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ARTICLE INFO ABSTRACT

This study reports comprehensive analysis of seasonal and inter-annual variations of aerosol optical and physical
properties over the Pokhara Valley in the foothills of central Himalayas in Nepal utilizing the high-quality multi-
year columnar aerosol data observed recently from January 2010 to December 2017. The influence of forest fires
and agro-residue fires on aerosol properties is also investigated. Seasonal mean aerosol optical depth (AOD) over
Pokhara is =0.3 during the year, highest in pre-monsoon and lowest in monsoon season. AOD exhibits a con-
sistent seasonal cycle every year with a peak in pre-monsoon. Fine mode fraction contributing to AOD and
Angstrﬁm exponent (a) corroborate seasonal pattern of AODs. AODs show good correlation with fire counts in
the Pokhara Valley and surrounding region. The aerosol volume size distributions are bimodal. The peaks in
volume size distribution and volume concentrations obtained in 2016 pre-monsoon are the highest during the 8-
year observation period which coincided with peaks in the occurrence of highest number of fires in the Pokhara
Valley and surrounding region. Effective radius of coarse mode aerosols is an order of magnitude larger than fine
mode aerosols. The analysis of optical and physical properties of aerosols over the Pokhara Valley suggest that
the aerosols observed over the Himalayan foothills are of urban/industrial, biomass burning and dust origin with
proportional contributions varying in different seasons. The study provides observational constraints on aerosol
physical and optical properties that can serve as inputs for model simulation of aerosol physiochemical processes
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and quantification of impacts on air quality, climate and sensitive ecosystems in this data-sparse region.

1. Introduction

The Himalayas and the surrounding regions are characterized with
several sensitive ecosystems of global importance, as well as highly
vulnerable populations, yet, they remain one of the least studied re-
gions in the world. The Himalayan foothill region, situated between
heavily-polluted Indo-Gangetic Plains (IGP) to the south and the rela-
tively cleaner Himalayan-Tibetan mountain regions to the north, pro-
vides a unique natural setting to study properties of aerosols originated
within the foothills of the Himalayas and upwind regions such as IGP
that are transported northwards to mountain regions, a poorly sampled
region in terms of atmospheric observations. Air pollution is a major
cause that impacts the Himalayas and the surrounding regions, as not
only the health of large populace of people and ecosystems are affected,
but also the crops, climate, cryosphere and monsoon patterns (Saikawa
et al., 2019 and references therein). The air pollutants emitted from
both natural and manmade sources such as biomass burning (e.g.,
burning fire wood, forest fires) and fossil fuel combustions within and
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upwind of the region constitute the aerosols present over the Himalayas
and the Tibetan Plateau region. Aerosols exhibit large temporal and
spatial variations across the Himalayas (Liithi et al., 2015; Rupakheti
et al., 2019; Singh et al., 2019; Chen et al., 2019). Atmospheric dy-
namics plays an important role in the transport, transformation and
removal of aerosols from west Asia, the Indo-Gangetic Plains (IGP) to
the Himalayan foothills and the Tibetan Plateau regions (Liithi et al.,
2015; Singh et al., 2019 and references therein). The effects of
boundary layer dynamics on PM, 5 and black carbon (BC) aerosol mass
concentrations have been studied over the IGP, at the foothills of the
Himalayas, and the Himalayan mountain region (Raatikainen et al.,
2014; Putero et al., 2018). Earlier studies showed that the aerosol
loading peaks in the region generally during pre-monsoon season
(Gautam et al., 2011; Raatikainen et al., 2014; Singh et al., 2019;
Rupakheti et al., 2019). Diverse aerosol emissions (dust, BC, nitrate,
sulfate and organics) from natural and manmade sources give rise to a
persistent blanket of haze characterized by heavy aerosol loading over
the IGP and downwind regions, including the Himalayan foothills,
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almost throughout the year (Ramanathan et al., 2007a; Lawrence and
Lelieveld, 2010; Kedia et al., 2014; Cho et al., 2017). The quantification
of aerosol properties over heavily polluted source regions in South Asia,
notably the IGP, as well as the downwind regions that receive the
pollution outflow, such as the Himalayan mountains, are still highly
uncertain as these regions are still poorly sampled (Gustafsson and
Ramanathan, 2016; Lawrence and Lelieveld, 2010). Further, model si-
mulation of aerosol characteristics in high-altitude locations, including
the Himalayan-Tibetan Plateau region, is uncertain due to complex
orography and transport occurring on vertical and horizontal scales
including convection and local mountain-valley circulations in the
complex topography (IPCC, 2013; Myhre et al., 2013).

