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Abstract
Aerosol behavior over the Himalayas plays an important role in the regional climate of South Asia. Previous studies at high-
altitude observatories have provided evidence of the impact of long-range transport of pollutants from the Indo-Gangetic Plain
(IGP). However, little information exists for the valley areas in the high Himalayas where significant local anthropogenic
emissions can act as additional sources of short-living climate forcers and pollutants. The valley areas host most economic
activities based on agriculture, forestry, and pilgrimage during every summer season. We report here first measurements at a
valley site at ~2600 m a.s.l. on the trek to the Gangotri glacier (Gaumukh), in the Western Himalayas, where local infrastructures
for atmospheric measurements are absent. The study comprised short-term measurement of aerosols, chemical characterization,
and estimation of aerosol radiative forcing (ARF) during the winter and summer periods (2015–2016). The particulate matter
mass concentrations were observed to be higher than the permissible limit during the summer campaigns. We obtained clear
evidence of the impact of local anthropogenic sources: particulate nitrate is associated with coarse aerosol particles, the black
carbon (BC)mass fraction appears undiluted with respect tomeasurements performed in the lower Himalayas, and in winter, both
BC and sulfate concentrations in the valley site are well above the background levels reported from literature studies for mountain
peaks. Finally, high concentrations of trace metals such as copper point to anthropogenic activities, including combustion and
agriculture. While most studies in the Himalayas have addressed pollution in the high Himalayas in terms of transport from IGP,
our study provides clear evidence that local sources cannot be overlooked over the high-altitude Himalayas. The estimated direct
clear-sky ARF was estimated to be in the range of −0.1 to +1.6W m−2, with significant heating in the atmosphere over the high-
altitude Himalayan study site. These results indicate the need to establish systematic aerosol monitoring activities in the high
Himalayan valleys.
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Introduction

Air quality across the globe is deteriorating due to increasing
anthropogenic emissions. Among the air pollutants, atmo-
spheric aerosols play an important role due to their heteroge-
neous reactions in the atmosphere (George and Abbatt 2010;
George et al. 2015). Particulate matter (PM) is one of the key
components of atmospheric aerosols. It has complex chemi-
cal, physical, and optical properties that can affect our envi-
ronment both directly and indirectly (Stocker et al. 2013;
Seinfeld and Pandis 2016; Zhang et al. 2017). The aerosol
direct effect on the atmosphere is its ability to scatter and
absorb solar radiation, while its indirect effect is its ability to
change cloud microphysics (Jacobson 2000; Penner et al.
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2001; Ramanathan and Carmichael 2008; Lohmann and
Feichter 2010). Based on its interaction with solar radiation,
PM can have a warming or a cooling effect on the climate. For
instance, black carbon (BC), a particulate pollutant from com-
bustion, contributes to the warming effect, while particulate
sulfates help in the cooling effect (Myhre et al. 2013).
Therefore, aerosol radiative forcing (ARF) estimation is a use-
ful tool to assess the adverse impact of aerosols on climate
(Ramaswamy et al. 2001).

Different types of PM emission sources can obviously in-
fluence the heterogeneity of atmospheric PM. Another factor
is the geographic location of the source(s), which can signif-
icantly affect the aerosol chemical and physical evolution,
including removal from the atmosphere. Therefore, quantifi-
cation of regional aerosol sources and ARF are of primary
interest for scientific and policy perspectives (Yu et al.
2012). Ground-based atmospheric PM has been well studied
in metropolitan cities, coastal areas, and arid regions of south
Asian countries (Ram and Sarin 2011; Izhar et al. 2016;
Prabhu et al. 2019; Soni et al. 2020; Rajeev et al. 2021;
Panda et al. 2021). However, studies focused on the mountain
terrain of high-altitude Himalayas are limited, partly due to the
inaccessibility to the complex mountainous areas (Decesari
et al. 2010; Hegde and Kawamura 2012; Arun et al. 2019).

The study of atmospheric aerosols over the Himalayas is of
prime importance mainly because (1) the Himalayan region is
a major freshwater source in the South Asian region (Soni
et al. 2019), (2) the Himalayas help in the orographic lifting
of aerosols up to the free troposphere (Bianchi et al. 2021),
and (3) increasing catastrophic events such as avalanches,
cloud burst, floods, and forest fires could directly and indirect-
ly be affected by air pollution. The Himalayas are the approx-
imately 2500-km-long crescent-shaped mountain ranges situ-
ated on the northern edge of South Asia. There is ample evi-
dence available that the transported aerosols from South Asia
significantly influence the air quality over the high-altitude
Himalayas (Bonasoni et al. 2012; Decesari et al. 2010;
Hegde et al. 2007; Kumar et al. 2014; Nasir et al. 2019;
Prabhu et al. 2020). Besides the transported aerosols from
South Asia to the Himalayas, the limited focus has been
attained on the emissions from the local anthropogenic activ-
ities over the high-altitude Himalayan valleys.

The Himalayan valleys hold several spiritual temples and
tracking routes; thus, millions of people travel over the
Himalayas, especially during the summer months. In
addition, forest fire activities are also prominent during the
summer months. Therefore, the emissions from the local
anthropogenic combustion activities and forest fire could
also be an important source of atmospheric aerosols. In our
previous study, Soni et al. (2019) attempted to identify all
possible sources of BC at the neighboring valley location to
the Gangotri glacier, which is one of the largest glaciers in
India. Study has reported the localized emissions from the

surrounding valley were one of the crucial sources of BC,
besides the transported one. However, there is a considerable
lack of data in the literature concerning aerosol properties in
the Gangotri glacier regions of the Himalayas. Added to this
are the significant cultural activities embedded in local topog-
raphy, which can vary the aerosol chemistry and aerosol forc-
ing on a regional scale.

