two seaports. Bhola is the largest island in south-central
Bangladesh and bounded by the Bay of Bengal in the south. The cho-
sen study region experiences humid subtropical climate (hot, humid
summer and cold, dry winter), and influenced by the South Asian
monsoon system (Lawrence and Lelieveld, 2010; Kedia et al., 2014;
Singh et al., 2019). The synoptic winter winds over the IGP and the
Himalayas vary distinctly as a function of season — the winds are calm,
and northerly/northeasterly during winter aiding the accumulation of
local and regional emissions and giving rise to the annually recurrent
atmospheric haze over the region, whereas during pre-monsoon, and
monsoon (or rainy season) the winds originate from southwesterly di-
rection, stronger than winter, and transport dust from arid regions
(pre-monsoon), and sea salt from the surrounding oceans (Arabian Sea
and Bay of Bengal), and mineral dust from the deserts. The winds un-
dergo a directional transition as they change from southwest to north-
east and are calmer than winter in post-monsoon. Further, the
local/regional mountain-valley wind circulation and changes play a role
in governing the air pollution over mountainous regions.

3. Data and analysis

The level 2, version 3 cloud screened and quality assured daily data
of single scattering albedo (SSA), aerosol optical depth (AOD),
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Fig. 1. Details of the study locations in the Indo-Gangetic Plains (IGP) and the Himalayan foothills (the background map was generated using Google maps (https://
www.google.com/maps): Karachi, Lahore and New Delhi in western IGP; Kanpur, Gandhi College and Lumbini in central IGP; Dhaka and Bhola in eastern IGP; and
Pokhara and Kathmandu in the Himalayan foothills. The latitude, longitude and elevation (in meters above sea level) of each location are also given in the figure.

absorption aerosol optical depth (AAOD), refractive index (real and
imaginary parts), asymmetry parameter (g), fine mode fraction (FMF),
Angstrém exponent (AE), absorption Angstrém exponent (AAE),
extinction ;\ngstr()m exponent (EAE), aerosol radiative forcing (ARF),
and aerosol radiative forcing efficiency (ARFE) measured with ground-
based Sun-sky photometer (Giles et al., 2019) for a period of a year, in
Pokhara (2012 January-December), Bode, Kathmandu (2013
January-December), Karachi and Lahore (2012 January-December),
New Delhi (2009 January-December), Lumbini (2013 January-August
and 2017 September-December), Kanpur and Gandhi College (2012
January-December), and Dhaka (2014 January-December) and Bhola

Table 1

Threshold values of aerosol parameters used in the study to
distinguish aerosol types (extinction Angstrém exponent (EAE),
refractive index - real part (RIR)), and absorbing aerosol types
(fine mode fraction (FMF) and Angstrém exponent (AE)).

Aerosol types EAE vs. RIR

EAE RIR
Biomass Burning (BB) 1.00-1.50 1.43-1.57
Urban/Industrial (Ul) 0.70-1.74 1.35-1.43
Dust 0.01-0.41 1.44-1.59
Absorbing Aerosol types FMF vs. AE

FMF AE
Mostly Black Carbon (MBC) 0.70-1.00 1.00-1.50
Mostly Dust (MD) 0.10-0.40 0.00-0.40
Mixed (BC and Dust) 0.40-0.70 0.40-1.00

(2015 January-December) (Table 1), are analyzed. The main objective
of the study was to cover all the seasons in a year (annual cycle) over all
the study locations across the region, therefore, the above data sets
corresponding to the years 2013-2015 were used; when data during
2013-2015 were unavailable, data from 2012 were used. This 3-year
period (2012-2015) was chosen because concurrent data were avail-
able for almost all months at these locations only during this period over
the region. For Delhi data for the entire year were available only for the
year 2009, which are utilized. This approach of analyzing the data
available in the preceding/ensuing year(s) with respect to the chosen
year is quite suitable, robust, and is not expected to modify the scientific
outcomes significantly as the data are from the same instrument, the
seasonal variations in aerosols are more prominent than the
year-on-year variations, and the influence of changes due to emissions
and/or meteorology on aerosols is fairly small (Lawrence and Lelieveld,
2010; Kedia et al., 2014; Zhang et al., 2019). As the data over multiple
sites for different years were unavailable simultaneously, statistical
significance of interannual variations in aerosol properties could not be
determined for each site. However, the inter-annual variability in
aerosol properties during 2015-2019 over two sites in the IGP (Kanpur
and Gandhi College) were found to be statistically insignificant as the
p-value was >0.05 at 95% confidence level (calculated using two-tailed
Student's t-test) (Ansari and Ramachandran, 2023). The number of days
of daily-average data used as function of season (winter (DJF),
pre-monsoon (MAM), monsoon (JJAS) and post-monsoon (ON)) corre-
sponding to each location (mentioned in brackets) are - 83, 84, 70, and
57, (Pokhara), 81, 76, 59, and 41 (Kathmandu), 81, 80, 49, and 19
(Karachi), Lahore (58, 82, 107, and 56, (Lahore), 31, 46, 48, and 14
(New Delhi), 45, 78, 48, and 48 (Lumbini), 54, 72, 63, and 29 (Kanpur),
64, 82, 78, and 58 (Gandhi College), 76, 70, 52, and 54 (Dhaka) and 81,
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80, 37, and 48 (Bhola). Since, the study region is, in general, cloudy and
overcast during monsoon, the number of days for which quality-control
data are available is less in this season.

3.1. AERONET measurements

The field of view of the Sun/sky radiometer used in AERONET is
1.2°. The radiometer makes direct solar radiation measurements
approximately every 15 min under clear-sky conditions, which typically
results in about 20 measurements every day. The aerosol products
derived from direct solar measurements at five spectral channels of 0.44,
0.50, 0.675, 0.87 and 1.02 pm, and sky radiance measurements made at
four spectral channels of 0.44, 0.675, 0.87 and 1.02 pm are utilized in
the study. The aerosol properties retrieved from AERONET measure-
ments have the highest accuracy in the solar zenith angle range of 50°
and 80° (Dubovik et al., 2000), and only those data points in a day that
are within this solar zenith angle range are utilized in the study. The
uncertainty in AODs from the direct solar radiation measurements is less
than +0.01 for wavelengths >0.44 pm (Holben et al., 2001). The error
in AERONET derived FMF is ~10% (O'Neill et al., 2003). The error in
SSA is +£0.03 when the AOD at 0.44 pm is > 0.2 (Dubovik et al., 2000).
The uncertainty in AAOD is £0.01 (Mallet et al., 2013). The uncertainty
in the real and imaginary parts of refractive index are in the range of
0.025-0.05 and 30-50%, respectively (Dubovik et al., 2000). The un-
certainty in asymmetry parameter (g) is £0.02 (Dubovik et al., 2000).
The spectral AOD, extinction AOD (EAOD) and AAOD follow a power
law of the form, x = K\ ~?, where A is the wavelength, x is AOD or EAOD
or AAOD as the case may be, and f is AE or EAE or AAE, respectively. AE,
EAE and AAE are estimated as slopes of linear regression between In
(AOD) and In (M), In (EAOD) and In (1), and In (AAOD) and In (M),
respectively, in the wavelength range of 0.44—0.87 pm. AOD and EAOD,
in principle, are the same as both represent the columnar extinctio-
n/attenuation of radiation by aerosols, however, they are retrieved
using two different algorithms in AERONET (Dubovik et al., 2000). AOD
is derived from the direct radiation measurements (direct Sun algo-
rithm) while EAOD is retrieved from the direct and diffuse sky radiation
measurements (solar almucantar scenario in inversion algorithm).
Further, AE and FMF are derived from direct radiation measurements
through direct Sun algorithm while AAOD, SSA, refractive index,
asymmetry parameter and ARF are derived the direct and diffuse sky
radiance measurements through the solar almucantar scenario in
inversion algorithm.

3.2. Determination of aerosol type and absorbing aerosol type

Aerosol type: The matrix of aerosol properties retrieved by AERONET
and their inter-relations (EAE vs. AAE, EAE vs. SSA, and EAE vs.
refractive index — real part (RIR)) can be used to classify aerosols into
different source types, such as originating from biomass burning, urban/
industrial mix, and dust aerosols across the globe, emitting mostly BC,
dust and a mixture of BC and dust, with respective threshold values
primarily obtained from long-term observational data from reference
sites characterized by different dominant aerosol types over the globe
including USA, Europe, Africa and Asia (Russell et al., 2010, 2014; Giles
et al., 2012; Rupakheti et al., 2019), and have been/are being used
successfully and widely across the globe to classify the aerosol types.
EAE represents the wavelength dependence of aerosol extinction, which
is based on aerosol size distribution and varies depending on aerosol
type and dominance (Russell et al., 2014), and AAE denotes the wave-
length dependence of aerosol absorption. SSA (ratio of scattering AOD to
total AOD), and the real part of RI depends on the chemical composition
of aerosols, and is a measure of scattering due to aerosols. The relation
between EAE and RIR is used to classify the aerosol types over the study
region, because (a) EAE and RIR correspond to the total (composite)
aerosols, as opposed to, the relation between EAE and AAE (absorption),
and (b) the threshold values for EAE and RIR that are used to classify the
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aerosols as UI, BB and DU type (Table 1) do not overlap unlike the
threshold values between EAE and AAE, and/or EAE and SSA (Table 1,
Rupakheti et al., 2019). AE and EAE depend on aerosol size distribution;
higher AE and EAE values (>1) indicate the dominance of fine mode
aerosols (produced from combustion sources (e.g., coal fired power
plants), industrial and vehicular emissions and domestic biomass
burning (fuel wood and dung cake)), while lower AE and EAE (<1) occur
due to the dominance of coarse mode aerosols (dust and sea salt) in
aerosol size distribution. Thus, EAE values are >0.70 due to the domi-
nance of fine mode aerosols from fossil fuel, industrial and biomass
burning emissions whereas EAE for dust aerosol type is significantly
lower because of dominant larger size coarse particles. The real part of
refractive indices is lower for UI and BB aerosol types than dust type
aerosols due to the dominant aerosol emissions from their respective
sources — sulfate, black carbon arising from urban/industrial and
biomass burning emissions while dust from deserts which has a higher
real refractive index. The threshold ranges of refractive index for
different aerosol types are consistent with observations as RIR was found
to lie in the range of 1.40-1.47 for urban/industrial and mixed aerosols,
between 1.47 and 1.52 for biomass burning aerosols and in the
1.36-1.56 range for desert dust (Dubovik et al., 2002). These distinct
features in aerosol emissions from respective sources and their dominant
sizes enable in determining the ranges of Ul, BB and dust aerosol types
(Table 1) and thereby identify the aerosol types.

