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» First time, aerosol radiative forcing and ef- Temperature change (K) due to aerosols and greenhouse gases in the lower atmosphere over the IGP and the HTP sim-
ficiency (ARFE) over Himalayas quanti- ulated by UKESM1.
ﬁed Aerosols heat up the Himalayan climate

ARFE is high (80-135 Wm ™2 per unit
aerosol optical depth) over Himalayas.
Enhanced warming is likely contributing
to elevated trend in temperature in
Himalayas.

Aerosols alone account for >50 % of the
total warming of lower atmosphere.
Aerosols are, and will remain a key factor

driving climate change over the T g o s s
Himalayas.
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ARTICLE INFO ABSTRACT

Editor: Pavlos Kassomenos The impact of aerosols, especially the absorbing aerosols, in the Himalayan region is important for climate. We closely
examine ground-based high-quality observations of aerosol characteristics including radiative forcing from several lo-
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Atmospheric aerosols
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gions with several sensitive ecosystems of global importance, as well as highly vulnerable large populations. This paper
presents a state-of-the-art treatment of the warming that arises from these particles, using a combination of new mea-
Model simulations surements and modeling techniques. This is a first-time analysis of its kind, including ground-based observations, sat-
Himalayas ellite data, and model simulations, which reveals that the aerosol radiative forcing efficiency (ARFE) in the atmosphere
South Asia is clearly high over the IGP and the Himalayan foothills (80-135 Wm ~2 per unit aerosol optical depth (AOD)), with
values being greater at higher elevations. AOD is >0.30 and single scattering albedo (SSA) is ~0.90 throughout the
year over this region. The mean ARFE is 2—4 times higher here than over other polluted sites in South and East
Asia, owing to higher AOD and aerosol absorption (i.e., lower SSA). Further, the observed annual mean aerosol-
induced atmospheric heating rates (0.5-0.8 Kelvin/day), which are significantly higher than previously reported
values for the region, imply that the aerosols alone could account for >50 % of the total warming (aerosols + green-
house gases) of the lower atmosphere and surface over this region. We demonstrate that the current state-of-the-art
models used in climate assessments significantly underestimate aerosol-induced heating, efficiency and warming
over the Hindu Kush - Himalaya — Tibetan Plateau (HKHTP) region, indicating a need for a more realistic representa-
tion of aerosol properties, especially of black carbon and other aerosols. The significant, regionally coherent aerosol-
induced warming that we observe in the high altitudes of the region, is a significant factor contributing to increasing
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air temperature, observed accelerated retreat of the glaciers, and changes in the hydrological cycle and precipitation
patterns over this region. Thus, aerosols are heating up the Himalayan climate, and will remain a key factor driving

climate change over the region.

1. Introduction

The main observable aerosol characteristics - mass concentration,
chemical composition and optical properties - exhibit a wide variability
across locations and seasons. This is especially the case in southern Asia,
due to the large and regionally-varying sources, complex geophysical set-
ting and the monsoon seasonal dynamics (IPCC, 2021). The Hindu Kush —
Himalayan — Tibetan Plateau (HKHTP) mountain region stretches across
eight countries in South Asia from Afghanistan to Myanmar including
Pakistan, India, China, Bangladesh, Bhutan and Nepal, and exhibits signifi-
cant heterogeneity in terms of landscape, precipitation, vegetation, devel-
opment, and livelihoods (Sharma et al., 2019). Aerosol emissions,
especially the anthropogenic emissions, are changing rapidly over Asia
(Samset et al., 2019). The recent changes in aerosol emissions over Asia,
with the emissions increasing over South Asia and decreasing over East
Asia, have resulted in a dipole in aerosol pollution and its radiative effects
between South Asia and East Asia (Samset et al., 2019; Ramachandran
et al., 2020a). Current climate models with state-of-the-art representation
of physical and chemical processes grossly underestimate aerosol absorp-
tion in many regions, especially over Asia (Shindell et al., 2013; Myhre
et al., 2017; Ramachandran et al., 2022; IPCC, 2021). Black carbon (BC),
brown carbon (BrC), and dust are the three absorbing aerosol types. BC
and BrC are co-emitted during open biomass burning, open garbage burn-
ing, domestic biomass combustion (cooking and heating), and fossil fuel
combustion. Mineral dust from deserts and arid regions is transported to
the Himalayan region from different origins upwind by the summer and
winter monsoon winds. Among these three, it has been shown that the BC
aerosol dominates (=75 %) the aerosol absorption over the Indo-
Gangetic Plain (IGP) and the Himalayas throughout the year
(Ramachandran et al., 2020b). The aerosol absorption over South Asia
was also found to be very high, exceeding the available observations over
East Asia (Ramachandran et al., 2020b; Ramachandran and Rupakheti,
2022).

An analysis of a two-decade-long time series of observations of aerosol
properties from the ground-based Aerosol Robotic Network (AERONET),
satellites (Moderate Resolution Imaging Spectroradiometer (MODIS) and
Ozone Monitoring Instrument (OMI)), and model simulations (Modern-
Era Retrospective Analysis for Research and Applications, version 2
(MERRA-2), over Kanpur in the IGP (South Asia) and Beijing in the North
China Plain (NCP) (East Asia), two locations taken as being broadly repre-
sentative of the South and East Asia, respectively, revealed a dipole in aero-
sol optical depth (AOD) - an increase in AOD over South Asia and a decrease
over East Asia, with a rapid decrease over East Asia since 2010
(Ramachandran et al., 2020a). The single scattering albedo (SSA), a mea-
sure of aerosol's absorption capacity and related to aerosol composition,
had increased over both regions, confirming that aerosols in this region
have become more scattering and less absorbing in nature. The IGP in
South Asia and the NCP in East Asia are characterized mainly by emissions
from fossil fuel combustion and biomass burning during all seasons, along
with desert dust events that occur primarily in the spring season (March—
May) and contribute to the heavy aerosol pollution. The IGP and the NCP
are influenced by the Asian summer monsoonal dynamics, with northeast-
erly and southwesterly winds during the winter and summer monsoon, re-
spectively. It was found that the seasonal trends in aerosol characteristics
were caused mainly by the changes in anthropogenic aerosol emissions
(sulfate, black carbon and organic carbon) while the natural aerosols
(dust and sea salt) did not vary significantly over South and East Asia during
the last two decades (Ramachandran et al., 2020a). The annual-mean
aerosol-induced atmospheric heating (due to light-absorbing aerosols)

was found to be quite large (>0.5 K) over Asia, which has significant impli-
cations for the climate and hydrological cycle (Ramachandran et al.,
2020a).

The HKHTP region is observed to have warmed significantly in the past
decades, with the magnitude of warming being higher than the global-
mean value (Krishnan et al., 2019). The observed warming here is higher
in magnitude than the averages for the Northern Hemisphere and the
same latitudinal zone. The warming over this region continued even during
the global warming hiatus, and increased with elevation in this region
(Krishnan et al., 2019). The light-absorption by BC aerosols, which are
dominant over this region, can further enhance the regional warming and
accelerate snowmelt (Ramachandran et al., 2020b). Consequently, the gla-
ciers in the HKHTP region, known as the third pole, may lose as much as
two-thirds of ice by the end of the century due to climate change (Sharma
et al., 2019; Kang et al., 2020). This is a serious issue as water that flows
downstream from its ten rivers is the lifeline for about 250 million inhabi-
tants directly in the HKHTP region and >1.5 billion people benefit further
downstream (Sharma et al., 2019). In addition, absorbing aerosols can en-
hance the snow-albedo feedback and the Indian summer monsoon, result
in extreme precipitation, and pose a threat to human lives (Yuan et al.,
2021). A related issue is the air pollution over the HKHTP that arises within
the region and in upwind regions, from diverse sources such as cooking
stoves, brick kilns, other industries, power plants and transport. The air pol-
lution levels here are on the rise and exhibit significant seasonal and re-
gional variation (Saikawa et al., 2019). During winter the haze and fog
occurrences have increased across the adjacent IGP, resulting in reduced
visibility and affecting air quality in the IGP as well as the HTP mountain
regions (Saikawa et al., 2019). The magnitudes and sign of regional aerosol
radiative forcing (ARF) of the climate, especially from anthropogenic aero-
sols, are still highly uncertain, especially because the IGP and the down-
wind regions that receive the pollution outflow, such as the HTP
mountain regions, remain poorly sampled (Lawrence and Lelieveld, 2010;
Ramachandran et al., 2020a, 2020b). Models tend to underestimate ob-
served BC mass concentrations in the southern Asian pollution outflow re-
gion (Lawrence and Lelieveld, 2010). As a result, models significantly
underestimate aerosol absorption in this region (Koch et al., 2009;
Ramachandran et al., 2022) as well. BC mass concentrations over south
Asia simulated by two models - MERRA-2 (at a finer latitude-longitude
resolution of 0.5° x 0.625°) and the European Centre for Medium-Range
Weather Forecasts-Hamburg (ECHAMS6) extended by Hamburg Aerosol
Module-2 (HAM2) (at a coarser latitude-longitude resolution of
1.8° x 1.8°) — were significantly lower than the observations. This indicates
that BC and its long range transport were inadequately represented in the
models, in particular over the source regions, strongly suggesting that im-
provements in emission inventories of aerosol sources as well as inclusion
of missing aerosol source categories are needed (Ramachandran et al.,
2021). More recently, analysis of comparison between collocated
AERONET observations and MERRA-2 simulations showed that the total
aerosol loading and aerosol composition simulated by MERRA-2 were less
accurate than ground-based AERONET observations during winter season
when BC aerosols dominate the IGP (Ansari and Ramachandran, 2023).
Further, it was observed that the correlation between collocated
AERONET and Copernicus Atmosphere Monitoring Service (CAMS)
model simulated AODs (at a latitude-longitude resolution of
0.75° x 0.75°) over the IGP was better, and a major reason for the better
performance of the CAMS model is because it utilizes the recent and up-
dated emission inventories related to anthropogenic aerosols (Ansari and
Ramachandran, 2023). Unlike the other mountain regions, accurately sim-
ulating the present climate and radiative effects over the HKHTP region is
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of great significance owing to its crucial importance in terms of the regional
and global climate, environment, agriculture, health and livelihood. This
becomes highly critical for predicting the future climate and impacts,
developing plans to mitigate climate change and air pollution (especially
aerosols), and supporting efforts to meet the sustainable development
goals (SDGs).