The main objectives of this study are (1) to study ground-
based size fractions of PM and BC at two different high-
altitude valley sites situated in the lesser and greater
Himalayas, (2) to chemically characterize the PM as a func-
tion of size and identify possible emission sources, and (3) to
estimate direct ARF based on the mass closure of chemical
composition of PM.

Methodology

Details of the sampling site

The aerosol measurements were carried out at two different
valley sites in the Western Himalayas: (1) The greater
Himalayan study site 1, situated in the Dharali village having
an altitude of 2600 m a.s.l. (S1-GH), and (2) the lesser
Himalayan study site 2, situated in the urbanized town
Uttarkashi having an altitude of 1400 m a.s.l. (S2-LH). It is
worth mentioning that these study sites are situated in the
Bhagirathi eco-sensitive zone declared by the Indian
Ministry of Environment, Forest and Climate Change. The
aerial distance between these two study sites is about 45 km
(Fig. 1). As of the 2011 India census, S1-GH and S2-LH had
populations of 583 and 17475, respectively. Besides the local
populations, millions of pilgrims and tourists travel along with
this Himalayan study site, especially during the summer. In
addition, these two study sites also serve as a major stopover
on the road to Gangotri temple and the trek to the Gaumukh
glacier. A detailed discussion about the S1-GH, surrounding
vegetation types, and vehicular count is reported in our earlier
publication (Soni et al. 2019). Moreover, local wind pattern
and atmospheric boundary layer height during the sampling
campaign are discussed in Sect. S1 and shown in Figs. S1 and
S2 in the supplementary text.

Measurement of atmospheric aerosols

At both the study sites, the influence of pilgrimage activities is
highest during the summermonths, while pilgrimage activities
are negligible during the winter months. In the present study,
aerosol sampling campaigns were performed during the sum-
mer and winter periods. The infrastructure at the study sites
was very limited if not absent, i.e., power supplies and shel-
ters. This led to aerosol sampling for shorter, more intense
time periods so that structures could be maintained; for site
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S1-GH, these sampling periods were in the months of
November 2015 (5–20 November) and May 2016 (5–25
May); for site S2-LH, the sampling period took place during
the summer only, May and June 2016 (25 May–5 June).
November and May–June sampling campaigns were repre-
sented as winter and summer periods throughout the
manuscript.

During the winter sampling campaign, PM samples were
collected on four different Whatman filters having a diameter
of 46.2 mm (two PTFE filters for PM10 and PM2.5, one glass
fiber filter for PM10, and one quartz fiber filter for PM2.5).
These four filters were placed on four separate ChemComb
cartridges (Model no. 3500, Thermo Scientific, USA)
mounted in a four-channel Partisol speciation sampler (Soni
et al. 2020). A Partisol speciation sampler was operated at a
constant flow rate of 10 L per minute (Thermo Scientific,
USA). The PM samples were collected continuously for
24 h (6:00 to 6:00 Indian Standard Time) during the winter
campaign.

Furthermore, due to technical issues with the motherboard
of the Partisol speciation sampler, summer sampling cam-
paigns were performed using a cascade impactor. PM samples
were collected for the summer campaigns on eight different
81-mm glass micro-fiber filters (EPM 2000, Whatman, USA)
placed in an eight-stage non-viable Andersen cascade impac-
tor (Thermo Scientific, USA). The Andersen cascade impac-
tor collects eight different sizes of bin of PM such as 0.43–
0.65, 0.65–1.1, 1.1–2.1, 2.1–3.3, 3.3–4.7, 4.7–5.8, 5.8–9, and
>9 μm. The Andersen cascade impactor was operated at a
flow rate of 28.3 L per minute. As there is no separate stage
in the cascade impactor for a cutoff diameter of 2.5 μm, we
have considered the nearest stage for the cutoff diameter as
2.1 μm (stages 1 to 3) as fine PM (PM2.1). The PM on all the

stages (stages 1 to 8) is considered PM≥10 (Panwar et al.
2020). For simplicity, PM≥10 measured during the summer
campaigns is represented as PM10 throughout the manuscript.
It is worth mentioning that the PM samples were collected
continuously for 48 h (6:00 to 6:00 Indian Standard Time)
during the summer campaigns to get sufficient deposition of
eight different size fractions of PM.

All the filters were kept in a desiccator for about 24 h
before and after sampling to remove moisture and weighed
three times using a microbalance (Mettler Toledo-XS105DU,
0.1-μg sensitivity) at room temperature 21±5 °C. The average
weight was calculated using the arithmetic mean of three re-
corded values of each filter. PM mass concentrations were
calculated gravimetrically by taking the difference between
post- and pre-weight of filters. All the filters were placed in
airtight Petri dishes in the freezer (−4 °C) until further chem-
ical analysis. A detailed description of filter conditioning is
reported in a companion paper (Soni et al. 2020).

Moreover, real-time BC mass concentrations were also
measured continuously using an Aethalometer AE-33
(Magee Scientific, USA) during the sampling campaigns. In
the present study, per minute BC data were utilized for further
analysis. A detailed description of BC measurements and data
treatment is reported in our earlier paper (Soni et al. 2019).