Absorbing aerosol type: The uncertainty associated with identifying
absorbing aerosol type, and their amount contributes majorly to the
uncertainty in global ARF estimates (Li et al., 2022), and the uncertainty
is expected to be even higher in heavily polluted regions (Ramanathan
et al., 2007; Myhre et al., 2013; Li et al., 2022). This uncertainty arises
mainly due to the anthropogenic absorption AOD, and mainly due to the
uncertainty in BC. Among the absorbing aerosols, BC absorption is at
least 4-times (SSA~0.20) higher than BrC and dust (SSA~0.85). Though
BC contributes less to aerosol mass (5-10%), compared to BrC (16%) and
dust particles (35%) over South Asia (Jimenez et al., 2009; IPCC et al.,
2021), however, as its absorption is significantly stronger, it is arduous
to derive the relative contribution of absorbing aerosols to absorption,
and ARF. Furthermore, BrC absorption is wavelength dependent,
effective over the 0.3-0.6 pm wavelength range, with its absorption
falling very sharply beyond 0.4 pm. BrC contributes <5% to total light
absorption beyond 0.55 pm (Kirillova et al., 2016). Since, the radiative
effect of BC is at least 4-times stronger than that of the other absorbing
aerosol species (dust and BrC), and as BrC contribution to light ab-
sorption is significantly less, it is vital to differentiate and quantify the
major absorbing aerosol types (BC and dust).

The absorbing aerosol types are classified into three as — mostly dust
(MD), where iron oxide in dust is dominant absorber, mostly BC (MBC),
consisting of mixture of biomass burning and urban/industrial emissions
in which BC is the dominant absorber, and mixed, corresponding to the
optical mixture of BC in fine mode and dust in coarse mode dust as
dominant absorbers (Giles et al., 2012). The relations between AE and
FMF, SSA and FMF, and AAE and FMF are being effectively and widely
used to derive the absorbing aerosol types in the atmosphere using large
number of long-term observational datasets from the reference sites
characterized by different dominant absorbing aerosol type spread over
the globe (USA, Europe, Africa and Asia) (Giles et al., 2019; Rupakheti
et al.,, 2019), and are being utilized effectively to document the
absorbing aerosol types. AE and FMF are closely linked — AE (>1) and
FMF (>0.7-1.0) will be higher when fine mode aerosols dominate the
aerosol distribution, while both AE and FMF will be lower (<0.5) when
coarse mode aerosols dominate. For a mixed (fine plus coarse) aerosol
distribution AE and FMF will lie between the above two ranges.
Urban/industrial and biomass burning emissions dominantly produce
aerosols in fine mode and mostly black carbon (MBC) giving rise to
higher AE and FMF whereas when dust aerosols dominate AE and FMF
are lower. In a mixture, BC in fine mode and dust in coarse mode will be
present due to which the AE and FMF values will lie between the MBC
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and dust absorbing aerosol types. The relation between AE and FMF is
used in the study to classify the absorbing aerosol types, as in this
classification also, both AE and FMF pertain to total (composite) aero-
sols, and the threshold limits for different absorbing aerosol types do not
overlap (Table 1), unlike in case of the relations between AAE vs. FMF -
AAE: 1.00-2.00 and FMF: 0.50-1.00 for MBC, AAE: 2.00-3.00 and FMF:
0.10-0.30 for MD, and AAE: 1.00-2.00 and FMF: 0.17-0.40 for Mixed;
and in case of SSA vs. FMF — SSA: 0.84-0.97 and FMF: 0.50-1.00 for MBC,
SSA: 0.90-0.95 and FMF: 0.10-0.40 for MD, and SSA: 0.84-0.90 and FMF:
0.20-0.50 for Mixed (Giles et al., 2012; Rupakheti et al., 2019). The role
and influence of BrC in light absorption in this study is not included
owing to the above, and due to that fact in the present study the clas-
sification into different aerosol types and absorbing aerosol types is
based on composite (or total) aerosols and not on absorption AOD
(Ramachandran et al., 2020) which is needed to estimate the influence
of BrC on light-absorption.

3.3. Estimation of aerosol radiative forcing efficiency and heating rate

The ARF depends on the aerosol optical properties (which are gov-
erned by physical and chemical properties) (AOD, SSA, g), geophysical
properties (surface albedo), and solar zenith angle. The surface albedo is
not critical in accurately estimating ARF when it is < 0.30 but it is
critical when it is above 0.30 (Garcia et al., 2012). The ARF at the sur-
face (ARFggc) in case of AERONET is overestimated as the fluxes with
and without aerosols in the upward direction are not considered. This
overestimate can be corrected by multiplying the ARFgpc with 1-SA,
where SA is the spectral average of surface albedo in the 0.34-1.02 pm
wavelength region (Garcia et al., 2012). The spectral average surface

Table 2
Seasonal mean surface albedo over the study locations (latitude, longitude,
elevation in meters (m) above mean sea level).

Winter Pre-
monsoon

Location Monsoon Post-

monsoon

Himalayan foothills:
1 Pokhara, Nepal

(28.2°N, 83.9°E,
800m)

2 Kathmandu,
Nepal (27.7°N,
85.4°E, 1297m)

Western IGP:

3 Karachi, Pakistan

(24.9°N, 67.1°E,

49m)

Lahore, Pakistan

(31.4°N, 74.3°E,

209m)

New Delhi, India

(28.6°N, 77.2°E,

240m)

Central IGP:

6 Lumbini, Nepal

(27.5°N, 83.3°E,

110m)

Kanpur, India

(26.5°N, 80.2°E,

123m)

Gandhi College,

India (25.9°N,

84.1°E, 60m)

Eastern IGP:

9 Dhaka,
Bangladesh
(23.7°N, 90.4°E,
34m)

10 Bhola,
Bangladesh
(22.2°N, 90.8°E,
7m)

0.14+0.01 0.16 £0.01 0.18 £ 0.01 0.16 + 0.01
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albedo in this region is < 0.30 during the year (Table 2), nevertheless,
the surface albedo correction is implemented in the study to obtain a
more accurate ARF. The surface albedo is higher over western and
central IGP than the eastern IGP and the Himalayan foothills during
pre-monsoon and monsoon than post-monsoon and winter.

The difference between ARF at the surface (ARFsgc) and the ARF at
the top of the atmosphere (ARFrpp) is the ARF of the atmosphere
(ARFarM). Subsequently, the aerosol-induced atmospheric solar heating
rate (HR) is estimated as,

-
t ¢ | AP

where 0 T/0 t corresponds to the heating rate (in Kelvin (K) dayfl), g
represents the acceleration due to gravity, the specific heat capacity of
air at constant pressure is given as cp, and AP is the pressure difference
between the elevation of each location (Table 2) and the upper bound
altitude up to which aerosols are present. Generally, a uniform upper
bound of 3 or 5 km of the atmosphere above the earth's surface is used,
based on the assumption that within this altitude range almost all the
aerosols are present in the atmosphere, to determine the aerosol-induced
aerosol heating rate (Ramanathan et al., 2007; Ramachandran and
Kedia, 2012). This assumption is valid when aerosols are vertically
uniformly distributed throughout this layer, which usually, is not the
case over the IGP and the Himalayas. Therefore, a climatology of aerosol
extinction profiles from CALIPSO retrieved during 2012-2015 (corre-
sponding to the study period) is used to determine the seasonal mean
upper height/bound relative to the surface pressure for each study
location for estimating the aerosol-induced heating rate (Section 4.4,
Table 3).

4. Results and discussion
4.1. AOD, SSA, AAOD, and refractive index

Aerosol optical depths in the 0.44-1.02 pm wavelength range are
>0.3 over all the locations the entire year (Fig. 2), confirming that the
entire region is heavily polluted. AODs exhibit significant spectral and
seasonal variations (Fig. 2). AODs over Pokhara and Kathmandu, in the

Table 3

Seasonal mean altitudinal upper bound (in km) at each location, which corre-
sponds to the altitude up to which aerosol extinction contributes ~99.5% to
column aerosol extinction.