Studies during the last decade have documented the variations in aero-
sol characteristics and ARF over this region (Ramanathan et al., 2007a;
Lawrence and Lelieveld, 2010; Kedia et al., 2014; Cho et al., 2017). Most
studies (except the few reviews) have focused on observations from a par-
ticular season and/or a particular location. In this context, the primary mo-
tivations of the study were to analyze the South Asian aerosol
characteristics including the absorbing aerosols, to determine aerosol radi-
ative effects and how they vary temporally and regionally, and to provide
observational constraints for the aerosol-induced atmospheric warming
and consequent climate impact across the IGP and the HTP region, a global
aerosol hotspot region. The ground-based observed ARF is compared with
values derived from satellite data and with the state-of-the-art climate
model used in the recent IPCC AR6 (IPCC, 2021). The vertical profile of at-
mospheric warming due to aerosols in the lower troposphere is assessed for
each season. This paper presents a first-of-its-kind state-of-the-art treatment
of the warming that arises from these particles, using a combination of new
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high-quality measurements, and modeling techniques. This rigorous analy-
sis enabled us to apportion the warming effects due to aerosols and other
greenhouse gases over the large regional domain on spatial and temporal
scales. This study based on the analysis of observations and model simula-
tions documents the altitude-dependent influence of aerosol radiative ef-
fects over the Himalayas, which is very likely contributing to the elevated
trends in air temperature, elevation-dependent warming (EDW) and the ob-
served accelerated retreat of the glaciers over the climate-sensitive HKHTP
region, and also discusses the climate implications. The study is novel as it
combines data from multiple sources — high-quality ground-based observa-
tions along with satellite data in combination with global climate simula-
tions — to document the aerosol radiative effects as a function of space,
time and altitude over this region.

2. Study region

The IGP (Fig. 1), that covers parts of Pakistan, India, Bangladesh and
Nepal, is a densely populated, industrialized and a heavily polluted region
in South Asia (Ramanathan et al., 2007b). Diverse aerosol emissions from
natural and anthropogenic sources (dust, BC, nitrate, sulfate and organics)
give rise to a persistent blanket of haze characterized by heavy aerosol load-
ing over the IGP and downwind regions throughout nearly the whole year
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Fig. 1. Details of the locations of observation sites in the Indo-Gangetic Plain (IGP) and the Himalayan foothills in South Asia: The latitude, longitude, and elevation (in meters
above sea level, m asl) of each location are given. Four observation sites - Lahore (Pakistan), Kanpur (India), Lumbini (Nepal) and Dhaka (Bangladesh) - are located along a
northwest-southeast transect of the IGP, while three sites (Lumbini, Pokhara and Kathmandu in Nepal) are located at increasing altitudes from the northern edge of the IGP to

the Himalayan foothills. The domains of the IGP and HTP are drawn in the map.
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(Ramanathan et al., 2007b; Xu et al., 2016; Maurer et al., 2019; Sharma
et al., 2019; Kedia et al., 2014) (Fig. 2). The observation sites are located
in the IGP and the central Himalayan foothills (Figs. 1, 2, Table 1). Lahore,
Kanpur and Dhaka are urban, industrial and densely populated cities with
heavy air pollution. Kanpur is located ~500 km east of the megacity New
Delhi. Lumbini is a rural area at the northern edge of the IGP. The
Kathmandu Valley and Pokhara Valley in the central Himalayas, are two
major metropolitan regions in the foothills of the Hindu Kush Himalaya
mountains (the largest and second largest metropolitan regions, respec-
tively, in Nepal). The three sites in Nepal are distinct in terms of their eleva-
tion and environment, and in terms of the downwind influence of the IGP
(Fig. 1, Table 1). On a regional scale, all six locations are influenced by
the southern Asian monsoon system, with northeasterly winds during win-
ter and southwesterly during the summer monsoon (Fig. 3) (Ramanathan
et al., 2007a; Kedia et al., 2014).

3. Materials and methods
3.1. Ground-based aerosol data

The level 2, version 3 cloud screened and quality assured daily data of
aerosol optical depth (AOD), single scattering albedo (SSA), fine mode frac-
tion (FMF), aerosol radiative forcing (ARF) and aerosol radiative forcing ef-
ficiency (ARFE) from the NASA Aerosol Robotic Network (AERONET)
using ground-based CIMEL Sun/sky radiometers (Holben et al., 2001)
which measure direct solar and diffuse sky radiances in the spectral range
of 0.34-1.02 pm, for a period of a year over Lumbini (Jan-Aug 2013 and
Sep-Dec 2017), Pokhara (Jan-Dec 2012) and Bode, Kathmandu (Jan-Mar,
Jul-Dec 2013 and Apr-Jun 2014) (all in Nepal), and Lahore (Pakistan)
(Jan-Dec 2012), Kanpur (India) (Jan-Dec 2012), and Dhaka (Jan-Dec
2014) are utilized. As the objective is to cover one annual cycle over all
the study locations, data sets corresponding to years 2013-14, and 2012
(when data were not available) were utilized. The years 2012-14 were cho-
sen as the coincident data was available for almost all the months at most
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locations in this timeframe. This approach of usage and analysis of the
data available either in the preceding year(s), and/or the subsequent year
(s) with respect to the preferred chosen year(s) is quite appropriate in this
case, and is not expected to influence the resultant scientific outcomes sig-
nificantly because (a) all the data are from the same instrument which have
undergone the same level of quality-control and cloud-screening,
(b) aerosol characteristics exhibit more prominent seasonal variations
than inter-annual variations (Lawrence and Lelieveld, 2010; Kedia et al.,
2014; Ramachandran et al., 2015), (c) any effect of continued increase/de-
crease in natural and/or anthropogenic activity is expected to be minimal
as the AODs did not show any noticeable increase or decrease over a 5-
year period (e.g., Ramachandran et al., 2015 and references therein), and
(d) finally, the changes in aerosol concentrations due to changes/variations
in meteorology over a 5-year period were relatively small (Zhang et al.,
2019). Depending on the prevailing meteorological conditions over the
IGP, analyzed data are classified into four seasons as winter (December—
February), pre-monsoon (March-May), monsoon (June-September) and
post-monsoon (October—November) (Fig. 3).

The level 2, version 3 algorithm of AERONET has been updated relative
to the previous version to include improved cloud screening and quality
control methods, cirrus cloud detection and removal (Giles et al., 2019).
The newly added cirrus cloud-screening quality control check in this ver-
sion was found to decrease the probability of a cirrus bias globally (Giles
et al., 2019). Aerosol properties corresponding to individual observations
(made at 15-20 min time intervals), and typically about 20 daily measure-
ments during the chosen year(s) are used to calculate the monthly, seasonal
and annual averages, and are utilized in the present work. The AERONET
retrieved aerosol properties have the highest accuracy for observations
when solar zenith angle is between 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 calculated using
the direct solar radiation measurements is less than +0.01 for wavelengths
>0.44 pm and is less than +0.02 for shorter wavelengths (Holben et al.,
2001). The error in SSA is +0.03 when the AOD at 0.44 pm is >0.2

c) AOD  JJA

098

Fig. 2. Spatial and seasonal variations in satellite retrieved aerosol optical depth and single scattering albedo. Seasonal mean MODIS aerosol optical depth (AOD) at a
wavelength of 0.55 pm for (a) winter, (b) pre-monsoon, (¢) monsoon and (d) post-monsoon 2012, and OMI OMAERO v003 single scattering albedo (SSA) at a wavelength
of 0.388 pm for (e) winter, (f) pre-monsoon, (g) monsoon and (h) post-monsoon 2012. Data downloaded from https://giovanni.gsfc.nasa.gov/giovanni/.
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Table 1

Details of the study locations (latitude, longitude and elevation in meters (m) above mean sea level (asl)), and surface albedo at each location. The spectral average of surface
albedo is given (along with + 1o standard deviation) at each location in the Himalayan foothills and the Indo-Gangetic Plain during each season (DJF (winter), MAM (pre-
monsoon), JJAS (monsoon) and ON (post-monsoon), as utilized in the present study.