The Himalayan foothill region is affected every year by biomass
burning emissions within the region and from north India (Liithi et al.,
2015; Rupakheti et al., 2017; Bhardwaj et al., 2018; Mahata et al.,
2018; Singh et al., 2019). These biomass burning emissions occur
during pre-monsoon and post-monsoon seasons due to forest fires, and
burning of crop waste. In addition, the emissions from fuels used in
domestic cooking and heating constitute biomass burning which is ac-
tive throughout the year over this region. Earlier studies showed en-
hancement in ozone (O3) and carbon monoxide (CO) levels during these
seasons due to the biomass burning emissions in the IGP and Himalayan
foothills in India and Nepal (Rupakheti et al., 2017; Bhardwaj et al.,
2018; Mahata et al., 2018). Recently the impacts of intense haze events
on aerosol optical properties and radiative forcing over Lumbini in
southern Nepal were reported, which is a result of regional urban/in-
dustrial and biomass burning emissisions transported to Lumbini region
under favorable meteorological conditions (Rupakheti et al., 2020). On
local and global scales, identifying the factors that drive climate
change, including air pollution, are crucial to effectively reduce emis-
sions and their impacts (Meng et al., 2019). The global emissions of fine
PM and its precursor gases continued to grow between 2004 and 2011
(Meng et al., 2019). Emissions of key air pollutants and climate forcing
species (e.g., BC, SO,, CO) in South Asia showed slightly increasing
trends during 2004-2011 (Meng et al., 2019). In the previous studies,
physical, chemical and optical properties of aerosols obtained over the
Himalayas (including a couple of sites in the Himalayan foothills such
as Pokhara, Hetauda, Kathmandu in Nepal) have been analyzed (e.g.,
Gautam et al., 2011; Raatikainen et al., 2014; Cho et al., 2017), how-
ever, almost all the studies have been limited either to a particular
season or a one/two years of data, a limited set of aerosol properties,
and/or only surface or only columnar measurements. Model simula-
tions of aerosol characteristics in high-altitude locations over a moun-
tainous region are difficult, and uncertain as mentioned earlier. Remote
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sensing (satellite) of aerosols can provide regional/global coverage,
however, they lack in accuracy and resolution. For example, the un-
certainty/error estimate in MODIS AOD:s is a function of AOD value
(= 0.05 = 0.15A0D) (Levy et al., 2013). The satellite AODs also were
found to not compare well with AODs observed with the in situ Aerosol
Robotic Network (AERONET) in mountainous regions (Levy et al.,
2013). Further, remote sensing observations have limitations as they
can retrieve only a few aerosol characteristics, such as columnar con-
tent (AOD), as compared to ground-based measurements (e.g., it is
difficult to retrieve aerosol size distribution). Vertical profiles of aerosol
extinction from space-based lidar are available from CALIPSO at a
horizontal resolution of 40 km, and the measurement uncertainty is
about 40% (http://wdc.clr.de/sensors/calipso). Further, the sampling
frequency is lower, as CALIPSO repeats orbit once in 16 days over the
same location, and therefore an exact overpass over a particular or the
same location occurs only once (or at the most twice) in a month. Thus,
ground-based in situ measurements available almost on a daily basis are
more accurate, and best suited to examine the seasonal and inter-an-
nual variabilities of aerosol characteristics over Pokhara Valley, a high-
altitude location situated in a mountain region.

In this study, for the first time, we comprehensively analyze the
seasonal and inter-annual variations of all the relevant key columnar
aerosol properties, relevant in the context of climate change, observed
over the Pokhara Valley in Nepal, a site in the Himalayan foothills using
the high-quality data obtained from January 2010 to December 2017.
The seasonal as well as year-to-year variations in aerosol levels, prop-
erties and their radiative effects over the Himalayan foothill region
(true for other regions as well) is expected to be influenced by the
seasonal emission strengths of different sources and source regions and
the seasonal meteorology during the year, and the inter-annual levels
are mainly controlled by the changes in emission strengths rather than
the inter-annual meteorological variations, as reported in a previous
study which found that the effects of inter-annual meteorological var-
iations on PM, 5 concentrations during 2013-17 were relatively small
in eastern China (Zhang et al., 2019). In addition, we investigate and
quantify the influence of fires (forest fires and agro-residue burning
fires) in the region on aerosol properties observed over Pokhara. In a
first of its kind examination, we determine the extent of influence/
contribution of local and regional scale biomass burning emissions
(fires mentioned above) on the physical and optical characteristics of
aerosols over Pokhara during the 8-year period and their seasonal, and
year to year variability. Furthermore, a regional scale analysis of optical
and physical characteristics of aerosols from different locations across
the IGP and the Himalayas (Figs. 1, 2) is also carried out with an
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Fig. 1. Location of the AERONET Pokhara site in Nepal. AERONET Lumbini site in the northern edge of the Indo-Gangetic Plain (IGP) and Kathmandu site in the

Himalayan foothills are also shown.
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(b) Pre—monsoon (MAM)
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Fig. 2. Seasonal mean synoptic winds (in ms ™ 1) at 925 hPa over the Indo-Gangetic Plain and Nepal during (a) winter (DJF), (b) pre-monsoon (MAM), (c) monsoon
(JJAS) and (d) post-monsoon (ON) for 2014-15. 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 under (b) and (d) correponds to 10 ms~!. Study locations in the Indo-Gangetic Plains, the Himalayan foothills and the Himalayas are shown

in the plots.

objective to compare and contrast the aerosols observed in different
seasons. The year to year variations in aerosol properties over the Hi-
malayan foothills, a transition region between the highly polluted IGP,
a global air pollution hotspot and the relatively cleaner Himalayan-
Tibetan mountain regions, including the effect of fires on aerosols in the
region, will be useful inputs for global/regional climate/chemistry
circulation models and can help quantify and address the impacts of air
pollution and climate change on such inter-disciplinary issues as agri-
culture, cryosphere, public health, and sustainable development of the
greater Himalayan region.

2. Data and analysis
2.1. Measurement site and meteorological conditions

Pokhara Valley (28.2°N, 83.9°E, 800 m above mean sea level), lo-
cated in the foothills of the central Himalayas, is the second largest
metropolitan region in Nepal (Fig. 1). Pokhara Valley region experi-
ences humid subtropical climate (hot, humid summer and cold, dry
winter), and is influenced by the South Asian monsoon system (Singh
et al., 2019). This region receives the highest amount of annual rainfall
in Nepal. Based on the prevailing meteorological conditions the seasons
over South Asia are classified as the winter (DJF: December, January,
February), pre-monsoon (MAM: March, April, May), monsoon (JJAS:
June, July, August, September) and post-monsoon (ON: October, No-
vember). The winter winds over Nepal, and generally over South Asia
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Fig. 3. Seasonal mean (a) aerosol optical depth (AOD) at 0.55 pm, (b) fine mode fraction (FMF) in AOD and (c) Angstrbm exponent (o) computed from the AODs in
the 0.44-0.87 um wavelength region for the years 2010 to 2017. The annual mean values of theseaerosol parameters and their + 1o (standard deviation) from the

mean are given for each year.