Location Winter  Pre- Monsoon  Post-
monsoon monsoon

Himalayan foothills:

1 Pokhara, Nepal (28.2°N, 4.11 5.31 5.01 3.99
83.9°E, 800m)

2 Kathmandu, Nepal (27.7°N, 4.65 5.97 6.99 4.29
85.4°E, 1297m)

Western IGP:

3 Karachi, Pakistan (24.9°N, 4.23 5.19 5.55 4.29
67.1°E, 49m)

4 Lahore, Pakistan (31.4°N, 5.07 6.75 5.79 5.01
74.3°E, 209m)

5 New Delhi, India (28.6°N, 4.53 5.49 5.31 3.87
77.2°E, 240m)

Central IGP:

6 Lumbini, Nepal (27.5°N, 4.11 5.31 5.01 3.99
83.3°E, 110m)

7 Kanpur, India (26.5°N, 3.69 5.43 4.95 3.75
80.2°E, 123m)

8 Gandhi College, India 3.69 5.43 4.95 3.75
(25.9°N, 84.1°E, 60m)

Eastern IGP:

9 Dhaka, Bangladesh (23.7°N, 3.93 5.01 6.93 4.35
90.4°E, 34m)

10 Bhola, Bangladesh 4.41 5.07 6.45 3.99

(22.2°N, 90.8°E, 7m)
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Fig. 2. Seasonal mean aerosol optical depth in the 0.44-1.02 pm wavelength region over the study locations in — (a) Himalayan foothills (Pokhara and Kathmandu in
Nepal), (b) western IGP (Karachi and Lahore in Pakistan, and New Delhi in India), (c) central IGP (Lumbini in Nepal, and Kanpur and Gandhi College in India), and
(d) eastern IGP (Dhaka and Bhola in Bangladesh), respectively. Vertical bars denote the +1c (standard deviation) from the seasonal mean. Seasonal mean ;\ngstrém

exponent (AE) values for the study locations are given in the respective figure.

Himalayan foothills, are highest in pre-monsoon, lowest in monsoon and
lie in between during post-monsoon, whereas Lumbini in Nepal has the
highest AOD in post-monsoon followed by pre-monsoon, monsoon and
winter (Fig. 2). Karachi AE values are the lowest in the entire IGP con-
firming the dominance of coarse mode particles throughout the year
(Fig. 2). AE values are in general higher during winter and post-monsoon
revealing the dominance of fine mode aerosols in these seasons. AE
values are >1 over Pokhara, Kathmandu and Lumbini throughout the
year revealing a consistent dominance of fine mode aerosols up to the
northern edge of IGP and the Himalayas.

The spectral variation of SSA (0.44-1.02 pm wavelength region)
depends on the dominant aerosol type in the atmosphere; SSA decreases
with increasing wavelength for continental aerosols and biomass
burning-influenced aerosols whereas SSA will increase with wavelength
when dust dominates (Eck et al., 2005; Russell et al., 2010; Kedia et al.,
2014). Further, SSA of dust is higher than continental and biomass
burning aerosols. An almost linear SSA spectra (SSA independent of
wavelength) suggest the presence of same type(s) or mixtures of aerosol
species, and that the species also maintain their respective proportions
(scattering vs. absorbing species) in the total in this wavelength region.
The SSA and its spectral shape (independent, or decreasing or increasing
as a function of wavelength) exhibit significant spatio-temporal varia-
tions across the region, however, over each sub-regional bound (i.e.,
western IGP, central IGP etc.) they are more or less the same (Fig. 3). All
the three spectral shapes are present over the IGP and the Himalayan
foothill regions during the year.

Over the sites in the western IGP (i.e., Karachi, Lahore, and New
Delhi) which are influenced by dust, SSA typically increases with
wavelength during the year (except over New Delhi during post-
monsoon and winter); the increase in SSA being steeper during pre-
monsoon and monsoon than post-monsoon and winter because of
increased abundance of dust. The SSA (in all four wavelengths) over
New Delhi is lowest, and the decrease as a function of wavelength is the
steepest during post-monsoon among all the study locations. Over
Kanpur, Gandhi College and Lumbini in central IGP (Fig. 1), SSA de-
creases slightly with wavelength during winter, increases during pre-
monsoon and monsoon (except Lumbini), and decreases slightly again
during post-monsoon (Fig. 3). Over the sites in eastern IGP, i.e., Dhaka
and Bhola, SSA values are quite close to each other, and are either almost
invariant as a function of wavelength or decrease slightly as a function of
wavelength (post-monsoon, Fig. 3d). In an atmosphere dominated by
fine mode aerosols AODs fall steeply with respect to wavelength
(AODg 44 ym is > 3 times AOD1 o2 um) as seen over the Himalayan foot-
hills (Fig. 2), however, when dust is present the AOD spectra is less steep
as in case of Karachi (AODg 44 um is < 2 times AOD1 g2 ym; during
monsoon AODs at 0.44 and 1.02 pm are almost comparable indicating
the dominance of coarse mode particles). Kathmandu, whose elevation
despite being higher than Pokhara exhibits lower SSA. Vertical profile
measurements over and around the Pokhara valley revealed that the BC
concentration at elevated locations in the Himalayas was higher than at
the surface (Singh et al., 2019), leading to lower SSA values (Fig. 3).
Absorption AOD (AAOD) over Pokhara is lower than Kathmandu
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Fig. 3. Seasonal mean single scattering albedo (SSA) in the 0.44-1.02 pm wavelength region over the study locations in — (a) Himalayan foothills (Pokhara and
Kathmandu in Nepal), (b) western IGP (Karachi and Lahore in Pakistan, and New Delhi in India), (c) central IGP (Lumbini in Nepal, and Kanpur and Gandhi College
in India), and (d) eastern IGP (Dhaka and Bhola in Bangladesh), respectively. Vertical bars denote the +1c (standard deviation) from the seasonal mean.

confirming that the absorption (due to BC, Brown Carbon and dust
aerosols) is relatively lower over Pokhara (Fig. 4) resulting in higher SSA
over Pokhara.

SSA values increase at all locations during monsoon than the other
seasons, however, the magnitudes of increase in SSA values differ
(Fig. 3). The SSA values can increase or decrease depending on precip-
itation; SSA increases from west to east; the increase in SSA is relatively
higher in Dhaka and Bhola than other locations. The SSA is higher over
Bhola and Dhaka as compared to the other sites in IGP, with a more
pronounced increase during monsoon compared to other locations.
Rainfall across the IGP exhibits considerable spatial variability,
decreasing by a factor of 2 to 3 from the east to west. For instance, in
2012, rainfall in Lahore was 360 mm, 822 mm in Kanpur, and 1257 mm
in Dhaka. Consequently, the greater summer monsoon rain over eastern
IGP, wet removal (AODs are lower than pre-monsoon (Fig. 2)) and sea
salt particles result in higher SSA than the other IGP locations to the west
of IGP like Kanpur and Lahore. Further, a higher RH during monsoon
months (RH is 80% or higher across the study region (Ramachandran
and Kedia, 2012)) aids the hygroscopic growth of aerosols resulting in
higher SSA. The SSA increases with wavelength in pre-monsoon and
monsoon owing to the increase in dust particles (coarse mode), as dust
particles scatter radiation more efficiently beginning from 0.5 pm. The
lowest SSA over New Delhi during post-monsoon is attributed to the
transport of aerosols emitted by intensive agro-residue burning (which
dominantly have light-absorbing BC aerosols followed by brown carbon
(BrC) aerosols (Gustafsson et al., 2009)) in this season (Jethva et al.,
2018). AODs at wavelengths shorter than 0.675 pm are significantly

higher than longer wavelength AODs over the IGP and the Himalayan
foothills during winter and post-monsoon consistent with higher amount
of fine mode absorbing aerosols (lower SSA) except in Karachi (dust
dominance) (Fig. 3) and over Kathmandu during pre-monsoon when
SSA is the lowest among all the locations. AODg 44 averaged across the
IGP and the Himalayan foothills is > 3 times higher than AOD; (2 during
winter and post-monsoon confirming the dominance of fine mode
aerosols in the atmosphere over this region whereas AODy 44 is only a
factor of 2 higher than AOD; oy in pre-monsoon and monsoon when
coarse mode (dust and sea salt) aerosols dominate (Fig. 2).

Results from the present study are compared with a couple of studies
on aerosol optical properties conducted earlier in the Himalayan foot-
hills and the mountain region. SSAs analyzed during a pre-monsoon
campaign in the Himalayan foothills during 2009 - at Hetauda
(27.4°N, 85.0°E, 465 m asl) during 18 Apr-30 May, and Dhulikhel
27.6°N, 85.5°E, 1500 m asl), both in HImalayan foothills, during 11 Apr-
16 Jun in Nepal, were reported earlier in Gautam et al. (2011). The SSA
at 0.44 pym was found to be < 0.90 over Hetauda and Dhulikhel (0.86
and 0.88 respectively) (Gautam et al., 2011). The shape of SSA spectra
observed over Hetauda was quite similar to that observed over Gandhi
College, a rural location in the central IGP influenced by dust, where the
SSA increased from 0.88 (at 0.44 pm) to 0.90 (at 1.02 pm), while over
Hetauda SSA increased from 0.86 to 0.89 at the respective wavelengths.
The increase in SSA at longer wavelengths is most likely due to dust that
was transported in addition to emission from soils disturbed by human
activities (Gautam et al., 2011) (also seen in Fig. 3). Due to the presence
of a mixture of local pollution transported upslope from Kathmandu
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Fig. 4. Seasonal mean absorption aerosol optical depth (AAOD) in the 0.44-1.02 pm wavelength region over the study locations in - (a) Himalayan foothills, (b)
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exponent (AAE) values for the study locations are given in the respective figure.