Location DJF MAM JJAS ON
Himalayan foothills:

1. Lumbini, Nepal (27.5°N, 83.3°E, 110 m) 0.21 + 0.02 0.22 + 0.02 0.25 = 0.02 0.22 + 0.02
2. Pokhara, Nepal (28.2°N, 83.9°E, 800 m) 0.14 = 0.01 0.16 = 0.01 0.18 = 0.01 0.16 = 0.01
3. Kathmandu, Nepal (27.7°N, 85.4°E, 1297 m) 0.15 = 0.01 0.18 = 0.01 0.20 = 0.01 0.18 + 0.01
Indo-Gangetic Plain:

4. Lahore, Pakistan (31.4°N, 74.3°E, 209 m) 0.19 £ 0.02 0.20 = 0.01 0.21 = 0.02 0.19 £ 0.02
5. Kanpur, India (26.5°N, 80.2°E, 123 m) 0.22 + 0.02 0.23 + 0.02 0.24 + 0.02 0.22 + 0.02
6. Dhaka, Bangladesh (23.7°N, 90.4°E, 34 m) 0.13 + 0.01 0.15 + 0.01 0.14 = 0.01 0.13 + 0.01

(Dubovik et al., 2000). The FMF is calculated as the ratio of fine mode AOD measurements. The error in AERONET derived FMF is ~10 % (O'Neill
(due to particles in 0.01-1.0 pm radius range) to total AOD (due to all par- etal., 2003). The number of days (daily-average) data sets used in the pres-
ticles in 0.01-10.0 pm radius range) at 0.50 pm from sky radiance ent study from each location as function of season (winter (DJF), pre-
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Fig. 3. Seasonal average synoptic winds (in ms ™ 1) at 850 hPa over the Indo-Gangetic Plain and the Himalayan-Tibetan Plateau region during (a) winter (DJF), (b) pre-
monsoon (MAM), (c¢) monsoon (JJAS) and (d) post-monsoon (ON) for 2011-12. Wind data are downloaded from http://www.esrl.noaa.gov/psd/. The color scale
represents the wind speed, and the length of the arrow given in (b) and (d) correspond to 10 ms ™ !. Study locations in the Indo-Gangetic Plains and the Himalayan
foothills are shown in the plots.
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monsoon (MAM), monsoon (JJAS) and post-monsoon (ON)) and total are -
Lumbini (45, 78, 48, 48, 224), Pokhara (83, 84, 70, 57, 294), Kathmandu
(81, 76, 59, 41, 267), Lahore (58, 82, 107, 56, 303), Kanpur (54, 72, 63,
29, 218), and Dhaka (76, 70, 52, 54, 252). The study region is cloudy and
overcast during the monsoon season, as a result of which the cloud screen-
ing reduces the number of data points used for analysis during this season,
however, the changes in aerosol characteristics are reliable, and are
included because the observations during the monsoon also undergo the
same level of quality control and cloud screening similar to the other
seasons.

Aerosol Radiative Forcing (ARF) depends on AOD, SSA, asymmetry pa-
rameter, surface albedo, and relative position of aerosols and clouds as a
function of altitude (in case of deriving vertical profiles of ARF), and inso-
lation. Surface albedo plays a crucial role in accurately estimating ARF.
The effect of surface albedo on ARF was found to be less critical when sur-
face albedo was <0.30, and was critical for ARF estimates when surface al-
bedo was >0.30 (Garcia et al., 2012). The AERONET operational data is
found to overestimate the ARF data at the surface (ARFq.) as the upward
fluxes with and without aerosols are not taken into account (Garcia et al.,
2012). To correct the overestimation, the AERONET ARF,. needs to be
multiplied with (1-SA), where SA is the spectral average of surface albedo
(Garcia et al., 2012) which is done in the present study. AERONET retrieval
provides surface albedo for each almucantar (almucantar refers to a series
of measurements taken at the elevation angle of the Sun for specified azi-
muth angles relative to the position of the Sun) (Dubovik et al., 2000) re-
trieval (inversion algorithm product) in a day at the wavelengths of 0.44,
0.675, 0.87 and 1.02 pm. The spectral average of the surface albedo in
the wavelength range of 0.44-1.02 pm for all the locations in the current
study is <0.30 during the year (Table 1). The surface albedo exhibits spatial
and temporal variations — it is higher over Lumbini than Pokhara and
Kathmandu in the Himalayan foothills, and in the IGP the surface albedo
is higher over Lahore and Kanpur as compared to Dhaka, a coastal location.
The surface albedo during the pre-monsoon and monsoon, in general, is
higher than the post-monsoon and winter.

The AERONET operational ARFs are instantaneous values, and corre-
spond to the time of measurement which are used to calculate seasonal
and annual averages and then used in the present study. The minimum
(begin) and the maximum (top) altitudes for flux calculations in
AERONET are the elevation of each study location in asl (given in
Table 1) and 120 km, respectively. AERONET ARF values (derived for the
broadband solar spectrum (0.2-4.0 um)) are quality controlled, cloud
screened, calibrated, and are retrieved for clear-sky atmosphere, and for
aerosols present in the column. The aerosol radiative forcing efficiency
(ARFE) is defined as the ARF normalized to the AOD at 0.55 pm. The
AERONET retrieval algorithm uses a spheroid mixture as a generalized
aerosol model (representing spherical, non-spherical, and mixed aerosols)
(Dubovik et al., 2006), thereby accounting for non-spherical dust particles.
Subsequently the radiation fluxes with aerosols are also modeled using a
mixture of spheroids and the detailed phase function (Garcia et al., 2008),
though the influence of particle shape on ARF is negligibly small
(Mishchenko et al., 1997). The AERONET flux simulation relies on the re-
trieved real and imaginary parts of refractive index. The spectral integra-
tion uses real and imaginary parts of the refractive index which are
interpolated or extrapolated from the values of refractive index retrieved
at AERONET wavelengths. The AERONET retrieval of flux calculations ac-
count for absorption and multiple scattering effects (Dubovik et al., 2006;
Garcia et al., 2008). The radiative transfer calculations for gaseous absorp-
tion is performed using radiative transfer model GAME (Global Atmo-
spheric ModEl) (Dubuisson et al., 1996) in which spectral integration is
performed using correlated-k distribution based on line-by-line simula-
tions. The instantaneous water vapor content retrieved by AERONET is uti-
lized and ozone content is taken from the NASA TOMS ozone climatology
(Garcia et al., 2008). The GAME model accounts for spectral gaseous ab-
sorption, for example, ozone in the UV-visible wavelength range, and
water vapor in the shortwave IR spectrum (Garcia et al., 2008). The
atmosphere is assumed to be plane-parallel in AERONET retrievals, and
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the vertical distribution of aerosols is assumed to be homogeneous in the
almucantar inversion, and bi-layered for the principal plane inversion
(Dubovik et al., 2006). The US standard 1976 atm model is scaled to
match the atmospheric gaseous concentrations in the column and em-
ployed. The uncertainty/error in the AERONET calibrated sky radiance
measurements is ~5 % (Dubovik and King, 2000).

The AERONET retrievals are found to be adequately sensitive to observe
important minor features in spectral dependencies of the real and imagi-
nary parts of the aerosol refractive index and, therefore in the spectral de-
pendence of SSA (Dubovik and King, 2000). Comparison of column SSA
retrieved from the AERONET with in situ profile measurements revealed
that the majority of SSA comparisons when AOD at 0.44 pm >0.2 were
within the uncertainty bounds (Andrews et al., 2017). An intercomparison
of SSA from AERONET and in situ aircraft profiles during the DRAGON-MD
and DISCOVER-AQ experiments was found to be excellent, and further all
the coincident measurement pairs were within the accuracies of the mea-
surement techniques (Schafer et al., 2014).

In situ observations show that the aerosols can exist in different mixing
states, usually a combination of the three idealized mixing states: external
mixtures (when the different aerosol species such as sulfate, nitrate, or-
ganics, dust, BC, BrC, and sea salt, can co-exist without any physical or
chemical interactions among themselves), core-shell mixtures (one aerosol
species coats the other i.e., sulfate coats the BC particles or vice versa), and
internal mixtures (all aerosol species are mixed together resulting in a sin-
gle aerosol entity). Different types of aerosol mixing states have been ob-
served in several in situ field observations comprising physical and
chemical characteristics of aerosols, and they strongly vary with location
and season (e.g., Zhang et al., 2003; Mallet et al., 2004; Arimoto et al.,
2006; IPCC, 2013). The different aerosol mixing states can produce changes
in aerosol size distribution, their life cycle and radiative effects. In
AERONET retrievals the SSA and ARF are retrieved for columnar aerosols
using direct and diffuse radiation measurements, i.e., direct and scattered
radiation, and therefore the information on aerosol mixing is already em-
bedded or accounted for while retrieving SSA and ARF. It should be
noted that for both cases of internally and externally mixed particles, no sig-
nificant errors were observed in the AERONET retrieval of SSA (Dubovik
et al., 2000, 2006).