(Fig. 2a) are calm, and northerly/northeasterly, which are conducive to
accumulation of local and regional emissions and formation of annually
recurrent regional scale atmospheric haze, referred to as atmospheric
brown clouds (Ramanathan et al., 2007a). The pre-monsoon, and
monsoon (or rainy season) winds, which are stronger than winter
winds, are from southwesterly direction, and thus they transport dust
from arid regions (pre-monsoon), and moist air masses laden with sea
salt from the marine region and dust from arid regions to the west
(monsoon) (Fig. 2b, c). The post-monsoon winds are calm and undergo
transition in direction shifting from southwest to northeast (Fig. 2d).

2.2. AERONET measurements

The columnar aerosol content and aerosol size measured with
ground-based CIMEL Sun/sky radiometers during 2010-2017 at the
AERONET (Holben et al., 2001) (https://aeronet.gsfc.nasa.gov/) site at
the Pokhara Valley are analyzed. The CIMEL Sun/sky radiometers
measure direct solar and diffuse sky radiances in the spectral range of
0.34-1.02 pm (Holben et al., 2001). The field of view of the instrument
is about 1.2° and it makes direct solar radiation measurements roughly
every 15 min under clear sky condition. For direct solar measurement,

triplet observations are made at each wavelength for calibration (using
Langley technique) and to screen the clouds. In the present study, direct
solar measurements made at four spectral channels (0.44, 0.50, 0.675
and 0.87 pm), sky radiance measurements made at four spectral
channels (0.44, 0.675, 0.87 and 1.02 pm), are utilized. Details on the
measurement protocol for AERONET, calibration techniques, metho-
dology, data processing and quality can be found in literature (Holben
et al., 2001; Dubovik et al., 2000; O'Neill et al., 2003). The fine mode
fraction (FMF) is calculated as the ratio of fine mode AOD (due to
particles in 0.01-1.0 um radius range) to total AOD (due to all particles
in 0.01-10 pm radius range) at 0.50 pm from sky radiance measure-
ments. The [D\ngstrbm exponent (o) is determined from spectral AODs
measured in the 0.44-0.87 um wavelength range. The uncertainty in
AODs estimated using the direct solar radiation measurements is <
+ 0.01 for wavelengths > 0.44 um and is < =+ 0.02 for shorter wa-
velengths (Holben et al., 2001). The error in AERONET derived FMF is
~10% (O'Neill et al., 2003). The errors in the retrieved volume size
distributions are not significant in the radius range of 0.1-7 pm
(Dubovik et al., 2002).

At the AERONET sites observations are made at ca. 15-20 min time
intervals under the clear-sky conditions, resulting in with typically
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Fig. 4. Seasonal mean optical and physical properties of aerosols: (a) AOD, (b) FMF and (c) a obtained over Pokhara in comparison with other locations across the

Indo-Gangetic Plain (IGP), the Himalayan foothills and the Himalayas (Fig. 1).

about 20 measurements every day. During the monsoon season though
relatively less data is available, however, the retrieved aerosol prop-
erties are reliable as the observations during monsoon season also un-
dergo the same level of quality control and cloud screening similar to
the other seasons. The AERONET retrieved aerosol properties have the
highest accuracy for observations when solar zenith angle is between
50° and 80° (Garcia et al., 2008), and only those data that are within
this solar zenith angle range are utilized in the study. In the present
study, daily measurements collected during January 2010-December
2017 are used to calculate the monthly, seasonal and annual averages.
As mentioned earlier since level 2, quality-controlled, cloud-screened
and calibrated AERONET data are used in the study, the uncertainties in
the aerosol parameters are not expected to change any conclusions of
the study.

2.3. Fire counts

To study the influence of fires on aerosol properties, the data from
MODIS sensors onboard the Terra and Aqua satellite platforms that
detect fire spots globally on a daily basis at a spatial resolution of
1 km x 1 km are utilized. Detailed description of the MODIS fire de-
tection algorithm is provided in Giglio et al. (2016), and further details
are provided in the Algorithm Theoretical Document Basis (ATBD)
(http://modis-fire.umd.edu/files/atbd_mod14.pdf). In the present
study, we have utilized the MODIS Thermal Anomalies/Fire 5-Min L2
Swath 1-km data (Collection 006) retrieved from both Terra (MOD14)
and Aqua (MYD14) platforms from the NASA Fire Information for Re-
source Management System (FIRMS) (https://firms.modaps.eosdis.
nasa.gov/). In brief, each fire pixel detected by the thermal anomalies
algorithm at 1-km resolution is categorized in three confidence classes
based on its calculated confidence value (C) as low: 0% < C < 30%,
nominal: 30% < C < 80%, and high: 80% < C < 100%. The con-
fidence level in the detection of fire spot indicates the quality of in-
dividual fire pixels. Fire pixel data with confidence value C > 30%
assigned the confidence class of nominal and high are used in the present
study, since both confidence classes ensure fewer false detection of fire
pixels.