Valley (fine) and transported dust (coarse), the SSA spectra is relatively
flat over Dhulikhel (Gautam et al., 2011 and references therein).
Whereas the SSA spectra are either flat or decrease with wavelength over
the three study locations in Nepal with elevations varying from 110 m to
~1300 m asl in all the seasons (Fig. 3) similar to Dhulikhel (1500 m asl),
suggesting that the contribution of dust particles to aerosol composition
in the Himalayan mountain regions is less. SSA was in the 0.85-0.87
range over the northern peninsular Southeast Asia, a major
biomass-burning hotspot region (Pani et al., 2018). The SSA values
obtained over Kathmandu in this study compare well with SSA obtained
over Southeast Asia influenced strongly by biomass burning emissions.

AERONET retrieved SSA over Dushanbe in Central Asia (38.6°N,
68.9°E, 821 m asl), located in the vicinity of Taklamakan, Karakum, and
Aralkum deserts, was >0.90 throughout the year (Rupakheti et al.,
2020). The SSA in winter was lower (0.90) suggesting the presence of
more light-absorbing aerosols during winter whereas in the other sea-
sons SSA was higher and increased with increasing wavelength due to
the abundance of coarse mode dust particles (Rupakheti et al., 2020).
This feature in SSA was consistent with the fine mode fraction (FMF)
values, which were 0.77 (winter), 0.50 (spring), 0.39 (summer), and
0.50 (autumn) (Rupakheti et al., 2020). The increasing anthropogenic
emissions in winter gave rise to higher FMF and lowest SSA (Rupakheti
et al., 2020). The seasonal (winter low) and spectral (increasing SSA
with increasing wavelength) SSA features over Dushanbe, attributed to
dust aerosols in the atmosphere, are similar to the IGP and the Hima-
layan foothills. In Minsk, Belarus (53.9°N, 26.6°E, 235 m asl), SSA
decreased with increasing wavelength throughout the year in all the

seasons as the aerosol loading over Minsk was dominated by anthro-
pogenic emissions, mainly BC (Filonchyk et al., 2021). On a seasonal
scale SSA in summer > spring > autumn > winter over Minsk. The SSA
in winter over Minsk was also the lowest (0.89) similar to the IGP and
Dushanbe.

The AAOD (defined as (1-SSA) multiplied by AOD) exhibits a
behavior opposite to that of SSA. A higher AAOD results in lower SSA,
and vice versa (Fig. 4), because an increase in absolute content of light-
absorbing aerosols in air directly increases AAOD and thereby SSA de-
creases. Among all sites, AAOD over New Delhi during post-monsoon is
the highest followed by Kathmandu during pre-monsoon (resulting in
the lowest SSA (Fig. 3)). The variations in AAE (spectral exponent of
AAOD) can help identify potential aerosol sources and types. The value
of AAE, an indicator of aerosol composition, varies between <1 and >2
(Russell et al., 2010). AAE of 1 or less indicates that the aerosol ab-
sorption is dominated by BC, and AAE of 1.5 indicates biomass burning
aerosols, and when mineral dust particles dominate AAE value becomes
2 or even greater (Russell et al., 2010). The seasonal average AAE values
are between 1 and 2 (except a few cases with AAE<1) (Fig. 4). In the
Himalayan foothills, the AAE values between 1 and 1.5 over Pokhara
and Kathmandu indicate that BC dominates aerosol absorption in the
Himalayan foothills. In the western IGP, AAE values close to 2 over
Karachi and Lahore during pre-monsoon categorically confirms the
dominance of dust particles; AAE values reduce slightly during monsoon
(1.6-1.9) (Fig. 4). SSA over Karachi is higher during winter than
post-monsoon (Fig. 3); AAE is ~1 for Karachi in post-monsoon while it is
1.6 in winter, the lower AAE during post-monsoon suggesting an
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increase in the abundance of BC. Similar is the case over New Delhi,
Kanpur and Gandhi College during pre-monsoon and monsoon when
dust abundance increases leading to higher AAE. The AAE over Lumbini
during monsoon (0.48) is the lowest among all sites, an indication of
BC-rich local emissions. The AAE values over the eastern IGP (Dhaka
and Bhola) are around 1 throughout the year suggesting that aerosol
absorption is mostly dominated by BC (Fig. 4).

The strong convection in the pre-monsoon season aids air masses
with pollution to get lifted to higher heights and advect northwards
towards Himalayas (Liithi et al., 2015; Singh et al., 2019). The hori-
zontal movement (advection) of air masses during pre-monsoon is also
aided by the strong updraft and a higher atmospheric boundary layer.
The advected polluted air masses often get mixed with synoptic scale
westerlies (Raatikainen et al., 2014; Putero et al., 2018; Singh et al.,
2019), and give rise to the lowest SSA during pre-monsoon over Kath-
mandu. The emissions from forest fires and the subsequent transport get
suppressed due to monsoon rains, and brick production in IGP and the
valleys in the Himalayan foothills are less active in this season. Due to
wet removal, suppression of transport of regional emissions, and less
active local scale major seasonal sources such as forest fires and brick
production result in higher SSA over Lumbini and Pokhara, however,
SSA is still lower over Kathmandu clearly confirming the presence and
dominance of BC aerosols (which have the lowest SSA among all aerosol
types) even at higher altitudes of the Himalayan foothills, which is
consistent with the changes in AAOD and AAE (Fig. 4).

The insights on aerosol absorption can be expanded by analyzing the
aerosol refractive index (RI) - real and imaginary parts. The real part of
RI denotes the scattering contribution, whereas the imaginary part

Atmospheric Environment: X 30 (2026) 100433

represents the absorption contribution, and thus, the real and imaginary
parts depend on the chemical composition of aerosols. The real part of RI
is found to lie in the range of 1.40-1.47 for urban/industrial and mixed
aerosols, between 1.47 and 1.52 for biomass burning aerosols and in the
1.36-1.56 range for desert dust, whereas their imaginary equivalents
were between 0.003 and 0.014, 0.00093 and 0.021, and 0.0007 and
0.029, respectively for the above aerosol types (Dubovik et al., 2002).
The real and imaginary parts of RI differ on a seasonal scale (Figs. 5 and
6) consistent with SSA variation (Fig. 3) across the IGP and the Hima-
layan foothills. The real part of RI over Pokhara and Kathmandu is in the
1.40-1.55 range (Fig. 5) while the imaginary RI is in the 0.005-0.02
range (Fig. 6), indicating the dominance of aerosols from biomass
burning and urban industrial activities. SSA is lowest over Kathmandu
during pre-monsoon (Fig. 3) which increased during monsoon. The real
part of RI over Kathmandu is > 1.5 during pre-monsoon and monsoon
with pre-monsoon RI being slightly higher (Fig. 5a), while the imaginary
part of RI during pre-monsoon (>0.2) is significantly higher than
monsoon (~0.01) (Fig. 6a). SSA is lower in pre-monsoon than monsoon
over Kathmandu because of the more prominent increase in the
absorbing aerosols from local (brick production, diesel generator sets)
and regional (forest fires, agro-residue fires) as revealed by lower
imaginary part of RL. In western IGP the real and imaginary refractive
index over Karachi and Lahore are comparable (Figs. 5b and 6b). The
real part is > 1.45 over both the locations whereas the imaginary part is
< 0.02; the imaginary parts of RI are lowest during pre-monsoon and
monsoon due to higher amount of dust which effectively scatter more
light at longer (infrared) wavelengths and this is evident in higher SSA
(Fig. 3). The features in RI over New Delhi are comparable to that of
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Fig. 5. Real part of refractive index (RIR) of aerosols in the 0.44-1.02 pm wavelength range over the study locations in the (a) Himalayan foothills, (b) Western IGP,
(c) Central IGP and the (d) Eastern IGP. The +1¢ (standard deviation) from the seasonal mean is denoted by vertical bars.
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Fig. 6. Imaginary part of refractive index (RII) of aerosols in the 0.44-1.02 pm wavelength range over the study locations in the (a) Himalayan foothills, (b) Western
IGP, (c) Central IGP and the (d) Eastern IGP. The +1c (standard deviation) from the seasonal mean is denoted by vertical bars.

Lahore and Karachi, with an exception over New Delhi during
post-monsoon which has lower real part and higher imaginary part than
other two sites in western IGP. The significant decrease in the real and
the significant increase in the imaginary parts of RI during
post-monsoon over New Delhi emphasizes that the dominant aerosol
type changed from dust (monsoon) to BC (post-monsoon) leading to a
significant decrease in SSA (the lowest during post-monsoon) (Fig. 3).
Over the central IGP, Kanpur, Gandhi College and Lumbini all have
similar features in both real and imaginary parts. The real part of RI
decreases significantly to <1.45 over Lumbini in monsoon (values are in
the 1.45-1.60 during the other seasons) (Fig. 5¢), and the imaginary part
increases to >0.2 in post-monsoon (values are <0.02 during the other
seasons) (Fig. 6¢). The real part of RI over Dhaka and Bhola in
Bangladesh is lower during monsoon and post-monsoon than the other
two seasons, whereas the imaginary parts are lower during pre-monsoon
and monsoon, with monsoon values being the lowest due to a prominent
reduction in aerosol content due to precipitation. Though both real and
imaginary parts of RI are lower during monsoon and post-monsoon, SSA
is lower during post-monsoon than monsoon (Fig. 3) owing to a prom-
inent increase in the imaginary part of RI (Fig. 6d).