The AERONET measured solar fluxes were found to agree with ground-
based measurements in all situations (urban-industrial, biomass burning,
mineral dust, background continental, maritime aerosols and free tropo-
sphere) with a correlation higher than 99 % (Garcia et al., 2008). Further,
from an analysis of year-long data, the correlation between the model esti-
mated radiative forcing (using AOD, SSA and asymmetry parameter mea-
sured by AERONET), and AERONET radiative forcing at the top of the
atmosphere (TOA) and at the Earth's surface (SFC) was found to be very
good (correlation coefficient = 0.90) over an urban (Kanpur) and a rural
(Gandhi College) location in the Indo-Gangetic Plain, and over an urban
(Pretoria) site in South Africa (Ramachandran and Kedia, 2012; Adesina
et al.,, 2014). To determine the impact of aerosols on climate the net
gain/loss of energy at the surface and at the top of the atmosphere, and
net energy trapped in the atmosphere (ATM) are more crucial than their re-
spective variations as a function of altitude. Earlier studies have clearly
shown that the inclusion of vertical profiles of aerosols did not significantly
affect the net ARF at TOA, SFC, and ATM and the aerosol-induced atmo-
spheric heating rate (Ramachandran and Kedia, 2012; IPCC, 2013), as the
net energy content trapped in the atmosphere is found to remain the
same in both the cases (with and without inclusion of aerosol vertical pro-
files). Sensitivity studies show that the degree to which the vertical profile
of the aerosol distribution impacts the forcing depends on many factors
such as the presence of clouds, SSA and surface albedo; when absorbing
aerosols (with an SSA of 0.7-0.8) are present above or below clouds they
may affect ARF at the top of the atmosphere (e.g., Choi and Chung,
2014). However, in the present study, the ARF retrieved for the clear-sky at-
mosphere available from AERONET at SFC and TOA are used. The ARF in
the ATM is the difference between the two. The ARF at SFC is corrected
for the effect of surface albedo by multiplying operational AERONET ARF
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at SFC by (1-SA), where SA is spectral average surface albedo. Since the ob-
jective of the study is to determine the net energy trapped in the atmo-
sphere (expressed in terms of heating rate), non-inclusion of aerosol
vertical profiles is not expected to modify any inferences or key results.

Atmospheric solar heating rate: The atmospheric solar heating rate due
to aerosols (Kelvin day ~ ') is obtained using the aerosol radiative forcing in
the atmosphere (ARFry) as,

dT g _ARFamm
P a X—p X 24(hr/day) x 3600( sec /hr)

where 0T/t is the HR, g is the acceleration due to gravity (9.8 ms™2), cpis
the specific heat capacity of air at constant pressure (1006 J kg~ K™ 1), and
AP is the pressure difference between the elevation of observation site
(Table 1) and 10,000 m asl.

The common procedure of computing the aerosol-induced atmospheric
heating rate is to use the pressure difference between the surface (elevation
of observation site in m asl) and 5000 m asl over the site, since generally
most of the aerosol mass in the troposphere resides between the surface
and 5000 m asl (IPCC, 2013; Ramanathan et al., 2007a). However, we
use 10,000 m asl as the upper bound, since the primary objective of the
study is to examine the radiative impact due to aerosols over the
Himalayan-Tibetan Plateau region, which has mountain peaks extending
up to ca. 9000 m asl.

3.2. Satellite data: MODIS, OMI and CERES

The Moderate Resolution Imaging Spectroradiometer (MODIS) AOD
was calculated from the daily mean AOD (corresponding to 0.55 pm)
from MODIS Daily L3 Global 1° datasets acquired from the Level-1 and At-
mosphere Archive and Distribution System (LAADS) (https://ladsweb.
modaps.eosdis.nasa.gov/archive/allData/61/MODO08 _D3/). The uncer-
tainty in MODIS AOD is +0.05 + 0.15A0D (Levy et al., 2013).

The monthly data of Ozone Monitoring Instrument (OMI) (https://disc.
gsfc.nasa.gov/datasets/OMAERO_003/summary) SSA created using the
first 23 clean rows of OMI Level-2 product (out of total 60 rows) that are
free of row anomaly (Torres et al., 2018) are utilized. The OMI SSA at
0.388 pm is used because retrievals at the other wavelengths in the
OMAERUYV dataset are not directly derived from the measurements, but
converted from 0.388 pm retrievals assuming a spectral dependence
model depending upon the chosen aerosol model. Due to a few inherent un-
certainties in the assumed spectral dependence, which might not represent
all aerosol types/conditions globally, it has been recommended to use the
0.388 um SSA dataset (Torres et al., 2018). The OMI observations, since
the middle of 2007, have been affected by a possible external obstruction
that perturbs both the measured solar flux and Earth radiance. This obstruc-
tion, which affects the quality of radiance at all wavelengths for a particular
viewing direction, is referred to as a “row anomaly” since the viewing geom-
etry is associated with the row numbers on the charge-coupled device detec-
tors (Torres et al., 2018). The row anomaly issue was detected initially for a
few rows which, over the period of operation, expanded to other rows in
2008 and later. Currently, about half of the total 60 rows (viewing posi-
tions) across the track are identified and flagged as affected by row anomaly
for which no physical retrievals are being performed. Due to the row anom-
aly issue and some scan-related bias in the OMI SSA retrievals (Torres et al.,
2018), we have utilized the level-2 OMAERUV product for SSA derived
using only the first 23 rows that are unaffected by the row anomaly through-
out the OMI operation for comparison. SSA derived using viewing positions
1-30, and 31-60 were found to agree over regions dominated by carbona-
ceous or sulfate particles (Torres et al., 2018). The Level-2 retrievals are ag-
gregated on to each 0.5° X 0.5° grid. Note that only best quality retrievals
(Quality Flag = 0) of SSA at 0.388 pm are included in this analysis.

The Clouds and the Earth's Radiant Energy System (CERES) measured
Energy Balance and Filled (EBAF) data (edition 4.1, Loeb et al., 2018)
monthly averages of daily shortwave clear-sky ARF are utilized. The ARF
at the TOA (ARF,,,) and at the surface (ARF) at a latitude-longitude
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resolution of 1° X 1° are calculated synergistically using MODIS Terra
and Aqua AODs. The CERES Synoptic Radiative Fluxes product (SYN1deg,
edition 4A) is used to derive the change in the aerosol radiative effect. The
CERES SYN product provides estimate of the radiative fluxes at TOA and
surface, with and without the presence of aerosols (Paulot et al., 2018). In
the SYN product, the radiative transfer calculations are carried out using
aerosol properties from the Model for Atmospheric Transport and Chemis-
try (MATCH), which is constrained by observations from MODIS and
CERES. Two modes of available fluxes are used: pristine (clear, no aerosols)
and clear sky (clear, with aerosols and cloud free skies) conditions at the
surface and TOA. The ARF,,, is estimated by differencing net clear-sky
from net pristine-sky fluxes. The variability in the shortwave clear-sky out-
going radiation in the CERES EBAF data is assumed to be due to the changes
in aerosols (Paulot et al., 2018 and references therein). The ARF,, (atmo-
spheric forcing) is estimated as the difference between ARF,,, and ARFj.

3.3. Model simulations

Specific CMIP6 experiments are designed to explore the climate change
arising from the changes in aerosols, greenhouse gases, and natural
forcings. In this study, simulation results obtained from the U.K. Earth
System Model (UKESM1-0-LL) (at the latitude-longitude resolution of
1.875° x 1.25°) which participated in the AerChemMIP and CMIP
(Collins et al., 2017) experiments in the Coupled Model Intercomparison
Project Phase 6 (CMIP6) (Eyring et al., 2016) are used for the analysis.
The “historical”, “piClim-control”, “piClim-aer”, and “piClim-BC” experi-
ments are used for this study (Eyring et al., 2016). The piClim-aer and
piClim-control experiments are used for estimating the aerosol radiative
forcing. The piClim-control run simulates conditions fixed at pre-
industrial levels. It includes climatological average sea-surface tempera-
tures (SSTs) and sea-ice distributions, greenhouse gas concentrations, and
near-term climate forcers (NTCFs) emissions at 1850 values. The piClim-
aer provides the aerosols forcing experiment by using present-day (2014)
emissions of aerosols and aerosol precursors but keeping all other boundary
conditions fixed at pre-industrial levels (see RFMIP; https://rfmip.leeds.ac.
uk/rfmip-erf/). The piClim-BC run uses present-day (2014) BC emissions
but keeping all other forcings at pre-industrial levels. The “piClim” simula-
tions provide a time-slice experiment of 30 years in total, and includes both
direct and indirect radiative effects of aerosols. In the UKESM1 model, aero-
sol particles are activated into cloud droplets using the activation scheme of
Abdul-Razzak and Ghan (2000). The details on aerosol schemes and param-
eterizations used in UKEMS1 model are given in Mulcahy et al. (2020). The
UKESM1 is one of the most process complete and interactive earth-system
models (ESMs) available currently, especially with respect to aerosols
(Mulcahy et al., 2020). The MODIS derived AODs (both seasonal and spa-
tial) are captured well in UKESM1 model (Mulcahy et al., 2020). Further,
the UKESM1 model was chosen because not only the outputs on changes
in aerosol radiative forcing and temperature due to changes in emissions
were available but also due to the fact that it was able to simulate reason-
ably well the observed trends in aerosol characteristics over Asia in the
last 2-decades (Ramachandran et al., 2022).