3. Results and discussion
3.1. Aerosol optical depth, fine mode fraction and Angstrém exponent

The seasonal mean AOD (at 0.55 pm) is =0.3 over Pokhara during
the 8-year period, except during 2011, 2012, 2013, and 2017 monsoon
seasons (Fig. 3). Every year AOD follows a recurrent seasonal cycle over
Pokhara - a gradual increase from January to April (peak) (winter to
pre-monsoon), followed by a decrease leading to lowest values during
monsoon months, and again a gradual increase through post-monsoon
and winter until it peaks around April in pre-monsoon season.
AODs > 0.3 over Pokhara (a high altitude site located at ca. 800 m asl)
during most of post-monsoon, winter and pre-monsoon months indicate
that the Pokhara Valley and surrounding region is heavily polluted
(Ramanathan et al., 2007b) almost throughout the year. The extent of
the influence of regional transport of emission on top of major local
sources (e.g., Singh et al., 2019) will be discussed in the following
section. The high aerosol content during winter and pre-monsoon over
the Pokhara Valley (Singh et al., 2019) can be attributed to the strong
convective activity in the IGP due to which polluted air masses near the
surface get lifted to higher altitudes and get advected northwards to the
Himalayan foothills and mountain regions (Kuhlmann and Quaas,
2010; Liithi et al., 2015; Singh et al., 2019). The advection of air masses
during pre-monsoon is also assisted by the strong updraft and the ex-
pansion of the planetary boundary layer (reported to be the highest in
the pre-monsoon in the IGP); these air masses routinely mix with sy-
noptic scale westerlies (Raatikainen et al., 2014; Putero et al., 2018;
Singh et al., 2019), and give rise to the highest AOD during the pre-
monsoon months (Fig. 3) every year. The FMF and a follow almost a
similar pattern. FMF is > 0.80 during post-monsoon and winter, and
decreases during pre-monsoon and monsoon. Furthermore, a is > 1
almost throughout the year, except it is < 1 in two monsoon season
(2010 and 2015). Higher FMF and a during post-monsoon and winter
confirm the dominant contribution of fine mode particles to AOD over
the Pokhara Valley region. The lower FMF and a during pre-monsoon
and monsoon suggest the presence of coarse particles (e.g., sea salt,
dust) in the columnar aerosol distribution. The higher AOD, FMF and a
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over Pokhara can be ascribed to accumulation and regional scale
transport of the fine mode aerosols emitted by the anthropogenic ac-
tivities (fossil fuel and biomass burning) over South Asia (especially the
IGP, a heavily polluted region in South Asia, Fig. 2) into the atmosphere
with calm winds during post-monsoon and winter. The lower AOD, FMF
and o during pre-monsoon and monsoon occur due to southwesterly
winds bringing in higher amount of dust from arid regions in South Asia
and beyond as well as local soil dust from dry agricultural fields (Singh
et al,, 2019), and increase in wet deposition during monsoon and
change in the origin of air parcels (Fig. 2b, c). Further, during the
monsoon the AODs are governed by local emissions, since precipitation
suppresses the transport of regional emissions; furthermore, some major
seasonal sources like forest fires and brick production are not active
during the monsoon season. The features in AOD, FMF and a obtained
over Pokhara repeat year after year, however, with small differences in
magnitude (Fig. 3).

A previous study (Gautam et al., 2011) reported AODs measured
during a pre-monsoon campaign over a few locations in the Himalayan
foothills during 2009 - at Hetauda (27.4°N, 85.0°E, 465 m asl) during
18 Apr-30 May 2009, and Dhulikhel 27.6°N, 85.5°E, 1500 m asl) during
11 Apr-16 Jun 2009 in Nepal. The AODs at Hetauda and Dhulikhel were
comparable; 0.75 #* 0.50 and 0.73 =+ 0.49 respectively. The AODs
during pre-monsoon did not exhibit significant difference as the ele-
vation increased from Hetauda to Dhulikhel. The respective a values
were found to be 1.10 = 0.27 and 1.23 * 0.36. In comparison,
seasonal mean AODs over Pokhara during pre-monsoon and monsoon
seasons of 2010-2017 varied in the 0.20 to 1.0 range (Fig. 3a), while
the a values are mostly between 1.0 and 1.5 (Fig. 3c). An exact one-on-
one comparison is difficult between the current study and Gautam
et al.'s study, as the location, time (days in the season) and the year are
different between the two studies. The features seen in aerosol char-
acteristics over Pokhara are contrastingly different to those obtained
over Kanpur (ca. 400 km aerial distance away in the southwest direc-
tion from Pokhara), an urban location influenced by dust and anthro-
pogenic emissions in the central IGP. For example, AODs over Kanpur
decrease from January to March, increase from March to June, fall from
June to September and then increase from October to December (Eck
et al., 2010; Kedia et al., 2014). However, the monthly variation in a
including its magnitude over Pokhara resembles that of Kanpur (Eck
et al., 2010; Kedia et al., 2014). The monthly average a values
were > 1.2 during winter and post-monsoon, and in the 0.4-1.0 range
during pre-monsoon and monsoon months over Kanpur (Eck et al.,
2010; Kedia et al., 2014). The higher values of o over Kanpur were
attributed to the dominance of fine mode aerosols from combustion
sources (e.g., coal fired power plants), industrial and vehicular emis-
sions and domestic biomass burning (fuel wood and dung cake) (Eck
et al., 2010); a values were lower due to the presence of coarse mode
dust aerosols transported from arid regions to Kanpur (Eck et al., 2010;
Kedia et al., 2014). Over Lumbini, located in the northern edge of the
central IGP, the mean AOD during January 2013-December 2014 was
found to be 0.64 + 0.38 (Rupakheti et al., 2018) comparable to the
AODs observed over Pokhara (Fig. 3a). More than 80% of the daily
mean AODs over Lumbini were > 0.3 indicating polluted conditions in
this semi-urban region as the levels of observed aerosol loading were
comparable to the heavily polluted sites in the IGP (Rupakheti et al.,
2018). Pokhara also has AODs similar to Lumbini. The monthly mean a
values over Lumbini were in the 1.0-1.5 range (Rupakheti et al., 2018),
similar to the a values observed over Pokhara (Fig. 3c).