In Dushanbe, the real part of RI was in the 1.48-1.54 range and the
imaginary part of RI was high in the winter (0.009) and low in summer
(0.002) (Rupakheti et al., 2020). The real part of RI was higher in
summer compared to winter whereas the imaginary part was higher in
winter, consistent with SSA seasonal variation (low in winter due to high
imaginary RI). The higher imaginary RI values indicate absorption by
fine mode BC aerosols in winter (Rupakheti et al., 2020). It was noted
that the aerosols in winter over Dushanbe appeared to be significantly
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different from other seasons in their content and composition
(Rupakheti et al., 2020). Over Minsk, Belarus, the real part of RI varied
between 1.46 and 1.52 during the year and the imaginary part of RI was
in the 0.008-0.022 range (Filonchyk et al., 2021). The imaginary part of
RI was higher than Dushanbe suggesting the dominance of anthropo-
genic aerosols. The imaginary part of RI in winter was the highest
(>0.20) followed by autumn, spring and summer consistent with sea-
sonal variations in SSA. The real part of RI across the present study re-
gion is in the 1.4-1.6 range (except in New Delhi only in post-monsoon
when it is lower than 1.4) and the imaginary part of RI is higher than 0.1
in post-monsoon and winter; the imaginary part of RI is the highest over
new Delhi in post-monsoon (>0.2). These seasonal features and values
of RI are consistent with the seasonal variations in the dominance of
aerosols that are of anthropogenic origin in post-monsoon and winter
and that of mixture of natural and anthropogenic origin in pre-monsoon
and monsoon over the IGP and the Himalayas similar to that of Dush-
anbe and Minsk. This comparison reveals a commonality of aerosols
between the Himalayas, IGP, Minsk and Dushanbe, while at the same
time demonstrates the intra-regional variability of dominant aerosol
types over the spatial domain of the IGP (western, central and eastern)
up to the Himalayas.

4.2. Aerosol type and absorbing aerosol type

The aerosol types over the study region exhibit seasonal variations
consistent with aerosol sources that are present over this region
(Figs. 2-6). Based on the above metrics, the aerosol types over Pokhara
and Kathmandu as well as Lumbini are of UI and BB origin only, and dust
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is not present over the northern edge of central IGP and the Himalayan
foothills throughout the year. Identifying and designating pure marine
particles are challenging because of their high SSA (~1), coarse size, and
small EAE (Russell et al., 2010, 2014), and is not important here as sea
salt was found to be negligible over the Himalayan foothills (Tripathee
et al., 2017). Similarly, classification of ‘pure’ dust is equally difficult
(Russell et al., 2014), which, once again is not present over the Hima-
layan foothills. Dust as an aerosol type is present over Karachi and
Lahore during three seasons except for the post-monsoon (Fig. 7b) which
is consistent with a decreasing SSA spectra (Fig. 3b). Dust is absent over
New Delhi during post-monsoon and winter. UI and BB aerosol types are
present throughout the year over Karachi and Lahore, however, because
of higher dust dominance the SSA spectra increases as wavelength in-
creases during pre-monsoon and monsoon, while the SSA spectra de-
creases during winter (less dust) and post-monsoon (no dust). The
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aerosol type over New Delhi, Kanpur and Gandhi College are similar to
Karachi and Lahore; dust is predominant during pre-monsoon and ab-
sent during winter and post-monsoon (Fig. 7c¢). Similar to the Himalayan
foothills, over Dhaka and Bhola in the eastern IGP, dust is absent
throughout the year (Fig. 7d). Dust transported from long-range from
the arid and semi-arid regions that are west of IGP (Fig. 1), was found to
exhibit a gradient in the IGP with more dust from Karachi to Kanpur and
less over Gandhi College, although the spatial distance (aerial distance)
between Kanpur and Gandhi College is ~500 km only (Ansari and
Ramachandran, 2023). Thus, this analysis reconfirms the existence of
spatial gradient in dust and associated transport across the IGP and also
reveals that it is also true for the Himalayan foothills, and the amount of
dust particles in the atmosphere becomes negligible as we move to east.
The aerosol types identified using this approach, combined with the
analysis of SSA spectra corroborate well the features observed in aerosol
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chemical composition, emphasizing that a comprehensive evaluation of
this sort can provide information on the chemical composition of aero-
sols in an unequivocal manner.

Similar to the aerosol types, the absorbing aerosol types over the
Himalayan foothills (Pokhara and Kathmandu), and Lumbini are MBC
and Mixed throughout the year (Fig. 8). During the winter and post-
monsoon seasons the absorbing aerosol type over Himalayan foothills
and central IGP are MBC (Fig. 8a—c). The mostly dust (MD) absorbing
aerosol type is negligible over the Himalayan foothills (Fig. 8). This
classification asserts absence of pure dust over these two regions iden-
tified earlier in aerosol typing (Fig. 7). The absorbing aerosol types
obtained in the present study agree with those reported earlier
(Rupakheti et al., 2019). The winter and pre-monsoon seasons in the
Himalayan foothills are dominated by biomass burning emissions and
BC (Rupakheti et al., 2019) as seen here; further, the long-range trans-
port of Ul aerosols (BC-dominated) from the polluted IGP are also

Atmospheric Environment: X 30 (2026) 100433

abundant over the Himalayan foothills during winter, pre-monsoon, and
post-monsoon. Over the western IGP (Karachi and Lahore), the
absorbing aerosol types exhibit a distinct seasonal variation — MD is
almost negligible in post-monsoon whereas MBC is almost nil during
pre-monsoon (Fig. 8b) over both the locations. New Delhi follows the
seasonal patterns of Karachi and Lahore during pre-monsoon (low or no
MBC), monsoon (all MBC, Mixed and MD present), and post-monsoon
(no MD) while its pattern is similar to Kanpur and Gandhi College
during winter (no MD). Over the two central IGP sites (Kanpur and
Gandhi College) all the three absorbing aerosol types are found only in
monsoon, MD is completely absent in winter and post-monsoon, and
MBC is negligibly small during pre-monsoon, while over Lumbini MD is
absent throughout the year (Fig. 8c). The MD absorbing aerosol type is
absent throughout the year over the eastern IGP (Dhaka and Bhola), and
in addition Mixed is absent during post-monsoon and winter (Fig. 8).
Further, over Dhaka and Bhola, the absorbing aerosol type is MBC only
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Fig. 8. Absorbing aerosol types over the ten study locations in (a) Himalayan foothills, (b) western IGP, (c) central IGP and (d) eastern IGP in winter, pre-monsoon,
monsoon and post-monsoon. They are classified as Mostly BC (MBC), Mostly dust (MD) and Mixed (BC and dust). This classification is based on the daily values of
Angstrom exponent (AE) vs. fine mode fraction (FMF) of the aerosol optical depth (AOD). The different boxes in the figure correspond to the bounds of the three

absorbing aerosol types (Table 1).
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during post-monsoon and winter which concurs well with the lower SSA
values obtained during these seasons (Fig. 3).

4.3. Asymmetry parameter (g)

The asymmetry parameter (g), defined as the average of the cosine of
the scattering angles for scattered radiation, provides a measure of
angular distribution of aerosol scattered radiation. The value of g de-
pends on the size and composition of aerosols. Consequently, g for
continental, urban/industrial and biomass burning aerosols is lower
than maritime (sea salt) and dust aerosols. The g value is lower at 0.60
for urban/industrial aerosols, and varies between 0.61 and 0.63 for
continental aerosols — clean (0.61), average (0.62) and polluted (0.63)
(Hess et al., 1998). The g value is higher for dust (0.72) and maritime
aerosols (clean (0.68) and polluted (0.65)). The asymmetry parameter
decreases from maritime polluted aerosols because of the presence of
black carbon aerosols, whose g is the lowest at 0.34 (Hess et al., 1998).
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All the aerosol types mentioned above will have additional components
corresponding to the respective environment (e.g., coastal areas may
have more sea salt particles, and urban regions near desert will be
influenced by dust), and their abundances can vary which will influence
their size and composition, and hence their optical and physical prop-
erties including SSA, refractive index and g (Hess et al., 1998). The g
values mostly lie within 0.6-0.8 over the IGP and the Himalayan foot-
hills, however, their spectra exhibit intra-regional and -seasonal varia-
tions. The g values decrease slowly as wavelength increases in winter,
monsoon and post-monsoon over Pokhara and Kathmandu (Fig. 9)
indicating the dominance of particles in fine mode. The g values
decrease from 0.44 to 0.87 pm, and slightly increase at 1.02 pm during
pre-monsoon over the Himalayan foothills; such a feature in g arises due
to the abundance of absorbing aerosols (Mostly BC particles coming
from UI and BB origin) as seen earlier (Figs. 7 and 8). Over Karachi and
Lahore g values are slightly higher than the other locations and the
decrease with respect to wavelength is not so significant (Fig. 9) (slight
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spectral slope), a feature consistent with the locations dominantly
influenced by dust, and mixed aerosols (BC and dust). The spectral
features of g over New Delhi, Kanpur, Gandhi College and Lumbini are
similar to that of Karachi and Lahore; g values are higher in pre-monsoon
and monsoon when dust and sea salt particles, which are in coarse mode,
dominate the aerosol size distribution. The g value at 0.44 pm over New
Delhi during post-monsoon is the highest and the spectra of g is quite
steeper, which occurs due to the dominant increase in the emissions of
fine mode aerosols from agro-residue burning during this season. The g
spectra over Dhaka and Bhola are steep during post-monsoon and winter
when these locations are dominated by fine mode aerosols (MBC, Fig. 8),
while the g spectrum is linear or shows a slight increase beyond 0.8 pm
during pre-monsoon and monsoon due to the presence of Mixed and
MBC (Fig. 8) aerosols. Thus, it is clear that g and its spectral dependence
over the IGP and the Himalayan foothills are compatible with dominant
aerosol types prevalent in this region in different seasons.