3.4. Details of comparison with earlier studies

We have compared the results that are relevant, appropriate and avail-
able over the region covering South and East Asia, including the Indian
Ocean, IGP and the Himalayas; however, there are similarities (columnar
data retrieved from the same instrument (AERONET)) and differences
(methodology used to estimate aerosol radiative forcing) between the pres-
ent study and the earlier studies. The comparison also includes results ob-
tained earlier over Kanpur and Kathmandu, two sites used in the current
study. The earlier studies were based on limited sets of measurements
made during a particular season and/or over a particular location. Vertical
profile measurements of aerosol absorption and scattering coefficients in
the 0-3 km altitude range, AERONET AOD and a Monte Carlo Aerosol-
Cloud Radiation (MACR) model were used to derive aerosol heating rates
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Fig. 4. Aerosol optical properties over the IGP and the Himalayan Foothills: (a) Seasonal mean aerosol optical depth (AOD), fine mode fraction (FMF) and (b) single scattering
albedo (SSA) corresponding to a wavelength of 0.50 pm. Vertical bars indicate + 10 (standard deviation) from the mean. Seasons are defined as winter: Dec-Feb; pre-
monsoon: March-May; monsoon: June-September; and post-monsoon: October-November.

over the Maldives, though only during the pre-monsoon season
(Ramanathan et al., 2007a); AOD and SSA, retrieved from MODIS, MISR
and AERONET, along with MACR model results over the Maldives
were used to derive ARF and ARFE, though only during the post-
monsoon season (Ramanathan et al., 2007b), and AERONET retrieved
AOD, SSA and asymmetry parameter over Kathmandu and Kanpur
were used in a radiative transfer model to estimate ARF and ARFE (Cho
etal., 2017). Our study, for the first time, documents the seasonal variation
in ARFE derived from AERONET ARF and AOD over sites covering a large
spatial domain that includes Pakistan, India, Nepal and Bangladesh, using
year-round data.

4. Results and discussion
4.1. Aerosol optical depth and fine mode fraction

The significant seasonal and spatial variations of the aerosol optical
depth (AOD), fine mode fraction (FMF) of AOD and single scattering albedo
(SSA) over the IGP are seen in Fig. 4. Seasonal and annual mean (Fig. 4a,
Table 2) AODs are all >0.3 across the IGP and the Himalayan foothills indi-
cating that all sites are heavily polluted (Ramanathan et al., 2007b). The
AOD over Lumbini (0.5-0.9) is significantly higher than the AODs over
Pokhara and Kathmandu (0.3-0.6) in all seasons except the pre-monsoon,
when it is marginally lower than Pokhara (Fig. 4a). Higher AODs at

Table 2

elevated locations (Pokhara and Kathmandu) in the Himalayas during the
pre-monsoon are influenced by the regional transport of aerosols from pol-
luted continental and biomass burning regions of South Asia (especially the
IGP) (Liithi et al., 2015; Rupakheti et al., 2019; Singh et al., 2019;
Ramachandran and Rupakheti, 2021). During monsoon the AODs are
governed by local emissions, since precipitation suppresses the transport
of regional emissions and also some major seasonal sources like brick pro-
duction and forest fires are not active during the monsoon season. AODs
over Lahore in the IGP are higher during the pre-monsoon and monsoon
(Fig. 4) due to the dominance of coarse mode dust particles (which also re-
sults in lower FMF) compared to the other seasons. In contrast, AODs are
higher over Kanpur during winter and the post-monsoon due to the domi-
nance of fine mode aerosols. In Lumbini, AOD is the highest during winter
when compared to the other seasons. AOD is >0.9 over Dhaka during win-
ter (Fig. 4). The highest AOD throughout most of the year is over Dhaka
(>0.8), with the relative reduction during monsoon being more pro-
nounced here than at other locations. This is because Dhaka is close to
the coast, and thus a greater amount of summer monsoon precipitation
(1257 mm) leads to a more substantial reduction in aerosol content through
wet removal compared to the precipitation at the other IGP locations
(822 mm at Kanpur and 360 mm at Lahore).

Fine mode aerosols contribute >70 % to the total AOD at all sites
throughout the year, except for Lahore and Kanpur during the pre-
monsoon and monsoon seasons (Fig. 4), confirming the dominance of fine

Annual mean aerosol optical depth (AOD), fine mode fraction (FMF) of AOD, single scattering albedo (SSA), aerosol radiative forcing efficiency in the atmosphere (ARFE,,),
and aerosol-induced atmospheric solar heating rate along with =+ 1o (standard deviation) over the study locations derived from the AERONET observations (Fig. 1).

Location AOD FMF SSA ARFE,, Heating rate
(Wm~2A0D™ 1) (K day ™)
1. Lumbini 0.67 = 0.14 0.82 = 0.12 0.93 = 0.03 77.4 = 39.8 0.54 = 0.33
2. Pokhara 0.45 += 0.22 0.81 = 0.12 0.91 = 0.02 93.4 + 28.2 0.45 + 0.32
3. Kathmandu 0.39 = 0.18 0.80 * 0.06 0.86 = 0.04 132.5 + 42.4 0.74 = 0.45
4. Lahore 0.63 = 0.13 0.61 = 0.19 0.91 = 0.02 84.3 = 34.9 0.50 = 0.27
5. Kanpur 0.70 = 0.08 0.72 = 0.19 0.92 = 0.02 72.9 £ 25.5 0.48 + 0.22
6. Dhaka 0.80 = 0.18 0.79 = 0.12 0.92 = 0.03 85.0 £ 34.6 0.72 = 0.35
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Fig. 5. Aerosol radiative forcing (Wm ™ 2) across seasons and locations in the IGP and Himalayan foothills: (a) at the top of the atmosphere, (b) in the atmosphere and (c) at the

surface. Vertical bars correspond to + 1o (standard deviation) from the mean.

mode aerosols in the total AOD. A closer examination reveals that locations
in the Himalayas have a relatively higher FMF (0.7-0.9) than the other lo-
cations in the IGP (0.4-0.9) as these sites are less (or not) influenced by dust
or sea salt, while dust aerosols from nearby deserts affect Lahore and
Kanpur and similarly sea salt affects Dhaka since it is near the Bay of Bengal.
During the pre-monsoon season, Kathmandu has the highest FMF (0.8), due
to local emissions and regional fine mode aerosol emissions from biomass
burning. This includes agro-residue burning and forest fires in the upwind
regions, which can reach altitudes higher than 2000 m asl in this region
due to strong westerly winds (Rupakheti et al., 2019; Singh et al., 2019;
Mahapatra et al., 2019), boundary layer dynamics in the region (Putero
et al., 2018) and orographic lifting by the mountain-valley effect
(Weissmann et al., 2005; Putero et al., 2018), thereby giving rise to a higher
FMF at the elevated sites than the lowland sites. High FMF values over
Pokhara and Kathmandu confirm the abundance of fine mode aerosols
even at higher elevations in the Himalayan foothills. FMF in Lahore is the
lowest throughout the year among all the locations due to the prevalence
of coarse dust particles, and is particularly low during the pre-monsoon
and monsoon periods due to the increase in the abundance of dust advected
from nearby desert regions, as well as the contribution from sea salt parti-
cles and the hygroscopic growth of water soluble aerosols (e.g., sulfate) be-
cause of the high relative humidity during monsoon. A similar pattern is
reflected in the FMF values for Kanpur and Dhaka, though with generally
higher FMF values than Lahore.

4.2. Single scattering albedo

The SSA is a measure of the fraction of incoming solar radiation
scattered by the particles in the atmospheric column. A lower SSA indicates

greater aerosol absorption, and vice versa. Kathmandu has the lowest an-
nual mean SSA among all sites (Fig. 4b). Given that the AOD over
Kathmandu is similar to the AOD in other regions, the lower SSA here sug-
gests a larger contribution from absorbing aerosols present in the column
over Kathmandu. Seasonally, the SSA over Kathmandu is <0.90 in the win-
ter, pre-monsoon and monsoon, while it is slightly higher than 0.90 during
the post-monsoon period, which confirms the abundance of light-absorbing
carbonaceous aerosols (BC, and brown carbon (BrC)) over Kathmandu
throughout the year, consistent with earlier results from surface (for win-
ter) and columnar observations over Kathmandu (Cho et al., 2017;
Ramachandran et al., 2020b). The BC and BrC aerosols arise largely from
polluted continental and biomass burning emissions which get transported
to higher elevations in the Himalayan region (Koch et al., 2009; Li et al.,
2016; Xu et al.,, 2016; Gautam et al., 2011; Singh et al., 2019;
Ramachandran and Rupakheti, 2021). Since BC has the strongest light-
absorbing character (BC SSA = 0.19, BrC SSA = 0.85, and dust SSA =
0.84 at 0.55 pm) (Hess et al., 1998; Magi, 2011; Ramachandran et al.,
2020Db), the lower values of SSA can only occur through a dominance of
BC in light-absorption, which has been reported for the IGP and Himalayan
foothills regions in earlier studies (Gautam et al., 2011; Rupakheti et al.,
2019; Ramachandran et al., 2020b). Low SSA values (0.86-0.89) were
also reported previously for Nepal at even higher altitudes in the Himalayas
(Dhulikhel (27.61°N, 85.53°E, 1500 m asl) and Langtang (28.01°N, 85.49°E,
3670 m asl)), based on limited observations during the pre-monsoon period
in 2009 (Gautam et al., 2011), similarly confirming the dominance of BC in
reducing SSA at higher altitudes in the Himalayas and foothills. An evalua-
tion of aerosol type revealed that over all the locations in Nepal the aerosols
were primarily of urban/industrial and biomass burning types whereas
dust, as classified by the technique used in earlier studies (e.g., Rupakheti
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etal., 2019), was nearly absent as an absorbing aerosol type over Lumbini,
Pokhara and Kathmandu. BC was dominantly responsible for aerosol ab-
sorption throughout the year over the Himalayan region (Ramachandran
et al., 2020b). In contrast, dust also played a considerable role over Lahore
and Kanpur in the IGP, and the absorbing aerosols over the IGP were mostly
BC, and BC mixed with dust. It is interesting to note that Kathmandu, de-
spite being located at a higher elevation, has a lower SSA than Lumbini
and Pokhara. This finding confirms that not only the fine mode particles
are higher at higher altitudes in the central Himalayan foothills
(e.g., Kathmandu, Pokhara) (Fig. 4a), but they are also more absorbing in
nature (more BC) (Fig. 4b), giving rise to lower SSA values than over the
IGP sites. This result is strengthened by the finding that fossil fuel combus-
tion and biomass burning contribute almost equally to elemental carbon
(EC, chemical/mass definition of BC) in South Asia (Gustafsson et al.,
2009) and the Himalayan region (Li et al., 2016) whereas the share of fossil
fuel combustion is ca. 80 % in East Asia (Li et al., 2016), and that the mass
absorption cross-section of EC (MACgc) generally increases with increasing
altitudes in the HTP region (Li et al., 2016; Chen et al., 2019).