AOD, FMF and o exhibit seasonal and regional scale variations
across the IGP and the Himalayas (Fig. 4). Daily mean AOD, FMF and a
obtained for 2013-2014,/2015 over Karachi (24.95°N, 67.14°E, 49 m
asl), Lahore (31.38°N, 74.26°E, 209 m asl), (Kanpur (26.51°N, 80.23°E,
123 m asl), Gandhi College (25.87°N, 84.13°E, 60 m asl), Dhaka
(23.73°N, 90.39°E, 34 m asl), Bhola (22.23°N, 90.76°E, 7 m asl) all
across the IGP, and Lumbini (27.49°N, 83.28°E, 110 m asl), Kathmandu
(27.68°N, 85.39°E, 1297 m asl), Jomsom (28.78°N, 83.71°E, 2825 m
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Monthly fire counts from 2010 to 2017 over the Pokhara Valley, 5° latitude x 5° longitude grid centered around Pokhara, and 10° latitude x 10° longitude grid with
Pokhara at the center (the black and red boxed areas respectively in Fig. 5). Fire pixel data with confidence value C > 30% assigned the confidence class of nominal
and high which ensure fewer false detection of fire pixels used in the present study are given.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Pokhara Valley

2010 40 8 1 17 38
2011 14 23 7 8 1 32
2012 4 7 1 4 2 37
2013 40 1 27 1 17
2014 25 14 5 11 6 11
2015 4 1 2 2 18
2016 7 29 29 67 2 2 6 21
2017 17 12 9 4 6 57
5°%5° latitude-longitude region centered around Pokhara (black box in Fig. 5)

2010 134 134 578 2005 132 27 3 2 4 78 168
2011 103 158 302 1061 234 9 1 1 1 20 199 194
2012 95 131 447 1911 800 112 4 2 1 19 298 174
2013 151 79 374 1591 236 2 4 1 12 12 129 143
2014 80 103 333 1758 606 35 1 1 153 115
2015 42 81 89 226 111 117 2 2 21 232 261
2016 194 329 1213 4401 184 2 1 2 17 260 161
2017 115 197 180 1667 227 9 7 25 306 194
10°x10° latitude-longitude region centered around Pokhara (red box in Fig. 5)

2010 442 560 3859 5065 508 125 91 91 89 344 370 769
2011 468 735 2915 2488 914 78 73 56 68 293 542 611
2012 396 776 2127 3815 3049 519 24 47 67 336 773 860
2013 548 410 998 3042 1273 81 53 50 99 221 729 783
2014 393 477 963 3457 1676 461 43 47 90 351 754 578
2015 276 563 782 1227 959 451 38 41 102 529 793 1218
2016 760 952 2746 9474 833 86 19 57 58 662 1048 762
2017 447 775 1678 5105 900 144 30 62 117 561 1089 1057

asl), and Ev-K%-CNR (27.95°N, 86.82°E, 5079 m asl) near the base-camp
of Mt. Everest (Nepal) (hereinafter referred to as Mt. Everest) located to
the north and downwind of IGP in the Himalayas, and Nam Co
(30.77°N, 90.96°E, 4746 m asl) on the Tibetan Plateau (China) are
analyzed to examine the regional-scale variability, and to provide a
regional snapshot of aerosol properties for a year. As the objective was
to cover one annual cycle over all the study locations, data sets corre-
sponding to years 2013-14, or 2014-15 were utilized. The years
2013-15 were chosen as the coincident data was available for almost all
the months at most locations in this timeframe (2010-17). As for most
of the other locations maximum amount of data was available for the
year 2014, data for Pokhara was chosen for the year 2014 (Fig. 4) for
comparison. However, as the aerosol optical properties measured over
Pokhara exhibit consistent annual cycle during the 8-year period
(2010-17) (Fig. 3) the inferences drawn based on the comparison (for
year 2014) are not expected to change any conclusions significantly.
The IGP (Figs. 1, 2), covers parts of Pakistan, India, Bangladesh and
Nepal. During winter AOD increases from west to east (Karachi to
Gandhi College) and decreases gradually from Gandhi College to
Kathmandu (Fig. 4); in post-monsoon also a similar pattern is observed.
The pre-monsoon AODs are more or less comparable across the IGP and
the Himalayas, while during monsoon AOD decreases from Gandhi
College to Kathmandu due to precipitation and associated removal of
aerosols (as discussed earlier). AODs are quite low over high-altitude
locations (e.g., Jomsom, Mt. Everest and Nam Co) in the Himalayas,
however, seasonal features are similar to that of Pokhara and Kath-
mandu (pre-monsoon high and winter low). FMF is the lowest (< 0.75)
for Karachi during the year, and is lower than 0.5 during pre-monsoon
and monsoon (Fig. 4b). FMF is lower during pre-monsoon and monsoon
across the IGP due to the increase in the abundance of dust and sea salt
in coarse mode, whereas over the Himalayas it is due to the presence of
coarse mode dust/soil particles from the dry and barren lands sur-
rounding Pokhara Valley. Sea salt particles are not significant over the
Himalayas (Tripathee et al., 2017). The a values corroborate the fea-
tures observed in FMF (Fig. 4c) consistent with the type and size of

aerosols that dominate IGP and the Himalayas during different seasons.
This comparison illustrates that though FMF (indicating the dominant
aerosol size) and o (capturing the spectral distribution of AODs) are
comparable the column content (AOD) features differ because of dif-
ferences in aerosol emission sources and transport of various types of
aerosol species to individual sites.

3.2. Fire count and its influence on aerosol properties

The annual mean AOD (meanof 2010-2017) is quite high during the
year over the IGP and the surrounding regions (Fig. 5a). Further, on a
regional scale during the 8-year period (2010-2017) the AODs are
highest during the 2016 pre-monsoon (Fig. 5b), particularly in the
month of April (Fig. 5¢). The 2016 pre-monsoon seasonal mean AOD is
0.97 = 0.38 (Fig. 3), and the monthly mean AOD for the 2016 April is
1.37 * 0.69. The emissions from forest fires and biomass burning
including agricultural waste burning contributes significantly to AODs
over the Pokhara Valley and the surrounding regions (e.g., Singh et al.,
2019). However, the sources of fires vary seasonally - agro-residue
burning and forest fires are prevalent during pre-monsoon season,
while crop waste burning also occurs during post-monsoon season; in
addition emisisons from biomass used in domestic cooking is active
throughout the year (Liithi et al., 2015; Bhardwaj et al., 2018; Mahata
et al., 2018; Singh et al., 2019). The fires occur throughout the year
over the Pokhara Valley and the surrounding regions (Table 1), how-
ever, the frequency of fire counts exhibit temporal and spatial varia-
tions.