The annual mean g over Dushanbe was 0.69; winter g was the lowest
at 0.63 followed by spring (0.68), autumn (0.69) and summer (0.71)
(Rupakheti et al., 2020). In winter g values over Dushanbe decreased
more rapidly between 0.44 and 0.675 pm followed by a gradual decrease
thereafter, whereas in other seasons g decreased gradually between 0.44
and 0.675 pm followed by a slight increase or remaining more or less
stable between 0.675 and 1.02 pm indicating the presence of coarse
mode aerosols (Rupakheti et al., 2020). In contrast, g over Minsk were
higher at shorter wavelengths and decreased from 0.44 to 1.02 pm
wavelength range with winter values being higher due to the predomi-
nance of fine mode aerosols of anthropogenic origin (Filonchyk et al.,
2021). The g values at 0.675 pm were higher during winter and autumn
due to a greater fraction of coarse mode particles whereas the respective
values were lower in spring and summer due to the predominance of fine
mode aerosols (Filonchyk et al., 2021). The spectral and seasonal vari-
ations of g over the Himalayan foothills and the IGP are consistent with
the dominant aerosol types and sizes which exhibit seasonal variations,
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similar to Dushanbe and Minsk. In summary, lower SSA and g, lower real
RI and higher imaginary RI are consistent with the abundance of light
absorbing fine mode aerosols (e.g., winter) whereas higher SSA and g,
higher real RI, lower imaginary RI corroborate the dominance of dust
aerosols (e.g., monsoon) over the IGP, Himalayas, Dushanbe and Minsk.

4.4. Aerosol radiative forcing, forcing efficiency, and heating rate

The ARF over the IGP and the Himalayan foothills also shows sig-
nificant vertical (SFC, TOA, and ATM), intra-spatial (location to loca-
tion) and intra-annual (seasonal) variations (Fig. 10). ARF at each level
exhibit substantial variability with changes in AOD and SSA, and the
magnitude of this variability depends on AOD and SSA values. For a
higher AOD, a decrease in SSA substantially reduces the TOA forcing
(less negative), enhances the SFC (more negative) and the ATM forcing
(more positive). These effects on ARF become weaker for lower aerosol
loading (lower AOD). The non-linear dependence of ARFary on SSA is
most pronounced when for a constant AOD, a reduction in SSA leads to a
disproportionately larger increase in ATM forcing compared to the
associated changes in SFC and TOA forcing. The seasonal average
ARFrop over Pokhara and Kathmandu is in the —10 to —40 Wm2 range
during the year. The magnitude of spatial variation is different on sea-
sonal scales, for example, ARFrpa is more negative over Pokhara than
Kathmandu. The ARFpop becomes more negative when SSA is higher
(Fig. 10a) - SSA over Pokhara is higher than over Kathmandu
throughout the year (Fig. 3a). A less negative ARFrpa (due to lower SSA)
and a more negative ARFggc over Kathmandu results in higher ARFay
over Kathmandu compared to Pokhara throughout the year (Fig. 10a) as
mentioned above. The seasonal mean AODs (at 0.50 pm) (winter, pre-
monsoon, monsoon and post-monsoon) at each location during the
study period are — Pokhara (0.42, 0.76, 0.29, 0.32), Kathmandu (0.34,
0.65, 0.25, 0.31), Karachi (0.35, 0.50, 0.82, 0.31), Lahore (0.45, 0.62,
0.77, 0.68), New Delhi (0.69, 0.68, 0.59, 0.79), Lumbini (0.54, 0.67,
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0.59, 0.86), Kanpur (0.72, 0.61, 0.66, 0.80), Gandhi College (0.81, 0.64,
0.60, 0.83), Dhaka (0.96, 0.79, 0.55, 0.85), and Bhola (0.83, 0.70, 0.44,
0.57) (Fig. 2), respectively.

The ARFay is higher for lower SSA (Fig. 10) — SSA is the lowest in
Kathmandu during pre-monsoon and as a result ARFry is the highest
among the three sites in Nepal in pre-monsoon. Over Karachi and
Lahore, ARFrpoa exhibits less significant variations than ARFggc. The
ARFgp¢ increases (becomes more negative) over Karachi as the AOD
increases from winter to monsoon (refer above for the seasonal mean
AOD values). During post-monsoon SSA over Karachi and Lahore are
comparable (Fig. 3b), however, ARF over Lahore is higher because of
higher AOD (0.68). Among all the sites, ARFay over New Delhi is the
highest during post-monsoon (Fig. 10b). The ARFroa reaches its lowest
value (~-5 Wm’z) over New Delhi in post-monsoon from about —25 Wm’
2 (Fig. 10b) in other seasons, consistent with the fact that as SSA de-
creases the ARFrop becomes less negative, and SSA in post-monsoon
over New Delhi is the lowest among all the study locations (Fig. 3b).
Aerosols with higher SSA (>0.95) are predominantly scatterers, and
increase the amount of radiation backscattered to space resulting in a
higher negative ARFrpa, Whereas aerosols with lower SSA absorb radi-
ation and decrease the amount of radiation scattered back to space
producing a less negative ARFrop as seen here. The ARFroa, ARFgpc and
ARFym over Lumbini, Kanpur, and Gandhi College are comparable to
each other owing to similar AOD (Fig. 2¢), SSA (Fig. 3c) and g values
(Fig. 9¢). The winter season ARFggc is the highest over Dhaka (Fig. 10d)
because of quite high AOD (~1) (Fig. 2d). The ARFggc is < -50 Wm™2
over the entire region, and the ARFary is > 50 Wm? emphasizing that
the aerosol-induced surface cooling and atmospheric warming are
regionally coherent, uniform, and significant over this large regional
domain throughout the year. In comparison, the ARFary for biomass
burning aerosols from peninsular Southeast Asia, a biomass-burning
hotspot, was found to be 5-10 Wm™ over the source area which
increased to 10-20 Wm2 over the downwind area (Dong et al., 2019).
The ARFaq\ obtained in the current study over South Asia is signifi-
cantly higher (at least by 2-5 times) than ARFaqy due to biomass

(a) Himalayan foothills
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burning aerosols from Southeast Asia.

The ARFE (= ARF normalized by the AOD (Wrn_2 AOD_l)), is a
functional metric to assess the effect of scattering and absorbing aero-
sols, besides SSA, through which the influence of AOD on ARF is
excluded. The ARFE values are higher than ARF (Fig. 11). The ARFEgg¢
and ARFE Ty vary more significantly on seasonal and spatial scales than
ARFEroa. The ARFEgrc and ARFETy closely follow the SSA (Fig. 3). At
the outset, the ARFE is highest for Kathmandu (Fig. 11) across the entire
IGP and the Himalayan foothills (except during the post-monsoon over
New Delhi), and the values increase gradually from Lumbini (lower
elevation) to Kathmandu (higher elevation), with Pokhara values lying
in between. The ARFEATy over New Delhi during post-monsoon is the
highest because of the lowest SSA (Fig. 3c). The seasonal variations in
ARFE differ (Fig. 11) as compared to ARF (Fig. 10) as ARFE is normal-
ized with AOD (Fig. 2). These results clearly indicate that for the same
ARF, ARFE will be higher for lower SSA (i.e. with higher proportion of
absorbing aerosols). These high ARFE values at all altitudes indicate that
aerosols efficiently regulate the incoming solar flux over the entire re-
gion in all seasons.