Chemical composition measurement

For the water-soluble chemical composition measurement, the
PM containing quartz and glass fiber filters having a diameter
of 46.2 mmwere cut into halves and extracted in 5 ml ofMilli-
Q water (18.2 MΩ) followed by shaking with a mechanical
shaker (60 min.). The 81-mm glass fiber filters were soaked in
10 ml ofMilli-Q water (18.2 MΩ), also followed by 60 min of

Fig. 1 The study sites in Northern India. On the left side of the figure, a map of India. On the right side, the measurement site map situated in the
Uttarakhand state of India. The digital elevation model data was acquired from https://www.diva-gis.org/
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mechanical shaking. For both quartz and glass fiber filters, the
extract was filtered through a 0.45-μm syringe PTFE filter
(PALLCorporation, ICAcrodisc) and analyzed with ion chro-
matography (Dionex ICS-2000) for the measurement of fif-
teen inorganic and organic ion species (cations, NH4

+, methyl-
amine, ethylamine, K+, dimethylamine, diethylamine,
trimethylamine, Mg2+, and Ca2+; anions, acetate, formate,
MSA, NO3

−, SO4
2−, and oxalate). However, some organic

cations such as methylamine, ethylamine, dimethylamine,
diethylamine, and trimethylamine were observed below the
detection limit; thus, they were excluded from further discus-
sion. Ammonium measurements of the glass fiber filters were
removed from the data matrix due to the high uncertainty
associated with the filter media. Moreover, water-extracted
samples were also analyzed in a total organic carbon (TOC)
analyzer (Shimadzu TOC-5000A) for water-soluble organic
carbon (WSOC) measurement. A detailed description of IC
and TOC measurement procedures was reported elsewhere
(Saarikoski et al. 2012; Montero-Martínez et al. 2014;
Paglione et al. 2014; Sandrini et al. 2016).

For the acid-soluble chemical composition measure-
ment, each of the PTFE filters was divided into two parts
and subsequently heated in a microwave digester with
HNO3 to HClO4 ratio of 4:1 (MARS 6, CEM, USA)
(Geladi and Adams 1978; Prabhu and Shridhar 2019;
Soni et al. 2020; Panwar et al. 2020). The extracted sam-
ples were diluted, filtered, and analyzed in an atomic
absorption spectrometer (AAS) to measure six chemical
elements (such as Cd, Cr, Cu, Fe, K, and Zn). A detail
about the acid-soluble chemical composition measure-
ment procedure is reported in our earlier publication
(Soni et al. 2020). Due to the significant uncertainty in
AAS results of glass fiber filters collected during the
summer, these filters were not further analyzed for acid-
soluble elements.

Every 5 days, one field blank was collected throughout
the sampling campaigns. These field blanks and several
laboratory blank filters were also extracted and analyzed
for water-soluble and acid-soluble chemical compositions.
The mass concentrations of chemical species were calcu-
lated based on the regression equation of the calibration
curve (R2>0.99) using absorbance/area values of AAS and
IC. For the detection limit calculation, blank Milli-Q wa-
ter (18.2 MΩ) was analyzed several times in AAS and IC.
The method of detection limit (MDL) of each chemical
species was calculated by multiplying the standard devia-
tion of chemical species in blank Milli-Q with t-statistics
at a 95% confidence interval (Soni et al. 2020). The
chemical species that did not respond to blank Milli-Q
water then signal to noise ratio (S/N) were considered a
detection limit. Finally, all the reported chemical data
were subtracted from the field blank. The MDL value of
each chemical element is reported in Table 1.

Optical properties and direct aerosol radiative forcing
calculations

Aerosol optical parameters such as the aerosol optical depth
(AOD), Ångström exponent, single-scattering albedo (SSA),
and asymmetric parameter (AP) were estimated using the
Optical Properties of Aerosols and Clouds (OPAC) model
(Hess et al. 1998). The model allows users to select different
aerosol types with different proportions and calculates spec-
trally resolved bulk aerosol optical properties, which then can
be utilized as an input to a radiative transfer model. In this
study, the ground-based aerosol chemical composition and
BC mass concentration (soot) were used to decide the propor-
tion of water-soluble, insoluble, mineral dust, and soot aerosol
types and were input into the model to obtain optical proper-
ties from OPAC. Due to the unavailability of mineral dust,
mass closure of mineral dust was estimated by data extracted
from nearby sites (Arun et al. 2019). Mass closure of chemical
composition data used for the direct aerosol radiative forcing
calculations is shown in Table 2. The observed surface con-
centration cannot be directly used to calculate AOD since the
AOD is a measure of columnar concentration. Hence, optical
properties such as single-scattering albedo and asymmetry
parameter (ASP) were taken from the OPAC model, while

Table 1 Method of detection limit (MDL) of particulate matter
associated with each chemical species

Chemical species MDL (ppb) (*ppm)

NH4
+ 0.02

Methylamine 0.04

Ethylamine 0.46

K+ 0.45

Dimethylamine 0.69

Diethylamine 0.43

Trimethylamine 0.84

Mg2+ 0.04

Ca2+ 0.19

Acetate 0.21

Formate 0.14

MSA 0.11

NO3
− 0.18

SO4
2− 0.13

Oxalate 0.13

Cd 0.01*

Cr 0.05*

Cu 0.03*

Fe 0.13*

K 0.04*

Zn 0.03*

Asterisk marked MDL values are in ppm unit
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the AOD was utilized from the MODIS satellite from a period
of ground-based observations. The approach has been used in
several studies before (Gadhavi and Jayaraman 2004, 2010;
Jayaraman et al. 2006; Satheesh and Srinivasan 2006;
Ramachandran and Kedia 2010). In the present study, level-
2 MODIS Terra C6.0 deep blue AOD product at 550 nm was
used mainly because it showed good association (r≈0.90,
p<0.05) with ground-based neighboring AERONET station
(Kumar et al. 2018).