The MODIS fire counts over Pokhara and the surrounding regions
peak in April (Table 1, Fig. 6), with 2016 value being the highest among
8 years. The fire counts increase by almost an order of magnitude as the
area of coverage surrounding the Pokhara Valley increases (Figs. 5, 6,
Table 1). The air mass back trajectories over Pokhara during the year
indicate that the origins and trajectories of air parcels vary, and
therefore, different aerosol sources from the surrounding regions con-
tribute to the aerosol loading with different characteristics over
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Fig. 6. The MODIS fire counts with confidence value C > 30% assigned the
confidence class of nominal and high over Pokhara and the surrounding 5°
latitude x 5° longitude, and 10° latitude x 10° longitude regions with Pokhara at
the center during (a) 2016 (from January to December), (b) 2016 pre-monsoon
(fire counts for the months of March-April-May), and (c) 2016 April. 7-day air
mass back trajectories at 500 m above ground level over Pokhara (a) from
January to December, (b) for the pre-monsoon months and (c) for April 2016
are also drawn. Note the color of symbols (fire counts) and the lines (re-
presenting air mass back trajectories) for each month are the same.

Pokhara (Fig. 6). The fire counts are insignificant during monsoon
months (because of precipitation, and wet/moist conditions). The oc-
currence of fires during March-April (agro-residue burning and forest
fires) and November-December (crop waste burning) over north India
and the Himalayan foothills give rise to higher fire counts over Pokhara
Valley and its surrounding regions (Fig. 6), which is confirmed by the
back trajectories as the air masses reaching Pokhara originate and pass
over the regions with forest fires and agricultural field-fires (Fig. 6). The
fires occur every year during these months, however, the magnitude of
the fires show inter-annual variations (Table 1). The AODs follow a
similar seasonal cycle as that of fire counts (Figs. 5, 6, Table 1). The
fires during March-April contribute the maximum to the total fire
counts during the year, however, they exhibit inter-annual variations;
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the fires during March—April are minimum during 2015 (30%), and are
=70% during 2010 and 2016 respectively (Fig. 6, Table 1). The cor-
relation between the monthly mean AOD (calculated from daily means)
and total fire counts for the respective months is stronger and sig-
nificant in April than other months over Pokhara Valley and the sur-
rounding regions (Fig. 7b (correlation coefficient r = 0.91,
p = 0.0008), 7f (r = 0.97, p = 0.004), and 7j (r = 0.86, p = 0.07).
AODs, and fire counts (over Pokhara and the surrounding regions,
Table 1) are lowest in April 2015 (0.36 * 0.12) and highest in April
2016 respectively (Figs. 3, 5) emphasizing the significant influence the
emissions from fires has on aerosol characteristics measured over Po-
khara. The correlation is maximum when the difference between the
fire counts in the Pokhara Valley and the 5° latitude x 5° longitude grid
surrounding the Pokhara is drawn against AOD measured at Pokhara.
This result indicates that the fires that occur locally and in the nearby
regions (a 5° x 5° region with Pokhara at the center) strongly contribute
to the variations in aerosol properties than the fires that occur faraway
outside the surrounding 5° x 5° region; this happens despite the fact
that the winds pass over both the larger and smaller domains before
reaching Pokhara (Fig. 2, 5).

The AODs obtained in April 2016 are the highest over Pokhara
which correlates with the concurrent largest number of fires occurred in
and around the Pokhara Valley (Table 1, Fig. 7) during the same month.
The correlation coefficients are similar when AODs are compared with
fire counts obtained over the Pokhara Valley, 5° x 5° region around
Pokhara, and 10° x 10° region around Pokhara instead of correlating
with differences in fire counts between the respective domains (Figs. 6,
7). This analysis of relation between AOD and fire counts reveals that
the influence of local and regional fires on aerosol properties will be
more pronounced as compared to distant emissions, and the influence
of fires on aerosol properties are distinctly observed every year, heavily
contributing to aerosol loading over the Himalayan foothills region, and
likely over the Himalayan-Tibetan mountain regions (Liithi et al., 2015;
Singh et al., 2019). These features and correlation between fire counts
and AOD can serve as inputs for simulation and prediction of aerosol
characteristics over the greater Himalayan regions.

3.3. Size distribution, volume concentration, and effective radius

The seasonal mean aerosol volume size distributions over Pokhara
in the 0.05-15 pm radius range are bimodal — with the first peak (at ca.
0.15-0.30 um) in the fine mode (0.05-1.0 pm) and the second peak (at
ca. 4 uym) in the coarse mode (1.0-10.0 um) (Fig. 8). The aerosol vo-
lume size distributions show distinct seasonal variations. The fine mode
volume concentration is higher than coarse mode during post-monsoon
and winter. The coarse mode volume concentration is comparable to or
higher than fine mode volume concentration during pre-monsoon and
monsoon. The volume concentration is higher during pre-monsoon as
compared to other seasons (Fig. 8). Post monsoon the volume con-
centrations start increasing more significantly in the fine mode range
than in the coarse mode size range (Fig. 8) as coarse mode particles are
more efficiently removed due to wet deposition. The peaks in both fine
mode and the coarse mode occur at a smaller radius during monsoon as
compared to other seasons in the year, indicating the influence of local
combustion sources during these months as the regional emissions and
transport are suppressed by rain. The volume aerosol size distributions
and concentrations in fine mode during 2015 monsoon and post-mon-
soon are the highest (Figs. 8, 9); the size distribution in fine mode is
broader in 2015 post-monsoon than other years (Fig. 8). The volume
concentrations in coarse mode are ca. 1.5-2 times higher than fine
mode volume concentrations (Fig. 9). The seasonal average volume size
distribution obtained in 2016 pre-monsoon is the highest among all the
other seasons and years over Pokhara (Figs. 8, 9). The fires peaked
during April 2016 on local and regional scales (Table 1), and in April
2010 at a local scale (Table 1), which clearly showed that these record
fires heavily influenced the aerosol loadings and their characteristics in
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Fig. 7. Correlation between AOD at Pokhara and fire counts in and around the Pokhara Valley during (a) March, (b) April, (c) November and (d) December.
Correlation between AOD at Pokhara with fire counts obtained in 5° latitude x 5° longitude region around Pokhara minus the fire counts obtained in the Pokhara
Valley (black boxed area in Fig. 5) (a-d) for (e) March, (f) April, (g) November and (h) December. Same as above except that the fire counts now correspond to the
difference between those obtained in the 10° x 10° (red boxed area in Fig. 5) and 5° x 5° region (black boxed area in Fig. 5) around Pokhara for (i) March, (j) April, (k)