Aerosols exhibit significant altitudinal variations as well. For
example, in the troposphere, they exhibit a large gradient from the
surface to up to 5-10 km, and this gradient is dependent on regions,
seasons, transport patterns and winds (e.g., Gui et al., 2021). The
globally gridded aerosol extinction data from the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) onboard CALIPSO Level-3
aerosol profile product based on monthly statistics, where all Level-2
aerosol profiles within each month are reported separately at a
near-global scale on a uniform 2.0° x 5.0° (latitude x longitude) (Gui
et al., 2021) for 2012-2015 are utilized to determine the upper bound
altitude from the elevation (surface) of each location up to which
aerosols contribute the maximum to aerosol extinction. This analysis is
performed as assuming a constant upper bound of a particular value (say
5 or 10 km) precludes that aerosols are vertically uniformly distributed
throughout the layer and would lead to a lower heating rate when
everything else remains constant. This becomes important over a region
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such as the IGP and the Himalayas where the aerosols are distributed
non-uniformly and exhibit structures (such as higher concentration near
the surface and elevated layer at 3-4 km are often observed) as a function
of altitude (Fig. 12). The aerosol extinction profiles are plotted up to 12
km because the tropospheric aerosol content above this altitude was
found to contribute <0.05%, to columnar aerosol extinction which is
negligible (Gui et al., 2021 and references therein). The aerosol
extinction profiles show distinct seasonal and spatial differences across
the IGP and the Himalayas. The aerosol extinction is higher in the lower
altitudes (<4 km) during winter and post-monsoon whereas the vertical
extent of aerosols increases during pre-monsoon and monsoon (Fig. 12).
Aerosol extinction up to 1 km is higher in winter and post-monsoon as
compared to pre-monsoon and monsoon over this region (Fig. 12).
During pre-monsoon aerosol extinction above 1 km is higher, exhibits a

(a) Himalayan foothills

peak around 1.5 km, and is comparable to the extinction near surface
supporting quite well the higher AOD over Kathmandu in this season
(Fig. 2a). The aerosol extinction over Kathmandu is higher than all the
other study locations up to 4 km during pre-monsoon giving rise to an
elevated aerosol layer consistent with the prevalent meteorology (con-
vection, updraft, and mountain valley winds) over the complex topo-
graphical conditions of the Himalayas. The seasonal mean upper bound
altitude up to which aerosols contribute 99.5% to columnar extinction at
each location in the IGP and the Himalayas are estimated (Table 3) and
used in the estimate of aerosol-induced atmospheric heating rate (eqn.
(1)). The upper bound altitudes vary, and exhibit distinct regional and
seasonal variations - differing by about a 1 km or so in a season among
the study locations, and differing by ~2 km over a particular location
during the year. The upper bound altitudes are lower in winter and

(b) Western IGP
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Fig. 13. Seasonal mean aerosol-induced atmospheric solar heating rate (HR, Kelvin (K) day’l) over the study locations in the (a) Himalayan foothills, (b) Western
IGP, (c) Central IGP and the (d) Eastern IGP, respectively. Note the scale of axis of ordinates (y-axis) in (b) is twice that of (a), (c) and (d). Vertical bars correspond to

+10 (standard deviation) from the mean.
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post-monsoon than pre-monsoon and monsoon as the shallower plane-
tary boundary layers during post-monsoon and winter tend to confine
aerosols near the surface (Table 3).

The atmospheric solar heating rate (HR) induced by aerosols is now a
function of AOD, SSA, g and the upper bound altitude (Table 3). The HR
is > 0.4 K day ! across the IGP and the Himalayas throughout the year
(Fig. 13), and exhibit significant seasonal and spatial variations. The HR
is the highest over Kathmandu (~1.5 K day™!) during pre-monsoon
consistent with lower SSA (Fig. 3) and high ARFary (Fig. 10). During
post-monsoon the HR is higher over Lumbini in central IGP than Kath-
mandu in the Himalayan foothills. The HR varies between 0.5 and 1.0 K
day ! over Karachi and Lahore during the year; Lahore HR is higher
during winter, pre-monsoon and post-monsoon whereas in monsoon the
Karachi HR is slightly higher (Fig. 13). An HR of ~4 K day™! HR over
New Delhi during post-monsoon, which is the highest among all sites
(Fig. 13), arises due very low SSA values (Fig. 3b) and high AOD
(Fig. 2b). The HR decreases gradually from winter to monsoon over
Dhaka and Bhola, the monsoon values being the lowest, and increasing
again during post-monsoon (Fig. 13). The HR and ARFry over Bhola
during the year are lower than Dhaka. SSA and AAOD over Dhaka and
Bhola are comparable except in post-monsoon, when SSA is higher
(Fig. 3) and AAOD is lower (Fig. 4) in Bhola than Dhaka. The ARFaqy
and HR over Dhaka and Bhola differ significantly during post-monsoon
with Dhaka values being higher which occurs due to a significantly
higher AOD (0.85) and lower SSA (Fig. 3) over Dhaka compared to Bhola
(AOD = 0.57) (Fig. 2). The pre-monsoon HR of >1.0 K day’1 over
Pokhara and Kathmandu is higher than those reported earlier, which
were in the range of 0.45-0.7 K day ! during pre-monsoon (March 2006)
over the Indian Ocean (Ramanathan et al., 2007), and were attributed to
the atmospheric brown cloud. Higher ARFE and aerosol-induced heating
rate on a regional scale reported here when compared to previous
studies indicate that the previously reported HR values may not be
depicting a regional-mean scenario appropriately.

The seasonal average ARFary was in the 20 (spring) — 37 (winter)
Wm 2 range over Dushanbe (Rupakheti et al., 2020). The ARFarm
values were found to be lower than that of urban atmosphere. The ARF
did not exhibit significant seasonal variability (Rupakheti et al., 2020).
The seasonal average ARFay was lower over Minsk and was between 14
and 23 Wm2 (Filonchyk et al., 2021). In comparison, the ARFary values
over the IGP and the Himalayan foothills generally are higher than those
obtained over Dushanbe and Minsk (Fig. 10). The ARFEary over
Dushanbe was in the 120 (lowest in autumn, AOD = 0.30) - 150 (highest
in winter, AOD = 0.23) Wm2 A0OD™! range (Rupakheti et al., 2020),
clearly emphasizing the role of SSA in influencing the ARF as SSA was
the lower in winter (0.90) compared to autumn (0.93). In Minsk,
ARFEaTy varied between 96 (summer) and 159 (winter) Wm 2 A0D!
(Filonchyk et al., 2021). AOD and SSA in winter over Minsk were 0.18
and 0.89, respectively, whereas during summer AOD and SSA were 0.23
and 0.93, respectively. Since, SSA-ARF relation is non-linear, a small
difference in SSA can result in a large difference in ARFE as seen here.
The ARFE over the IGP and the Himalayan foothills is comparable to that
of Dushanbe and Minsk despite significantly higher AODs than that of
Dushanbe and Minsk mainly because of lower SSA at the IGP and Hi-
malayan sites (Figs. 3 and 11). The HR over Dushanbe (calculated with
the upper bound altitude set to 3 km) ranges from 0.9 to 1.5 K day_1
during the year, while over Minsk HR it ranges from 0.40 to 0.64 K
day’l. The HR over Dushanbe (and Minsk too) is comparable to (lower
than) that over the IGP and the Himalayan foothills. HR is ~1.5 K day !
over Kathmandu (pre-monsoon) and New Delhi (post-monsoon)
(Fig. 13) as aresult of high AOD (Fig. 2) and low SSA (Fig. 3), confirming
that the study region is highly polluted.

HR can decrease or vary significantly with an increase or changes in
the upper altitude bound. To illustrate further, for example, for an
ARFarMm value of 50 Wrn'z, the HR (eqn. (1)) is estimated to be 1.4 K
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day ™! for upper bound 3 km asl (AP = 298 hPa), 0.9 K day " for 5 km asl
(AP = 454 hPa), and 0.6 K day ! for 10 km asl (AP = 727 hPa),
respectively. The HR calculated with 3 km asl as the upper bound is ca.
36% and 60% higher than the HR obtained using 5 km asl and 10 km asl,
respectively. Furthermore, HR of the column using 5 km asl is 33%
higher than that with 10 km asl top of the column. Thus, the differences
in HR, between the IGP and the Himalayas, and Dushanbe and Minsk
arise from differences in AOD, SSA, g and the upper bound altitudes of
atmosphere (which vary seasonally in this study over the IGP and the
Himalayas (Table 3), compared to a constant upper bound of 3 km over
Dushanbe and Minsk).

The ratio Rgt (=ARFsrc/ARFroa) is estimated to determine whether
scattering and/or absorbing aerosols are dominantly present in the at-
mosphere, with Rgr<2 suggesting the presence of scattering aerosols
and Rgr>3 indicating the presence of absorbing aerosols in the atmo-
sphere (Rupakheti et al., 2020). The annual average Rgr was 3.66 over
Dushanbe, and Rgr in all the seasons was >3 indicating the dominant
presence of absorbing aerosols throughout the year over Dushanbe
(Rupakheti et al., 2020). In Minsk, the annual average Rgr (calculated
from ARFgpc and ARFrop given in Filonchyk et al., 2021) was close to 3.
However, Rgt showed significant seasonal variations, varying from a low
of 2.19 (monsoon) to a high of 4.93 (winter) indicating the dominance of
scattering aerosols in monsoon as compared to winter which was
dominated by absorbing aerosols consistent with RI and SSA. The annual
mean Rgr is 2.46 (Pokhara), 3.59 (Kathmandu), 2.92 (Karachi), 2.53
(Lahore), 9.11 (New Delhi), 2.59 (Lumbini), 2.35 (Kanpur), 2.59 (Gan-
dhi College), 2.55 (Dhaka) and 2.46 (Bhola), respectively, over the study
region; these Rgr values confirm the presence of scattering and
absorbing aerosols in this region with a higher abundance of absorbing
aerosols (Fig. 10). The ratio is ~5.0 over Kathmandu in pre-monsoon
corroborating the low SSA (0.8) and in New Delhi >5 in
post-monsoon when SSA is the lowest (<0.8) (Fig. 3). The monsoon Rgr
is close to 2 (2.19) across the entire study region suggesting the domi-
nance of scattering aerosols, (due to wet removal (rainfall) and hygro-
scopic growth (higher RH)), whereas during the other three seasons the
regional average Rgy is nearly 3 (value lies between 2.76 and 2.97)
indicating the dominance of absorbing aerosols in the atmosphere
consistent with the seasonal features in SSA, AAOD, and RI.