The spectral optical properties of composite aerosols ob-
tained by the OPAC model, such as AOD, Ångström expo-
nent, SSA, and ASP, were incorporated into the Santa Barbara
DISORT Atmospheric Radiative Transfer (SBDART) model
(Ricchiazzi et al. 1998) to obtain shortwave (0.3 to 3 μm)
radiative fluxes at the surface and the top of the atmosphere
(TOA). Along with optical properties, the MODIS-derived
surface reflectance, column water vapor, and Ozone
Monitoring Instrument (OMI) column ozone over the study
sites were also essential parameters for the aerosol radiative
forcing (ARF) calculations. The SBDART model uses the
assumption of a plane-parallel atmosphere. A detail about
the basic assumptions involved in the model calculation and
related uncertainties is mentioned in Sect. S2 in the supple-
mentary text. Furthermore, the detailed methodology of ARF
calculations and associated uncertainties is reported in previ-
ous studies (Kedia et al. 2010; Ramachandran and Kedia
2010; Satheesh et al. 2010). A detailed description of the
ARF calculation is illustrated in the flowchart (Fig. 2).

Results and discussion

Variation of atmospheric aerosols

The variability of PM10, fine PM (PM2.5 or PM2.1), and black
carbon (BC) mass concentrations during the sampling periods
is shown in Fig. 3. During the summer sampling period, av-
erage PM10, PM2.1, and BC were observed to be 189.95 ±

86.14, 68.38 ± 34.42, and 4.16 ± 3.67 μg m−3, respectively.
These values were in contrast to the winter sampling cam-
paign at S1-GH when the measured concentrations were ob-
served to be 28.47 ± 8.72, 19.02 ± 4.76, and 1.85 ± 2.23 μg
m−3, respectively. At the site S2-LH during the summer, the
average PM10, PM2.1, and BC concentrations were observed
to be 250.43 ± 80.44, 86.54 ± 26.18, and 5.85 ± 3.21 μg m−3,
respectively (Fig. 3). At both study sites during the summer,
PM mass concentrations were observed to be higher than the
24-h permissible limit stipulated by the Central Pollution
Control Board of India (CPCB) for eco-sensitive zone (100
and 60 μg m−3 for PM10 and PM2.5, respectively) and World
Health Organization (WHO) (50 and 25 μg m−3 for PM10 and
PM2.5, respectively). In comparison, PM mass concentrations
at S1-GH were observed to be within the permissible limits
during the winter.

Interestingly, PM mass concentrations were observed to be
low during the winter periodwhen the neighboring IGP region
reels under extensive emissions of aerosols. In contrast, high
PM concentration was observed during the summer. The var-
iability in PM mass concentrations can be related to the dif-
ference in boundary layer conditions during summer and win-
ter campaigns. During the summer, the boundary layer re-
mains deeper, which might favor aerosol transportation from
the IGP regions, whereas the boundary layer remains shallow
during the winter, which might restrict the transportation (Fig.
S1 in supplementary text). In addition, the high concentrations
during the summer can also be related to an intensification of
the local anthropogenic sources. Pilgrimage activities involve
wood and coal burning for heating and cooking purposes,
waste burning, vehicular emissions, and soil resuspension as-
sociated with vehicular movement. Also, it is worth mention-
ing that more than 4000 ha of forest cover were burned during
the summer sampling campaigns across the state of
Uttarakhand (Indian Express 2016). In contrast to summer,
human influence is low during winter since the majority of
the local people migrate to lower altitudes due to the extreme
cold. Several earlier studies have reported similar seasonal
trends of aerosol mass concentrations over the Himalayan
regions (Nair et al. 2013; Sundriyal et al. 2018; Soni et al.
2019; Negi et al. 2019).

The fine to coarse mass ratio (PM2.5/PM10) study is an
important parameter to identify the dominant size fraction of
aerosols. In this study at site S1-GH, the fine to coarse mass
ratio was lower in summer than in winter, i.e., 0.36 and 0.67,
respectively. The most plausible reason for the lower summer
ratio could be soil resuspension from unpaved road use and
high vehicular movement associated with pilgrim activities.
Besides, some earlier studies have reported that the coarse PM
can also be transported from the western arid and semi-arid
regions (Sikka 1997; Hegde et al. 2007; Kumar et al. 2014).
However, the wind-rose diagram and air-mass back trajectory
analysis during the sampling campaigns reveal the minimal

Table 2 Mass closure of chemical composition data used for the direct
aerosol radiative forcing calculations

S1-GH S2-LH

Summer Winter Summer

PM10 PM2.1 PM10 PM2.5 PM10 PM2.1

Water-soluble 8% 14% 9% 20% 9% 11%

Water-insoluble 7% 8% 14% 16% 7% 8%

WSOC 14% 18% 50% 33% 14% 18%

Mineral dust 69% 54% 21% 21% 68% 58%

Soot 2% 6% 6% 10% 2% 5%
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influence of wind convergence from the western arid regions
or the Thar desert (Fig. S2 (a) and S3 (a) in supplementary
text). The results showed that the dominance of coarse parti-
cles during the summer was mainly localized rather than long-
range transported mineral dust. A similar trend was also ob-
served at the lesser Himalayan valley site (S2-LH).