November and (1) December. See text for details.

the region.

The highest increase in fine mode aerosol concentration in 2016
pre-monsoon can clearly be attributed to the emissions from biomass
burning (fires) which is quite high on local and regional scales. In
contrast in 2010 pre-monsoon the increase in volume size distribution is
seen only in coarse mode. The increase in aerosol volume in fine mode
is a signature of biomass burning emissions, while the increase in coarse
mode volume could be due to either aging and condensation of organic
material emitted from fires (Pésfai et al., 2003), and/or due to transport
of dust particles (which are larger in size). In all the 8 years, the volume
size distributions during pre-monsoon months are marked by an in-
crease in coarse mode aerosol volume. The effects of inter-annual me-
teorological variations are expected to be relatively small (~5%) on
aerosol variations (Zhang et al., 2019), here the volume concentrations
in the coarse mode have increased almost by an order of magnitude
(Fig. 9b). The significant increase in the volume of larger size aerosols
(> 1 um) during 2016 pre-monsoon (Fig. 9b) emphasizes the influence
of emissions from fires on coarse mode aerosols as well. As the influence
of inter-annual meteorological variations were negligible, and the in-
crease in higher size aerosol volume is due to transport of dust or soil
particles during pre-monsoon (seen every year), the increase in coarse

mode volume over and above due to dust can be quantified to be due to
the huge increase in fires during April 2010 and 2016 in and around
Pokhara. In addition, the relative difference in fire counts during April
2010 and April 2016 (Table 1) can be seen contributing to differences
in coarse mode aerosol volume, in addition to, the changes in compo-
sition and aging of aerosols. These findings are corroborated by the
higher volume concentration in fine, coarse modes and their total in
2010 and 2016 pre-monsoon respectively (Fig. 9). The aerosol volume
size distributions, and volume concentrations in 2015 monsoon in fine
and coarse mode increase significantly; the fine mode concentration in
2015 monsoon is the highest during monsoon among all the 8-years
(Figs. 8, 9) leading to a large increase in AOD (Fig. 3), this is similar in
2010 monsoon also. The fine mode concentration peaks at a higher
radius in fine mode during 2011 post-monsoon (Fig. 8) resulting in the
highest effective radius (Fig. 10), and AOD during post-monsoon
(Fig. 3). The observance of such intricate features in seasonal and inter-
annual variations in aerosol characteristics is possible only due to the
synergistic analysis of both optical and physical properties in fine and
coarse size ranges.

The effective radius (r.), i.e., surface area-weighted mean radius of
aerosols, a measure of the total volume to the surface area of an aerosol
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Fig. 8. Seasonal average aerosol volume size distributions in the 0.05 to 15 pm radius range over Pokhara for (a) winter, (b) pre-monsoon, (c) monsoon and (d) post-
monsoon during an 8-year (2010-17) period of measurement. Note y-axis scale in (b) is twice that of (a), (¢) and (d).

size distribution, of the coarse mode aerosols is an order of magnitude
higher than the fine mode aerosols during the year (Fig. 10). The r. of
fine mode aerosols remains more or less same (> 0.1 and < 0.2 pm)
during the year over Pokhara, whereas the r. of coarse mode aerosols
decreases gradually from winter to monsoon. However, owing to the
large increase in the coarse mode volume concentration (lowering the o
value significantly) the r. of total aerosol increases significantly during
monsoon compared to the other seasons. The variations observed in
AOD, FMF and a (Fig. 3) are consistent with the seasonal change in
aerosol size distribution over Pokhara. In the 8-year period, r. is highest
for coarse and higher for fine mode aerosols in 2017 monsoon, how-
ever, the volume concentrations in fine and coarse mode size ranges are
comparable (Fig. 9), confirming an increase in the aerosol concentra-
tion in both size ranges as revealed by the aerosol size distribution
(Fig. 8). The r. of 2010, 2012 and 2015 monsoon and volume con-
centrations in coarse mode are comparable consistent with the aerosol
size distributions (Fig. 8). The volume aerosol size distributions in the
coarse mode is significantly higher in these three years (Fig. 8). A
higher FMF occurs due to the dominance of fine mode aerosols in the
size distribution while a lower FMF arises due to the abundance of

coarse mode aerosols (Fig. 3). The FMF is > 0.8 during post-monsoon,
and winter (Fig. 3). During these seasons the fine mode size distribu-
tion, and volume concentration are higher or almost equal to the coarse
mode; however, during pre-monsoon and monsoon the coarse mode
volume concentrations are greater than fine mode volume concentra-
tions. These results on volume size distributions compare well with
those obtained over three locations (Ilorin, Nigeria; Kanpur, India;
Beijing, China) with aerosol mixtures composed of coarse dust com-
bined with fine mode combustion generated aerosols from fossil fuel
and biomass burning sources (Eck et al., 2010). The features of co-
lumnar aerosol size distribution, volume concentration and effective
radii obtained over Pokhara exhibit characteristics as that of urban/
industrial, biomass burning and dust influenced location(s). Over the
locations affected by urban/industrial mixed and biomass burning
emissions the fine mode volume is higher than that of coarse mode
volume (Dubovik et al., 2002) as seen during post-monsoon and winter
months in Pokhara; the coarse mode volume is higher than fine mode
when the location is influenced by dust as in pre-monsoon over Po-
khara. The coarse mode r. for a dust influenced location
(re = 2.3-2.5 um) is significantly lower than that of urban/industrial