4.3. Aerosol radiative forcing and efficiency from observations and model
simulations

The seasonal average aerosol radiative forcing at the surface (ARF.)
over the study region exceeds —50 Wm ™2 throughout the year (Fig. 5).
The aerosol radiative forcing efficiency (ARFE) (Fig. 6), which is the ARF
normalized to the AOD (shown earlier in Fig. 4a), is a useful measure to
quantify the influence of aerosol absorption and scattering (as a further in-
dicator beyond the SSA). ARFE indicates the rate at which the atmosphere
is forced radiatively per unit of AOD, thereby filtering out the influence of
aerosol loading (AOD) on ARF. ARFE at the top of the atmosphere (ARFE,,,)

0
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shows less significant seasonal and spatial variations than ARFE in the at-
mosphere (ARFE,,) and at the surface (ARFE.). ARFE values obtained
from observations over the Himalayas (Fig. 6) are at least 2—4 times higher
than those obtained in previous studies over the regions surrounding the
Himalayas, for example over the northern Indian Ocean (Ramanathan
et al., 2007b), and East Asia - Beijing (China) and Gosan (S. Korea) (Cho
et al.,, 2017) owing to higher AOD (>0.30), and aerosol absorption
(SSA < 0.95) (Fig. 4). Models grossly underestimate ARFE over South
Asia and East Asia (Cho et al., 2017). For the Nepalese sites, the magnitudes
of ARFE;. and ARFE,,, increase with altitude, with the highest values at
Kathmandu (Fig. 6). The difference in ARFEs. and ARFE,, between
Lumbini and Kathmandu, separated in elevation by ca. 1 km, is at least
>50 Wm ™2 AOD ! throughout the year, exceeding 100 Wm ™2 during
the winter and the pre-monsoon periods (Fig. 6). Although the annual
mean ARFEg. and ARFE,, are the highest for Kathmandu among the
study locations, the variation (+ 10 standard deviation) there is relatively
low, with the ARFE,,, value of Kathmandu remaining consistently >130
Wm ™2 AOD ! throughout the year (Table 2). ARFE; and ARFE,;, (ARFq.
and ARF,, as well (Fig. 5)) roughly follow the inverse of the SSA (Fig. 4b),
since a higher fraction of absorbing aerosols (lower SSA) results in a greater
radiative efficiency of aerosols for the same aerosol radiative forcing value
(e.g., Ramanathan et al., 2007b).

The ARF simulated by UKESM1 model in the CMIP6 is significantly
lower than the observations over Asia, since the simulated AOD is lower,
and the SSA is higher than observations (Fig. 7), so that the simulated
ARF (Fig. 8) and ARFE (Fig. 9) are lower than in the observations. In
stark contrast to the observations (Fig. 4), simulated AOD is <0.3 over the
HKHTP region throughout the year and SSA is in the 0.85-0.92 range,
being higher than 0.9 in the HKHTP mountain region (Fig. 7). ARFE values
from model (Fig. 9) and satellite observations (Fig. 10) are at least a factor
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Fig. 7. Seasonal average aerosol characteristics simulated by UKESM1 model over South Asia for the year 2014: aerosol optical depth (AOD) in (a) winter (DJF), (b) pre-mon-
soon (MAM), (¢) monsoon (JJAS), (d) post-monsoon (ON), and single scattering albedo (SSA) in (e) winter, (f) pre-monsoon, (g) monsoon, and (h) post-monsoon.

of 2—4 lower than in our analysis of ground-based observations across the
study region (Fig. 6). The higher in situ observed ARFE values are accompa-
nied by higher AOD values, which means that the difference is due to much
lower observed than simulated SSA values. MODIS AODs across the IGP are
significantly lower over the HKHTP region (Fig. 2) when compared to
ground-based observations. The differences between ground-based and sat-
ellite AODs, and ground-based observations and model simulations on a
seasonal scale are of the order of 20-50 % over the IGP and the HKHTP re-
gion (Figs. 2, 4, 7). The strong seasonal signature seen in SSA from ground-
based observations is missing in the satellite (OMI) observations as well as
in model simulations (Figs. 2, 4, 7). Sampling differences, assumptions
made during the satellite retrievals of aerosol products in the algorithms,
missing information on particle properties and state of mixing of aerosol
species, and cloud screening, along with uncertainties while deriving
AOD, SSA and absorption AOD can give rise to differences between satellite
and ground-based measurements (Ramachandran et al., 2015). Further,
satellite retrieval of aerosol absorption, the key for an accurate estimate
of SSA, is more challenging over bright surfaces, especially in the HKHTP
region, and is therefore frequently unreliable and exhibits substantial biases
(Shindell et al., 2013). The models are found to underestimate aerosol ab-
sorption especially over South Asia at least by a factor of 2-5 (Shindell
et al., 2013; Ramachandran et al., 2021). Even over high-altitude regions,
which are not aerosol source regions, BC emissions and absorption were
grossly underestimated by models (Koch et al., 2009; Ramachandran
et al., 2015; Ramachandran et al., 2021). The underestimation of BC
was attributed to the lack of proper inventories of aerosol emissions, es-
pecially the region-specific fossil fuel combustion and biomass burning
emissions (Shindell et al., 2013; Ramachandran et al., 2015; Quennehen
et al., 2016; Ramachandran et al., 2021; Ansari and Ramachandran,
2023). The underestimation of BC in emission inventories also arise
due to under-characterized sources (such as garbage burning and forest
fires in South Asia), and missing BC source categories such as kerosene

emissions, used in lamps for lighting (Lam et al., 2012; Klimont et al.,
2017).

Recent studies have shown that the sites in the Himalayas, remote parts
of the Tibetan Plateau and the IGP are heavily affected by regional
emissions (Singh et al., 2019; Mahapatra et al., 2019; Liithi et al., 2015;
Li et al., 2016). Therefore, the local emission inventory of various aerosol
species and/or their precursors may not necessarily capture the columnar-
aerosol characteristics, especially in a region like the HTP mountain
regions, which are affected heavily by regional pollution. In order to
apportion the contributions of local and regional emissions of
light-absorbing aerosols to the observed AOD and SSA over these sites,
new improved emission inventories (including BrC, and missing emissions
(e.g., kerosene use) which are not included in most current inventories)
would be needed, along with atmospheric simulations with regional chem-
istry transport models. This is crucial over a region where not only the aero-
sol types are different but also their emissions occur from diverse
anthropogenic and natural sources ranging from cooking stoves to garbage
burning to transportation, among others. It is quite a challenge to simulate
aerosol characteristics more accurately over this region with distinct and
complex variations in terrain, elevation and meteorological conditions. In
addition, the uniqueness of aerosol characteristics over the HKHTP region
because of this region being in close proximity to global aerosol hotspot
and heavy influence of biomass burning among others makes it more chal-
lenging as this region is influenced by both local and regional emissions,
which contribute to the aerosol population in almost equal proportions as
opposed to several high-altitude sites which are at least partly in the free
troposphere over which the local/surface level aerosol contribution will
be less and where the aerosols from long-range transport dominate. Inter-
estingly, the missing strong aerosol forcing signals can also depend on the
formulation of individual models, and internal variability in the models.
In addition, the simulated regional aerosol signals have different sensitivity
to small perturbations in the initial conditions in different models
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Fig. 8. Aerosol radiative forcing (Wm™2) over the IGP and the Himalayas simulated by the UKESM1 model in CMIP6 simulations: at the top of the atmosphere (TOA)
((a) winter, (b) pre-monsoon, (¢) monsoon, (d) post-monsoon), in the atmosphere (ATM) ((e) winter, (f) pre-monsoon, (g) monsoon, (h) post-monsoon)), and at the

surface (SFC) ((i) winter, (j) pre-monsoon, (k) monsoon, (1) post-monsoon).

(Salzmann et al., 2014). However, these signals may be averaged out in
global climate models, especially in elevated locations. Therefore, this
study emphasizes the need for high-resolution regional models with up-
dated emission inventories to address the aerosol impacts, especially over
the high altitude locations. Thus, not only local aerosol emissions but also
the transport from source regions that bring in the aerosols, along with
their transformation and removal mechanisms over the HTP region need
to be more accurately simulated (Lawrence and Lelieveld, 2010) to devise
the necessary climate change and air pollution mitigation measures.