Furthermore, the BC concentrations in the summer were
lower at S1-GH than that at S2-LH as expected, but the BC
fractions in PM10 were not that different between the two sites
(it is roughly 2–3% at both sites). That gave clear evidence of
active BC sources at the study sites because the BC mass
fraction was not lowered by mixing regional pollution with

Fig. 2 Flowchart showing the
methodology of direct aerosol
radiative forcing calculations

Fig. 3 Box and whisker plot of PM10, fine PM (PM2.5 or PM2.1), and
black carbon (BC) mass concentrations at the sampling sites during the
summer and winter sampling campaigns. The horizontal solid lines inside
the boxes indicate the median, and the solid squares indicate the mean.

The top and bottom of the box indicate the 75th and 25th percentile,
respectively, while the top and bottom extents of the whiskers indicate
the standard deviation (1σ). The top and bottom asterisk symbols
represent the maximum and minimum, respectively
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background aerosols (dust). Moreover, BC mass fractions
were the highest at S1-GH in winter (approximately 8%),
when the station is substantially disconnected by the IGP
due to shallow boundary layer, hence pointing to local com-
bustion sources (Soni et al. 2019).

Aerosol chemical composition and possible sources

Water-soluble chemical composition

The average mass concentrations of the water-soluble ions
along with the average cation-to-anion charge equivalent ra-
tios (Σ+/Σ−) are shown in Table 3. During the summer cam-
paign at S1-GH, the cation-to-anion charge equivalent ratio
showed a noticeable cation deficit with Σ+/Σ− ratio of 0.83
and 0.63 for PM10 and PM2.1. In contrast, cation-to-anion
charge equivalent ratios showed a noticeable anion deficit at
S2-LH withΣ+/Σ− ratio of 1.39 and 1.52 for PM10 and PM2.1.
Earlier studies have reported that the anion deficiency in aero-
sol samples is mainly due to a lack of bicarbonate measure-
ments (Venkataraman et al. 2002).

The percentage contributions of measured cations and an-
ions are shown in Fig. 4. At both the Himalayan study sites,
the major PM species were observed to be from sulfate (SO4

2

−), nitrate (NO3
−), and ammonium (NH4

+), which are consid-
ered the main components of secondary inorganic aerosol
(SIA). These SIA components contributed approximately
56–72% of the total ions associated with PM10 and 59–78%

of total ions associated with PM2.5. Usually, possible second-
ary inorganic compounds were ammonium sulfate
((NH4)2SO4) and ammonium nitrate (NH4NO3), which origi-
nated from the neutralization of acidic sulfuric acid and nitric
acid with ammonia (Gupta and Mandariya 2013). Besides the
ammonium ion, crustal ions Ca2+ and Mg2+ can also neutral-
ize the acidic SO4

2− and NO3
− ions (Possanzini et al. 1988).

The neutralization factor can be used to evaluate the neu-
tralization capacity of NH4

+, Ca2+, andMg2+ with acidic SO4
2

− and NO3
−. In the present study, neutralization factors were

calculated and shown in Table 4. A detail about the calculation
of the neutralization factor is mentioned in Sect. S3 in the
supplementary text. The neutralization factors for summer
campaigns were not reported mainly due to significant uncer-
tainty associated with ammonium ion measurement from the
glass fiber filters. However, it is worth mentioning that the
ammonium ions contributed significantly during the winter
campaign (Table 3), giving indirect evidence that ammonium
ions could be present significantly during the summer cam-
paigns as well.

Nevertheless, a significant fraction of Ca2+ ion is present
even at fine-mode PM (Fig. S4 in the supplementary text),
pointing to diffuse crustal sources from local and distant emis-
sions. That has also importance for condensation or fixing of
nitrate in particulate form when the semivolatile ammonium
nitrate salts tend to partition to the gas phase. During all the
sampling campaigns at both the Himalayan study sites, the
neutralization capacity of crustal Ca2+ with acidic anions

Table 3 Average±1σ (median) mass concentration of aerosols and its associated water-soluble chemical composition at the study sites during the
sampling campaign in μg m−3

S1-GH S2-LH

Summer Winter Summer

PM10 (n=12) PM2.1 (n=12) PM10 (n=15) PM2.5 (n=15) PM10 (n=11) PM2.1 (n=11)

PM 189.95±86.14 68.38±34.42 28.47±8.72 19.02±4.76 250.43±80.44 86.54±26.18

BC n/a 4.16±3.67 n/a 1.85±2.23 n/a 6.26±3.31

WSOC 25.82 12.25 14.30±7.15 6.31±2.35 n/a n/a

Acetate <DL <DL <DL 0.09±0.07 (0.08) <DL <DL

Formate <DL <DL <DL 0.06±0.10 (0.02) <DL <DL

MSA <DL <DL <DL 0.02±0.02 (0.01) <DL <DL

NO3
− 1.40±0.68 (1.16) 0.40±0.26 (0.31) 0.32±0.20 (0.37) 0.20±0.08 (0.18) 4.26±2.15 (3.99) 0.91±0.54 (0.60)