5. Discussion and implications

The uncertainty in aerosol radiative forcing continues to impede the
attribution of changes due to aerosols in the climate system, including
on temperature (IPCC et al., 2021). A major part of the uncertainty in
AREF arises from the uncertainty in SSA and AAOD. The AOD and ARF are
linearly related; for the same SSA, if AOD increases by 10% then the ARF
will increase by the same amount, whereas when SSA decreases by 10%
from 0.90 then the ARF increases by ~25%, thus making the relation
between SSA and ARF non-linear (Ramachandran et al., 2020). This
non-linearity between ARF and SSA precisely arises because of the
variations in ARFroa (as explained earlier). In addition, any changes in
the asymmetry parameter (g) contributes negligibly to ARF variations,
thus, for more accurate estimates of ARF, an accurate determination of
SSA is more crucial than AOD and g. It is rather more challenging to
measure AAOD, spectral absorption and SSA accurately from space, as
AAOD and SSA retrieved from the Ozone Monitoring Instrument (OMI)
measurements are reported to exhibit significant biases (Shindell et al.,
2013; Jethva et al., 2014).

Global and regional models tend to significantly underestimate the
BC mass concentrations and aerosol absorption over South Asia
including the IGP and the Himalayas (IPCC et al., 2021; Jimenez et al.,
2009; Shindell et al., 2013). The Atmospheric Chemistry and Climate
Model Intercomparison Project (ACCMIP) reported that models strongly
underestimate AAOD in many regions, and the spatial correlations
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between model simulated AAOD and OMI retrieved AAOD were re-
ported poor (Shindell et al., 2013). The SSA simulated by global mod-
el/chemistry transport models (GOCART and MOZART) over the IGP
was higher because the simulated BC mass concentrations were quite
low as mentioned earlier, and the SSA values were also seasonally
invariant (Lawrence and Lelieveld, 2010). In this context, the results
obtained in the present study on SSA, AAOD and radiative effects and
their seasonal variations over a large spatial domain covering the IGP
and the Himalayan foothills from high-quality in situ ground-based
columnar observations are crucial to reduce the uncertainty in ARF es-
timates. The ARFE values obtained in the present study from observa-
tions over the Himalayas are significantly higher than those obtained
over the Indian Ocean (Ramanathan et al., 2007), Beijing (China), and
Gosan (S. Korea) (Cho et al., 2017). It is worth emphasizing that the
earlier ARFE values estimated using models (Cho et al., 2017) were
grossly underestimated over this South Asian region. The differences in
ARF between observations and model can arise primarily only due to the
differences in aerosol properties (mainly AOD and SSA), as differences in
sun angles have only a very minor effect. For example, the global mean
AAOD and SSA (at 0.55 pm) from the AeroCom Phase-II 16-model
ensemble mean were reported to be 0.0015 and 0.95 respectively
(Myhre et al., 2013) which are significantly lower (for AAOD) and
higher (for SSA) than the respective values obtained over the IGP and
the Himalayas.

Our results reveal that as the elevation increases in the Himalayan
foothills the aerosol-induced atmospheric solar heating rates and likely
the local warming (aersols plus greenhouse gases) increase. Such
significantly high ARFE and HRs over the Himalayas have significant
climate implications. The glaciers in the Hindu Kush-Himalayan-Tibetan
Plateau region that tend to the Yangtze, the Indus and the Ganges, the
major rivers in Asia have witnessed a notable retreat (Thompson et al.,
2003). The atmospheric warming tendency increases with increase in
elevation over this region similar to that of aerosol-induced atmospheric
warming (Krishnan et al., 2019). The atmospheric warming by BC is
expected to accelerate glacier and snow melt (Ramanathan et al., 2007).
Our results corroborate Maurer et al. (2019) who found that the
consistent ice loss observed along the entire 2000-km transect of the
Himalayas could dominantly be due to a regionally coherent climate
forcing attributable to the direct heating of the atmosphere by absorbing
aerosols. Our quantitative results on aerosol chemical composition
including spectral absorption and atmospheric heating over a region
with significant uncertainty in model simulations of climate and
monsoon responses are crucial to improve the assessment of radiative
and climate impact aerosols including on the cryosphere and monsoon.

6. Conclusions

Quantitative knowledge on chemical and radiative properties of
aerosols, including their variation across season and elevations, are
still lacking and uncertain, in particular over heavily polluted source
regions such as the Ingo-Gangetic Plain (IGP) and the downwind
regions such as the Himalayas that receive the pollution outflow, as
they still remain poorly sampled/observed. Our comprehensive
regional and seasonal analysis, for the first time, of high-quality
columnar aerosol observations at ten locations across the IGP and
the Himalayan foothills (Karachi, Lahore and New Delhi in western
IGP; Kanpur, Gandhi College and Lumbini in central IGP; Dhaka and
Bhola in eastern IGP; and Pokhara and Kathmandu in the Himalayan
foothills), reveals that chemical characteristics of aerosols (aerosol
absorption and single scattering albedo (SSA)), aerosol- and
absorbing-aerosol types, aerosol radiative effects (aerosol radiative
forcing (ARF), aerosol radiative forcing efficiency (ARFE), and
aerosol-induced atmospheric heating rate (HR)) vary both qualita-
tively and quantitatively across the IGP and the Himalayas. Aerosol
optical depth (AOD) in the 0.44-1.02 pm wavelength region is > 0.3
over all the locations the entire year, confirming that the entire
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region is heavily polluted, and exhibit significant spectral and sea-
sonal variations. AODs over Pokhara and Kathmandu are highest in
pre-monsoon, whereas Lumbini in Nepal has the highest AOD in
post-monsoon. Karachi AE values are the lowest in the entire IGP
confirming the dominance of coarse mode particles throughout the
year. The Angstrom Exponent (AE, slope of spectral distribution of
AODs with respect wavelength and an indicator of aerosol size)
values are in general higher during winter and post-monsoon due to
the dominance of fine mode aerosols. Higher than 1 AE values over
Pokhara, Kathmandu and Lumbini throughout the year confirm the
dominance of fine mode aerosols up to the northern edge of IGP and
the Himalayas. SSA and its spectral variation with wavelength
confirm the significant contribution of dust to aerosol composition
and absorption over the western IGP, while carbonaceous aerosols
dominate the aerosol absorption in eastern IGP and Himalayas, with
the central IGP falling in between. The seasonal average Absorption
Angstrom Exponent (AAE) values are in the range of 1 to 2 over the
IGP and the Himalayas, with lower (higher) values when carbona-
ceous (dust) aerosols influence the sites. The AAE <1.5 over Pokhara
and Kathmandu, and close to 1 over Dhaka and Bhola suggest that
BC dominates the aerosol absorption throughout the year over the
Himalayan foothills and eastern IGP. Furthermore, the aerosol types
have an urban/industrial and biomass burning origin over Nepal as
well as over Bangladesh, and dust is absent over the Himalayan
foothills throughout the year. Dust is present over western and
central IGP almost throughout the year except for post-monsoon.
The absence of dust reveals a spatial gradient in dust and associ-
ated transport across the IGP, the Himalayan foothills and the east.

The ARF over the IGP and the Himalayan foothills shows significant
variations vertically (surface, top of the atmosphere, and atmosphere),
across (location) and from season to season. The seasonal average
ARFroa varies between —10 and —40 Wm? over highland locations
(Pokhara and Kathmandu) in the Himalayan foothills. The ARFroa,
ARFgpc and ARFry over Lumbini, Kanpur, and Gandhi College are
comparable during the year because of similar AOD, SSA and g values.
The ARFgp¢ < -50 Wm™ and ARFary >50 Wm? due to aerosols give rise
to a significant surface cooling and atmospheric warming, respectively,
across the entire region. The ARFEgrc and ARFErpa are highest for
Kathmandu across the entire IGP and the Himalayas (except during post-
monsoon over New Delhi). The heating rate (HR) is > 0.4 K day’1 at all
sites throughout the year over the IGP and the Himalayas, indicating
that warming due to aerosols is quite coherent over a large region in
northern South Asia. The HR > 1.0 K day ! over Pokhara and Kath-
mandu during pre-monsoon is significantly higher than the earlier re-
ported HR over South Asia. The present study reveals that aerosols are
efficiently cutting down the amount of solar energy reaching the Earth's
surface (cooling the surface) while warming the atmosphere signifi-
cantly across the IGP and the Himalayan foothills, confirming that
aerosols are a major driver of climate change in the region. In the present
day scenario, the regionally-coherent large aerosol-induced atmospheric
heating rates could be critical to the total atmospheric warming
(greenhouse plus aerosols) in the region. The quantitative knowledge of
the present analysis, especially the spectral characteristics of AOD, SSA
and g and their seasonal variations, provides an observational basis for
validating and constraining model simulations for better and more ac-
curate simulation of spectral characteristics of aerosols and their radi-
ative and climate impacts, over an ecologically sensitive and climatically
vulnerable region.
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