4.4. Atmospheric warming and cooling by aerosols

The atmospheric solar heating rate (Table 2) is high (0.5-0.8 K day ~ D)
for all sites considered in this study, again being the highest for Kathmandu.
The pre-monsoon heating rate of =1 K day ' over Pokhara and
Kathmandu (Fig. 6b) is at least 1.5-times higher than previously reported
values in the range of 0.45-0.7 K day ~ * due to BC in so-called “atmospheric
brown clouds” (ABCs) between 500 and 3000 m asl during March 2006
over the Indian Ocean (Ramanathan et al., 2007a). Results obtained using
the same columnar aerosol parameters retrieved from the same instrument
(AERONET) in all sites are only being compared here (see Section 3.4 “De-
tails of comparison with earlier studies”) for the sake of completeness and
uniformity. Higher observed ARFE,, and heating rate values on a regional
scale in different seasons obtained in the current study when compared to

earlier studies (Ramanathan et al., 2007a, 2007b; Xu et al., 2016; Cho
etal.,, 2017) indicate that earlier values do not appropriately portray the re-
gional picture. Further, in recent global climate model simulations with an
observationally-constrained BC aerosol forcing, BC aerosols produced a ra-
diative heating rate that was significantly lower than our observations
(Fig. 6), and BC warming over the Tibetan Plateau was almost equal to
that of CO,, (Xu et al., 2016). BC dominates (>75 %) the aerosol absorption
throughout the year (Ramachandran et al., 2020b), and thus contributes al-
most the entire aerosol-induced warming in the lower atmosphere over the
IGP and the HTP. The UKESM1 model CMIP6 simulations show that on an
annual basis, BC aerosols contribute >50 % of the total warming (aerosols
and GHGs combined) in the 3-5 km altitude region (Figs. 11, 12, 15).
This is consistent with previously reported model-simulated annual
warming of about 0.6 K at 3000 m asl over the HTP region for the period
1950-2000 due to aerosols in the ABCs, which accounted for half of the
total lower atmospheric warming (Ramanathan et al., 2007a). The Commu-
nity Climate System Model version 3 (CCSM3) simulations also showed
that the BC aerosols act to increase the lower tropospheric heating over
South Asia and reduce the amount of solar radiation reaching the surface
(Meehl et al., 2008), as seen in the present study.

The UKESM1 simulates a significantly lower warming (~ 0.2 °K) of the
lower atmosphere due to aerosols over the IGP and the HTP region
(Fig. 12). Over the HTP region the all-aerosol forcing produces a cooling
of ~0.2 °K or more in the lower atmosphere (Fig. 13, mainly due to sulfate
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Fig. 9. Aerosol radiative forcing efficiency (Wm ™2 per unit AOD) across the Himalayas simulated by UKESM1 model in the CMIP6: at the top of the atmosphere (TOA)
((a) winter, (b) pre-monsoon, (¢) monsoon, (d) post-monsoon), in the atmosphere (ATM) ((e) winter, (f) pre-monsoon, (g) monsoon, (h) post-monsoon), and at the

surface (SFC) ((i) winter, (j) pre-monsoon, (k) monsoon, (1) post-monsoon)).

aerosols (Figs. 14, 15)) during the pre-monsoon and monsoon periods. The
model-simulated warming/cooling by aerosols in the atmosphere shows
significant seasonal variability. The aerosol cooling effect dominates during
the monsoon whereas during the post-monsoon period the warming is
dominant. Further, across India a north-south gradient in aerosol warming
is seen; during winter at 500 hPa the aerosols cause a warming over north-
ern India whereas a cooling over peninsular and southern India. Over the
IGP region a warming of about 0.2 °K is visible in the all-aerosol forcing sim-
ulations during post-monsoon and winter. During the year the arid/semi-
arid regions adjacent to India are warmed by aerosols. Furthermore, the
warming/cooling pattern exhibits an altitudinal gradient; the magnitude
increases as the altitude increases from 3000 to 5500 m asl. A cooling of
the lower atmosphere (e.g., during the pre-monsoon) is a clear indication
of dominance of scattering aerosols (e.g., sulfate, organics) in the column
producing a higher SSA (Fig. 7) which results in cooling. SSA is >0.92
over the HTP region throughout the year (Fig. 7) in model simulation. A
lack of warming in the lower atmosphere due to aerosols in simulations
confirms a significant underestimation of absorbing aerosols (especially
BC) in the column in the UKESM1 model, and an overestimation of scatter-
ing aerosols which will mask the warming produced by absorbing aerosols
significantly. Thus, it is clear that the current state-of-the-art climate
models (e.g., UKESM1) involved in CMIP6 (which were used in the IPCC
ARG6) underestimate the atmospheric warming due to aerosols over the
HTP region in the lower atmosphere. This is confirmed by the recent
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study (Kelesidis et al., 2022) where it was shown that global climate models
underpredict ARF due to BC aerosols largely due to the assumed morphol-
ogy of BC. It was shown that light-absorption by BC aerosols enhanced due
to morphological changes and the resultant aerosol absorption agreed well
with AERONET observed BC absorption. The simulations further empha-
sized that accounting for realistic BC morphology resulted in higher ARF
over South Asia which agreed with satellite and AERONET observations
of ARF as reported in Ramachandran and Rupakheti (2020). Further, the
simulations indicated that BC aerosols alone could be contributing a re-
gional climate warming of about 1 °C in the region (Kelesidis et al., 2022)
which is consistent with our findings.

These features and magnitudes of warming/cooling due to aerosols
in the present study are different from previous model results
(e.g., Ramanathan et al., 2007a) in several ways. The past simulations
were conducted with coupled ocean-atmosphere NCAR CCM3 model and
took into account only the direct radiative effects of sulfate aerosols
(Ramanathan et al., 2007a). Further, the ABC-induced temperature
changes using the CCM3 model were estimated as the difference between
the simulations imposed with and without the 2000-2003 forcing. Their
study also used the emission data for aerosol precursors such as for SO,
and soot (BC) from 1930 to 2002 and scaled the forcing with published
data for soot and SO, emission rates as a function of time to derive a time
dependent forcing from 1930 to 2000 (Ramanathan et al., 2007a). It was
stated that the weakness of the study is that it cannot account for potential
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feedbacks between the forcing and the response, for example the changes in
circulation as a result of forcing altering the aerosol concentrations
(Ramanathan et al., 2007a). In contrast, in the present study, the warming
due to aerosols correspond to the changes that occurred in the year 2014
with respect to the year 1850, similar to IPCC assessments, and includes
both direct and indirect radiative effects of aerosols. The results in the cur-
rent study also differ in terms of estimating the warming/cooling due to
aerosols, as ARF is estimated from the simulated aerosol characteristics
by the models, whereas the other studies including the aforementioned
study (Ramanathan et al., 2007a) prescribed the ARF.

The other light-absorbing carbonaceous aerosol - brown carbon (BrC) is
receiving more attention recently. However, BrC absorption is strongly
wavelength dependent (the absorption is significantly less than BC, effec-
tive only over a narrow wavelength band in the 0.3 to 0.6 pm wavelength
range, and falls very sharply above 0.4 um), and thus it does not make a sig-
nificant contribution to total light absorption beyond 0.55 pm (<5 % over
the Himalayan region) (Kirillova et al., 2016). As BC is five times more
strongly absorbing than BrC, and it is the dominant light-absorber com-
pared to dust and BrC over the IGP and the Himalayan foothills
(Ramachandran et al., 2020b), the atmospheric heating by BC is likely to
be a major climate-forcer in the Himalayan region. Our study, based on ob-
servations, reveals that in the present-day situation, the contribution of
aerosol-induced heating to the total atmospheric warming could be even
>50 %. This difference is because the observed aerosol heating rates
(Fig. 6, Table 2) are significantly higher than previously reported (e.g., in
Ramanathan et al., 2007a) throughout the year over a large region covering
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Pakistan, India, Nepal and Bangladesh, with the peak occurring during the
pre-monsoon period at higher elevations.

Beyond the sites analyzed here, there are also three high altitude
AERONET sites, at QMOS-CAS near Mt. Everest (28.36°N, 86.95°E,
4276 m asl) and Nam Co (30.77°N, 90.96°E, 4746 m asl) on the Tibetan
Plateau (China), and Ev-K-CNR (27.95°N, 86.82°E, 5079 m asl) near the
base-camp of Mt. Everest (Nepal) (Fig. 1). No inversion data products are
available for the Ev-K2-CNR site. Furthermore, as the data from QMOS-
CAS and Nam Co are available only for a few days during 2012-15, we
have not included the data from these locations in the study. The limited
measurements, however, provide evidence that the ARFEg. and ARFE,,
over Nam Co was ca. 100 Wm ™2 AOD ! higher than over Kathmandu,
and although the annual mean aerosol atmospheric heating rate is lower
(0.4 * 0.1 Kday ™), it is quite high for this altitude. This clearly indicates
that as the elevation increases in the HTP region, ARFE,, also increases.
These results call for more measurements like these, especially in the HTP
region — although they are quite challenging at higher elevations - to
document more robustly the effects of aerosols on climate change in the
region.

4.5. Implications

Such high ARFE and aerosol heating rate values observed over the
Himalayas have significant implications for the climate (Xu et al., 2016)
and hydrological cycle. The near surface air temperature trend over the
Himalayas during the past decades has increased to between 0.2 and
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Fig. 11. The change in temperature (K) due to BC aerosols at three altitudes across the IGP and the Himalayas simulated by UKESM1 model. The change in temperature
corresponds to year 2014 with respect to 1850. Temperature change during winter ((a) 700 hPa (~3000 m), (e) 600 hPa (~4250 m) and (i) 500 hPa (~5500 m)), pre-
monsoon ((b) 700 hPa, (f) 600 hPa and (j) 500 hPa), monsoon ((c) 700 hPa, (g) 600 hPa and (k) 500 hPa), and post-monsoon ((d) 700 hPa, (h) 600 hPa and (1) 500 hPa).
The white-shaded regions denote the part of the Himalayas with surface pressure <600 hPa or whose surface elevations are higher than about 4250 m asl.