SO4
2- 3.48±2.85 (2.41) 2.90±2.63 (2.19) 1.14±0.62 (0.94) 1.55±0.82 (1.26) 8.08±4.48 (8.66) 5.60±3.60 (5.15)

Oxalate2- 0.36±0.18 (0.25) 0.18±0.11 (0.12) 0.20±0.08 (0.21) 0.09±0.07 (0.06) 1.05±0.69 (0.83) 0.53±3.07 (0.33)

NH4
+ n/a n/a n/a 0.20±0.20 (0.12) n/a n/a

K+ 0.63±0.49 (0.49) 0.26±0.16 (0.22) 0.09±0.07 (0.07) 0.11±0.11 (0.09) 2.99±1.11 (2.83) 1.22±0.58 (1.14)

Mg2+ 0.11±0.09 (0.08) 0.05±0.04 (0.03) 0.03±0.01 (0.02) 0.03±0.02 (0.03) 0.49±0.70 (0.29) 0.21±0.31 (0.12)

Ca2+ 0.81±0.58 (0.74) 0.43±0.42 (0.33) 0.58±0.43 (0.54) 0.23±0.16 (0.20) 5.01±6.11 (3.93) 2.51±3.26 (2.11)

Σ+/Σ− 0.83 0.63 1.30 0.63 1.39 1.52

<DL, below detection limit; n/a, not available; Σ+ , number equivalent of total cation; Σ− , number equivalent of total anion
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was highest. At S1-GH, the total neutralization factor was
observed below unity, which depicted that the aerosols were
acidic. In contrast, the total neutralization factor was observed
above the unity at S2-LH, which depicted that most acidic
anions were neutralized.

As mentioned in an earlier section, local anthropogenic
activities were assumed to be the most prominent sources of
atmospheric aerosols over the high-altitude Himalayan study
sites. Therefore, the mass concentrations of anthropogenic
source marker ions (non-crustal_K+, NO3

−, and SO4
2−) ob-

served during the sampling campaigns are segregated and
shown in Fig. 5. The nitrate was associated mainly with coarse
PM10 particles during all the measurement campaigns, which
are less efficient for the long-range transported aerosols. Thus,
the prominent emission sources of nitrate precursors in this
area are expected to be from local anthropogenic activities.

During the summer campaigns, the total concentrations of
these anthropogenic ionic compounds were much more sig-
nificant at S2-LH than that at S1-GH in PM10. However, the
difference was less significant for PM2.5, especially for sulfate
(half of the samples at S2-LH show sulfate concentrations in

line with those at S1-GH). It is not easy to assess the origin of
sulfate in PM2.5 particles because it is a typical secondary
aerosol compound that can accumulate during transport.
Previously, Arun et al. (2019) reported sulfate mass concen-
trations in the range of 0.17 to 0.50 μg m−3 at the neighboring
background site in Western Himalayas (4080 m a.s.l.). In the
present study at S1-GH, sulfate concentration in fine PM was
approximately an order of magnitude higher than the back-
ground Western Himalayan site. The observed high sulfate
fractions gave clear pointers that the study site was significant-
ly influenced by the secondary aerosol formation associated
with combustion sources in high Himalayan valleys. In addi-
tion, a significant correlation between sulfate and oxalate
(r=0.60, p<0.05) associated with PM2.5 gave strong evidence
of secondary aerosol formation. Oxalate is the most abundant
dicarboxylic acid in organic aerosols and also an important
constituent of secondary organic aerosols (SOA) (Kawamura
and Ikushima 1993; Kawamura and Yasui 2005).

During the winter, the mass fractions of the anthropogenic
ionic compounds (non-crustal_K+, NO3

−, and SO4
2−) in PM

tend to be higher at S1-GH with respect to the summer despite
the small PM concentrations. The high fractions of these an-
thropogenic ions were observed during the year when trans-
port from IGP was unlikely. The NO3

− showed the
partitioning to coarse particles during the winter campaign,
which is similar to the summer campaigns. These results in-
dicated the influence of local combustion sources in the high
Himalayan valley even during the low-pilgrimage period. Our
earlier study (Soni et al. 2019) also reported similar results; the
local biomass/biofuel burning led to high BC mass concentra-
tions, especially during the morning hours.

The significant fractions of WSOC associated with the
PM10 (50%) and fine PM (33%) showed dominant contribu-
tions of organic aerosols during the winter. The plausible rea-
sons for the high fractions of WSOC associated with PM10

could be contributions from the localized biomass burning
emissions, as no other ions increase in coarse PM10 except
for nitrate. The WSOC fraction is oxygenated organic com-
pounds directly emitted from the primary combustion process-
es and/or are formed through secondary processes (Saxena
and Hildemann 1996). Similar to summer campaign, sulfate
concentration in PM2.5 was approximately an order of magni-
tude higher than the background Western Himalayan site
(Arun et al. 2019), which gave clear pointers that the second-
ary aerosol formation significantly influenced the study site.
Furthermore, a significant correlation between sulfate and
SOA marker oxalate and WSOC associated with PM2.5

strengthens secondary aerosol formation evidence (r≥0.35,
p<0.05).