10
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Fig. 9. Seasonal mean aerosol volume concentration during 2010-17 over Pokhara in the (a) fine, (b) coarse modes, and (c) their total. The numbers on the right
hand side of each panel show the annual mean with a standard deviation from the mean for each year.

and biomass burning aerosols (r. = 3.0-3.3 um), while the fine mode r,
in all the above types of locations lie in an almost similar
(re = 0.11-0.15 pm) radius range (Dubovik et al., 2002). The coarse
mode r. decreases (to 2 pm or less) in Pokhara when the abundance of
coarse mode dust particles increases in size distribution (Fig. 10) in pre-
monsoon while the fine mode r, remains more or less in the same range
throughout the year (0.1-0.2 pm). The very similar features in aerosol
size distribution, volume concentration and effective radius every year
over Pokhara (influenced by an urban/industrial, biomass burning and
dust sources at different times in the year) can significantly help in
improving the characterization/parameterization of aerosol properties
over high-altitude locations in the Himalayas.

4. Conclusions

This study provides a summary of a comprehensive analysis of the
seasonal and inter-annual variations of all key optical and physical
properties of columnar aerosols performed for the first time over the
Pokhara Valley, a site in the Himalayan foothills located in close pre-
mises of heavily polluted Indo-Gangetic Plain (IGP) to the south and the
relatively cleaner Himalayan mountains to the north from the high-
quality ground-based columnar aerosol data obtained recently for a

11

period of eight years from January 2010 to December 2017, including
the influence of emissions from forest fires and agricultural field fires on
aerosol properties. The AODs and other aerosol properties show re-
markable and consistent seasonal cycle every year. The seasonal mean
AODs over Pokhara are higher during eight months of the year from
October to May (winter, pre-monsoon and post-monsoon months) —
high enough to classify as a polluted site, and lower during four months
(in monsoon season). The peak AOD during pre-monsoon is attributed
to the stronger convective activity in the IGP and the Himalayan foot-
hills due to which polluted air masses are mixed with westerlies and
move eastwards/northwards to the mountain regions, and also stronger
local mountain-valley circulations in the complex mountainous region,
and give rise to higher AOD every year. The FMF and o (which defines
the spectral distribution of AODs) corroborate the seasonal pattern of
AODs. A comparison of aerosol optical properties reveals that though a
values are comparable between Kanpur (an urban location influenced
by dust in the IGP), Lumbini (a semi-urban location), in the northern
edge of the central IGP and Pokhara during the year, the column con-
tent (AOD) features differ owing to differences in aerosol emission
sources and transport. Emissions from biomass burning (agricultural
waste burning) over north India and local emissions in Pokhara (as
revealed by the MODIS fire counts) exhibit a good correlation with
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2015 (0.33+0.11)
B 2076 (0.31£0.03)
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Fig. 10. Seasonal mean effective radius (r.) of aerosols over Pokhara in various size ranges. (a) fine, (b) coarse, and (c) their total. The numbers on the right hand side
of each panel show the annual mean with a standard deviation from the mean for each year.

AODs measured over Pokhara. The correlation between AOD and fire
counts over (i) the vicinity of the measurement location and (ii) the
nearby surrounding the Pokhara Valley is maximum suggesting that the
fires in these two regions strongly contribute to the variations in aerosol
properties over the Himalayan foothills region than the fires that occur
faraway.

The columnar volume aerosol size distributions are bimodal - with
the first peak in the fine mode (0.05-1.0 um) and the second peak in the
coarse mode (1.0-10.0 um), and exhibit distinct seasonal variations.
The fine mode volume concentration is higher than coarse mode during
post-monsoon and winter, whereas the coarse mode volume con-
centration is either comparable to or higher than fine mode volume
concentration during pre-monsoon and monsoon. The volume size
distribution obtained in 2016 pre-monsoon is the highest among all the
years and seasons during which the fire counts were also highest during
2010-2017 on local and regional scales. The effective radius (r.) of the
coarse mode aerosols is an order of magnitude higher than the fine
mode aerosols throughout the year. The fine mode r. remains more or
less same (between 0.1 and 0.2 pm) during the year, whereas the r. of
coarse mode aerosols decreases gradually from winter to monsoon.
However, owing to the large increase in the coarse mode volume con-
centration (lowering the a value significantly) the r. of total aerosol
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increases significantly during monsoon when compared to the other
seasons. Results obtained on volume size distributions over Pokhara
compare well with those obtained over three locations (Ilorin, Nigeria;
Kanpur, India; and Beijing, China) which are dominated by aerosol
mixtures composed of coarse dust combined with fine mode combus-
tion generated aerosols from fossil fuel and biomass burning sources.
Such a detailed analysis on the similar seasonal features in AOD, FMF,
spectral variation (a), volume size distribution, volume concentration
and effective radius every year over Pokhara, which are resulted from
the influence of urban/industrial, biomass burning and dust sources at
different times in the year, and their correlation with fire counts can
significantly help in improving the characterization/parameterization
of aerosol properties and quantification of their impacts on air quality,
climate and sensitive ecosystems over the high-altitude locations in the
Himalayas and the surrounding mountain regions, which are still a
relatively poorly sampled and studied regions of the world.
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