0.3 °C per decade since the mid-1950s, significantly higher than the global
average temperature increase (Liu and Chen, 2000; Krishnan et al., 2019).
In addition, there is a tendency for the warming rate to increase at higher
elevations in the Tibetan Plateau and its surrounding regions (Liu and
Chen, 2000; Krishnan et al., 2019) as seen here for the case of aerosol-
induced atmospheric warming. The atmospheric warming due to aerosols
can alter regional atmospheric stability and vertical motions, affect large-
scale circulation and the hydrological cycle, and thus be accompanied
with significant regional climate effects and consequent impacts (Menon
et al., 2002). The HKHTP region, which contains the largest ice mass out-
side the Antarctic and Arctic polar regions, has witnessed a pronounced re-
treat in the glaciers (Thompson, 2003; Sharma et al., 2019) that feed into
the Yangtze, the Indus and the Ganges, the major rivers in Asia. The
major cause for the HTP glacier ablation is attributed to this amplification
of regional temperature increase (Liu and Chen, 2000). The aerosol-
induced atmospheric warming and deposition of light-absorbing carbona-
ceous aerosols on snow and ice are expected to accelerate glacier and
snow melt (Xu et al., 2016; Ramanathan et al., 2007a; Ramachandran
et al., 2020b). Our findings corroborate a recent study (Maurer et al.,
2019) which suggested 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 as a result of direct heating of the atmosphere by
absorbing aerosols. The rapid retreat of glaciers is expected to negatively af-
fect the water supply in southern and eastern Asia, with significant conse-
quences for the regional hydrological cycle (Barnett et al., 2005). Given
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that air pollution upwind of the HTP region is likely to remain a major chal-
lenge as a global air pollution hotspot in the decades to come (Kumar et al.,
2018), we expect that the ARF will remain a key factor that drives climate
change over the HTP region. It is amply clear from the comprehensive anal-
ysis here using ground-based and satellite observations along with model
simulations that satellites and models still significantly underestimate (by
a factor of 2 to 4) the aerosol-induced atmospheric heating and warming
over this region. These new results need to be taken into account while
examining the projected/expected present and future climate impacts due
to aerosols, and the potential value of various mitigation measures, in
particular on regional and decadal climate change in Asia. The higher
atmospheric heating rate due to aerosol-induced absorption over the
Himalayas calls for focused modeling and impact assessment studies to ad-
dress the effects of light-absorbing aerosols, in particular BC aerosols, on
the cryosphere and monsoon circulation in the decades to come especially
in the context of an emerging aerosol dipole in Asia (Ramachandran et al.,
2020a, 2020Db).

5. Summary and conclusions

The impact of aerosols, especially the absorbing aerosols, in the Himala-
yan region is important for climate. We closely examine, for the first time,
ground-based high-quality observations of aerosol characteristics including
radiative forcing from several locations in the Indo-Gangetic Plain (IGP),
the Himalayan foothills and the Tibetan Plateau, relatively poorly studied



S. Ramachandran et al.

Science of the Total Environment 894 (2023) 164733

ik Temp 700hPa 20N Temp 700hPa g JJAS Temp 700hPa ON
30N 30N 30N
20N 20N 20N
10N 10N 10N ¥
0 o - 0 —*
70E 80E 90E 100E 110E 70E 80E 90E 100E 110E 70E  80E GO0E 100E 110E 70E  80E SOE 100E 110E
o Temp 600hPa Temp 600hPa 800hPa
30N
20N
10N
0
70E 80E 90E 10CE 110E 70E 80E 90E 1G0E 110E 70E  80E SOE 100E 110E 70E  80E SOE 100E 110E
i Temp S00hPa DJF  4on Temp 500hPa MAM  4on Temp 500hPa G Temp 500hPa ON
30N 30N 30N 30N
20N 20N 20N 20N
10N 10N 10N 10N
0 o - 0 0
70E  80F 90E 100E 110E 70 80E 90F 100E 110E 70E  80E 90F 100E 110E 70E  BOE 90E 100E 11QE
[T T 1
-1 -0.5 0.2 0.1 -0.05 0 0.05 01 0.2 0.5 1

Fig. 12. The change in temperature (K) due to all forcing (includes transient emissions of aerosols, greenhouse gases (GHGs) and natural variabilities) at three altitudes across
the IGP and the Himalayas simulated by UKESM1. The change in temperature corresponds to year 2014 with respect to 1850. Temperature change during winter ((a) 700 hPa
(~3000 m), (e) 600 hPa (~4250 m)) and (i) 500 hPa (~5500 m), pre-monsoon ((b) 700 hPa, (f) 600 hPa and (j) 500 hPa), monsoon ((c) 700 hPa, (g) 600 hPa and

(k) 500 hPa), and post-monsoon ((d) 700 hPa, (h) 600 hPa and (1) 500 hPa).

regions with several sensitive ecosystems of global importance, as well as
highly vulnerable large populations. This paper presents a state-of-the-art
treatment of the warming that arises from these particles, using a combina-
tion of new measurements and modeling techniques.The study is novel as it
combines data from multiple sources — high-quality ground-based observa-
tions along with satellite data in combination with global climate simula-
tions - to document the aerosol radiative effects as a function of space,
time and altitude over this region. Aerosol optical depth (AOD) is
>0.30 at all sites confirming that this region is heavily polluted. AOD is
higher over elevated locations in the Himalayas. AOD is dominated by
fine mode aerosols as fine mode particles contribute >70 % to total AOD.
Single scattering albedo (SSA) is lower than 0.90 over Kathmandu, a metro-
politan region in the Himalayan foothills, most of the year confirming the
abundance of light-absorbing carbonaceous aerosols (black carbon aerosols
in particular) and hence, higher absorption. Kathmandu in the Himalayas,
despite being located at a higher elevation, has a lower SSA than Lumbini
and Pokhara, indicating that it is likely a significant light-absorbing aerosol
source to Himalayas. This finding confirms that not only the fine mode par-
ticles which are easily transported are higher at higher altitudes in the cen-
tral Himalaya foothills, but they are also more absorbing in nature as they
are dominated by BC, giving rise to lower SSA values than over the sites
in the IGP. Furthermore, our analysis reveals that the aerosol radiative forc-
ing efficiency (ARFE) in the atmosphere is clearly high over the IGP and the
foothills of Himalayas (80-135 Wm ™2 per unit AOD ), with values being
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greater at higher elevations in the Himalayas. The mean ARFE is 2-4
times higher here than over other polluted sites in South and East Asia
owing to higher AOD and aerosol absorption (lower SSA). Further, the ob-
served annual mean aerosol heating rates (0.5-0.8 Kelvin/day), which are
significantly higher than previously reported values, imply that the aerosols
alone could account for >50 % of the total warming (aerosols + green-
house gases) of the lower atmosphere and surface over this region.

The aerosol radiative forcing (ARF) simulated by UKESM1 model in the
CMIPS is significantly lower than the observations over Asia, since the
simulated AOD is lower, and the SSA is higher than the observations. A
cooling (or lack of warming) of the lower atmosphere due to aerosols in
model simulations confirms a significant underestimation of absorbing
aerosols (mainly BC) in the column in the UKESM1 model, and an
overestimation of scattering aerosols which masks the warming produced
by absorbing aerosols significantly. Thus, it is clear that the current state-
of-the-art climate models involved in CMIP6 (which were also used in the
IPCC AR6) underestimate the atmospheric warming due to aerosols over
the Himalaya — Tibetan Plateau (HTP) region in the lower atmosphere.
This is confirmed in a recent study (Kelesidis et al., 2022) where it was
shown that global climate models underpredict ARF due to BC aerosols
largely due to the assumed morphology of BC, and further it was shown
that light-absorption by BC aerosols was enhanced due to morphological
changes, and the resultant aerosol absorption agreed well with AERONET
observed BC absorption reported earlier in Ramachandran and Rupakheti
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Fig. 13. The change in temperature (K) due to all aerosol forcing at three altitudes across the IGP and the Himalayas simulated by UKESM1. The change in temperature
corresponds to year 2014 with respect to 1850. Temperature change during winter ((a) 700 hPa (~ 3000 m), (e) 600 hPa (~4250 m)) and (i) 500 hPa (~ 5500 m)), pre-
monsoon ((b) 700 hPa, (f) 600 hPa and (j) 500 hPa), monsoon ((c) 700 hPa, (g) 600 hPa and (k) 500 hPa), and post-monsoon ((d) 700 hPa, (h) 600 hPa and (1) 500 hPa).

(2020). Further, the simulations indicated that BC aerosols alone could be
contributing a regional climate warming of about 1 ° C in the region
which is consistent with our findings. The regionally coherent significant
warming by aerosol absorption due to BC aerosols in the high altitudes of
this region, that we observe, is a significant factor contributing to the in-
creasing air temperature and the observed accelerated retreat of the gla-
ciers over this region. This warming is also expected to alter atmospheric
stability, and to influence the hydrological cycle and precipitation patterns,
with severe consequences for the Asian summer monsoon and glaciers.
Thus, we conclude that aerosols are heating up the Himalayas, and will re-
main a key factor driving climate change over the Hindu Kush — Himalaya —
Tibetan Plateau (HKHTP) region.
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