During the winter sampling campaign, very low levels of
acetate (CH3COO

−), formate (HCOO−), and MSA (methane
sulfonic acid) were also observed in the fine PM2.5 (7% of
total ions). MSA is generally considered a tracer for marine

Fig. 4 Percentage contribution of water-soluble ionic composition
associated with the PM10 and fine PM (PM2.5 or PM2.1) during the
winter and summer sampling campaigns

Table 4 The neutralization factor (NF) of NH4
+, Ca2+, and Mg2+ with

acidic SO4
2− and NO3

−

S1-GH S2-LH

NF Summer Winter Summer

PM10 PM2.1 PM10 PM2.5 PM10 PM2.1

NH4
+ n/a n/a n/a 0.24 n/a n/a

Ca2+ 0.56 0.44 0.83 0.36 0.98 1.23

Mg2+ 0.12 0.08 0.06 0.08 0.16 0.13

NH4
++Ca2++

Mg2+
0.68 0.52 0.89 0.64 1.14 1.36

Presented data are in μeq m−3
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aerosols (Andreae 1986). There is also evidence that a minor
fraction of MSA can be emitted from forests (Andreae et al.
1990; Lukács et al. 2008). As the present study sites are far
away from anymarine aerosol sources, emittedMSA could be
mainly of biogenic origin. Moreover, the acetate, formate, and
MSA were significantly correlated with the SOA marker ox-
alate as well as WSOC (r≥0.49, p<0.05). These results indi-
cated that the SOA formation could be due to the oxidation of

biogenic volatile organic compounds emitted from the neigh-
boring forested regions.

Throughout the campaigns, oxalate was observed to be in
the range of 3–8% of the total water-soluble ionic composi-
tion. The highest concentration of oxalate was observed to be
in size range of 2.1–3.3 μm (Fig. S4 in the supplementary
text). Interestingly, oxalate observed in fine PM2.5 samples
was also strongly correlated with the Mg2+ ion, especially

Fig. 5 Contribution of anthropogenic water-soluble ions associated with
the PM10 and fine PM (PM2.5 or PM2.1) during the winter and summer
sampling campaigns. (a) and (b) represent the ionic compositions during

the summer at S1-GH and S2-LH; (c) represents the ionic compositions
during the winter at S1-GH
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during the winter period at S1-GH (r=0.83, p<0.05). The
particle-phase oxalate can also exist as a metal oxalate com-
plex, which ultimately makes oxalate species more insoluble
or less hygroscopic than non-complexed oxalate species
(Furukawa and Takahashi 2011).

Acid-soluble chemical elements

The average mass concentrations of the acid-soluble chemical
elements are shown in Table 5, and their percentage contribu-
tions are represented in Fig. 6. During the winter period at site
S1-GH, these acid-soluble chemical elements constitute ap-
proximately 13% and 16% of the total PM10 and PM2.5, re-
spectively, depicting that most of these elements were associ-
ated with the finer PM2.5 particles. The trends in the average
mass concentration of the chemical elements during the winter
followed the order of Fe>Cu>K>Zn for PM10 and
Cu>Fe>K>Zn for PM2.5. Both Cu and Fe are very high in
concentrations and are ubiquitous in crustal and combustion
sources (Mao et al. 2017). However, time trends of Cu and Fe
did not correlate, which suggests contributions from different
sources. The high Himalayan study region (S1-GH) is
surrounded by the apple orchards, which is the primary econ-
omy of local residents besides tourism. Every year, apple or-
chard owners spray Cu-based fungicides (copper hydroxide or
copper oxychloride) to control canker after harvesting of ap-
ple, especially during November. It is expected that the high
fractions of Cu could be due to fungicide spray, as the mea-
surement campaign was also focused on during November.
Very few studies have reported the influence of Cu-based
fungicides on orchard soil (Arias et al. 2005; Wang et al.
2015). However, the present study results gave a pointer that
the Cu-based fungicides can lead to high Cu in the atmospher-
ic particle phase. Acid-soluble K has multiple sources such as

biomass burning, fossil fuel combustion, waste burning, dust,
and sea salt (Lawson and Winchester 1979; Andreae 1983).
Earlier, several authors have reported a K/K+ mass ratio for
different emission sources. For instance, the ratio for biomass
burning and dust should be about less than two (approximate-
ly 1.17–2.01) and greater than three (approximately 3.93–
8.27), respectively (Yu et al. 2018). In the present study, the
K/K+ mass ratio was observed to be 3.90 during the winter
campaign at S1-GH. The high ratio indicated that the domi-
nant fraction of K was mainly of geographic crustal origin.

Direct aerosol radiative forcing

Down-welling and up-welling aerosol radiative fluxes at the
surface, top of atmosphere (TOA), and atmosphere have been
estimated through a combination of OPAC (Hess et al. 1998)
and SBDART (Ricchiazzi et al. 1998) models. In brief, we
used the OPAC model to get aerosol optical properties based
on the observed chemistry of aerosol. Since often smaller
aerosols contribute more in aerosol radiative forcing than big-
ger aerosols, we separately estimated optical properties for
PM2.5 and PM10 as the relative contribution of aerosol types
varied. The mean value of surface, TOA, and atmosphere
radiative forcing is shown in Fig. 7.

At the greater Himalayan study site (S1-GH), the direct
aerosol radiative forcing (ARF) values at the TOAwere nearly
zero for PM10 aerosol for both the sampling periods and PM2.5

in winter. The TOA ARF was calculated around +1.1 W m−2

for PM2.5 in summer. The high values of TOA ARF for PM2.5

in summer are due to a relatively higher percentage of black
carbon particles (6%). The surface and atmospheric ARF ex-
hibit significant changes from summer to winter. This change
is mainly because of lower aerosol optical depth (AOD) in
winter than that in summer. TheMODIS-derived AOD during
the sampling campaign is shown in Fig. S5 in supplementary
text. Also, the difference in the solar insolation period contrib-
utes significantly. During winter over the Himalayas, the solar
insolation periods are significantly shorter, allowing less ab-
sorption and scattering by aerosols. Overall, the estimated

Table 5 Average±1σ (median) mass concentration of aerosols and their
associated acid-soluble elements at the S1-GH during the winter sampling
campaign in μg m−3

Winter

PM10 (n=15) PM2.5 (n=15)

PM 28.47±8.72 19.02±4.76

BC n/a 1.85±2.23

Cd <DL <DL

Cr <DL <DL

Cu 1.22±0.69 (1.15) 1.25±0.72 (1.18)

Fe 1.35±1.49 (1.01) 0.76±0.70 (0.51)

K 0.59±0.38 (0.64) 0.44±0.26 (0.43)

Pb 0.36±0.22 (0.32) 0.40±0.47 (0.23)

Zn 0.13±0.13 (0.06) 0.22±0.13 (0.23)

<DL, below detection limit; n/a, not available

Fig. 6 Pie charts representing the percentage contribution of the acid-
soluble elements. (a) represents acid-soluble elements associated with
PM10, (b) represents acid-soluble associated with PM2.5
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ARFwas observed to be lower than that observed at the neigh-
boring Himalayan Manora peak station (Srivastava et al.
2015).

Nearly zero TOA ARF and large negative surface ARF
mean absorbing aerosol, which outweighs the scattering in
causing the radiative forcing. The absorbing nature of aerosol
contributes to additional heating of the atmosphere, reflecting
as positive atmospheric radiative forcing. The atmospheric
forcing of fine PM (PM2.5 or PM2.1) was high compared to
PM10, and we attribute this mainly to a higher fraction of
absorbing BC particles present in fine PM.

Conclusions

In the present study, size fractions of particulate matter (PM)
and black carbon (BC) mass concentrations were measured at
data-deficient high-altitude Himalayan valley sites (2600 m
a.s.l. and 1200 m a.s.l.) during the winter and summer months
of the years 2015–2016. The PM samples were analyzed for
their chemical composition as a function of size to identify
possible emission sources. Moreover, mass closure of the
chemical compositions of PM was used to estimate direct
aerosol radiative forcing (ARF).

The average mass concentration of PM10 and PM2.5

during the summer was much higher than the permissible
limit set by the Central Pollution Control Board of India
for eco-sensitive zone and the World Health Organization
(WHO). Based on the chemical characterizations, attribut-
ed major emission sources were pilgrimage/touristic activ-
ities and forest fires in the valley during the summer. All
these emission sources at the greater Himalayan study site
(S1-GH) raised PM10, PM2.5, and BC mass concentrations
by around 7, 4, and 2 times higher than the low-
pilgrimage winter campaign (when human influence was
negligible), respectively.

Interestingly, the chemical and air-mass back trajectory
analysis revealed that local emission sources substantially in-
fluence the study sites, even though the region was not influ-
enced by the seasonal pilgrimage movement and forest fires.
While most studies in the Himalayas have addressed pollution
in the high Himalayas in terms of transport from Indo-
Gangetic Plains (IGP), our study provides clear evidence that
local sources cannot be overlooked. The chemical analysis of
PM also indicated secondary aerosol formation from the oxi-
dation of biogenic volatile organic compounds emitted from
the neighboring forested regions, especially during the winter.
Surprisingly, particle-phase Cu was observed to be one of the
highest fractions of acid-soluble elements; attributed primary
reason is the use of Cu-based fungicides for apple orchards in
the surrounding regions, which was instead noticed or studied.

For PM10 measured at S1-GH, direct aerosol radiative forc-
ing (ARF) at the top of the atmosphere was estimated to be
between −0.1Wm−2 (in winter) and +0.1Wm−2 (in summer),
while the surface ARF was estimated to be between −1.8 W
m−2 (in winter) and −5.3 W m−2 (in summer). The estimated
ARFwas observed to be lower than that observed at the neigh-
boring Himalayan Manora peak station. For PM10 measured
at S2-LH, direct ARF was estimated to be +1.6, −29.1, and
+30.7 at the top of the atmosphere, surface, and atmosphere,
respectively. From the direct ARF estimations, it is inferred
that the aerosol causes significant absorption and hence
heating in the atmosphere over these high altitude
Himalayan study sites.

Although this study is restricted to the short sampling
campaigns over the Himalayas due to the lack of constant
power supply, shelters, and other resources, there are clear
pointers that the localized emissions significantly influ-
ence the local air quality over the Western Himalayas,
even though human influence and forest fires were negli-
gible. The present study has attempted to identify all pos-
sible sources of atmospheric aerosols and their climatic
impact (such as direct ARF) based on the chemical

Fig. 7 Direct aerosol radiative forcing (ARF) at surface, TOA, and atmosphere during summer and winter. (a) represents the ARF of PM10, (b) the ARF
of fine PM
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compositions at the data-deficient Western Himalayan re-
gion. Aerosol/air pollution monitoring networks over this
region of the Himalayas are very scarce. Therefore, it is
anticipated that this study will open the way for better
longterm assessment and its impacts (regionally as well
as globally) of primary as well as secondary aerosols in
this region of Western Himalayas.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-15609-4.
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