Atmospheric Environment 246 (2021) 118123

"

Contents lists available at ScienceDirect ATMOSPHERIC

ENVIRONMENT

Atmospheric Environment

ELSEVIER journal homepage: http://www.elsevier.com/locate/atmosenv

Check for

First surface measurement of variation of Cloud Condensation Nuclei (CCN) | &=
concentration over the Pristine Himalayan region of Garhwal,
Uttarakhand, India

Alok Sagar Gautam®, S.N. Tripathi ™, Abhishek Joshi“", Anil Kumar Mandariya ",
Karan Singh ¢, Gaurav Mishra ¢, Sanjeev Kumar “, R.C. Ramola“

@ Department of Physics, Hemvati Nandan Bahuguna Garhwal University Srinagar Uttarakhand, India

b Department of Civil Engineering, Indian Institute of Technology, Kanpur, India

¢ Department of Physics, Hemvati Nandan Bahuguna Garhwal University, Badshahi Thaul Campus, Tehri Garhwal, Uttarakhand, India
9 Nuclear Engineering and Technology Programme, Department of Mechanical Engineering, IIT, Kanpur, India

HIGHLIGHTS

e Time series of CCN at four different levels of supersaturation (Superssaturation: 0.2, 0.5, 0.8, and 1.0%), and its role in the macroscopic cloud formation mechanism
over the high-altitude region.

o Study of seasonal, diurnal, and temporal variation of CCN over the Himalayan regions and comparisons with different altitude sites, geographic and climatic
conditions of India.

e Observations provided the average CCN concentration 1411.3 + 1110.1 em™3, 1645.7 + 690.62 cm 3, 1712.3 + 862.8 cm ™2, and 2514.7 + 2166.4 cm™° for
Monsoon, Post- Monsoon, Winter and Pre-monsoon Seasons respectively.

e Analysis of local meteorological conditions impact on the formation of high-altitude cloud, and complexity of local weather phenomenon.

e Use of transport models to analyze and characterize the possible sources of the pollutant for rural areas with relatively low urbanization and industrialization
activities and role transported pollutants from the urban (highly polluted and populated) regions on the modification of local meteorology of the Garhwal Hi-
malayan regions.

ARTICLE INFO ABSTRACT

Keywords: A Droplet Measurement Technology (DMT) Cloud Condensation Nuclei Counter (CCNC) was deployed to mea-
CCN sure cloud condensation nuclei (CCN) for the first time in the pristine Himalayan region at Himalayan Clouds
Aerosols Observatory (HCO), Swami Ram Tirtha (SRT) Campus (30°34’ N, 78°41’ E, 1706 m AMSL), Hemvati Nandan

Garhwal region
Air-mass back trajectory
CWT

Bahuguna (HNB) Garhwal University, Badshahithaul, Tehri Garhwal, Uttarakhand, India. The CCN concentration
(Nccen) was observed at four supersaturation levels (SS: 0.2, 0.5, 0.8, and 1.0%). In this study, we reported CCN
concentration at 0.5% SS in different weather conditions from Aug 01, 2018 to Jun 30, 2019. During this
observation period, the monthly averaged value of CCN concentration ranged between 1098.3 + 448.9 cm ™3
(mean + SD) and 3842.9 + 2512.9 cm ™2, It covers a significantly wide range of daily averaged concentrations
from the minimum concentration of 43.84 cm ™2 (during heavy wet scavenging due to snowfall) to maximum
concentration of 17000 cm > (during the events of a forest fire) at the observation site. The highest CCN con-
centration is observed at the time of sunrise (~07:00 a.m.) and after the sunset (~07:00 p.m.) for the diurnal
variation of monsoon, post-monsoon, and winter season. Pre-monsoon season shows peak values at 10:00 a.m.
and at 07:00 p.m. with higher concentrations at night hours. The possible reasons for maximum concentration in
morning and evening time could be upliftment and settlement of CCN because of the convection process,
anthropogenic emission, vehicular emission, and biomass burning in the residential area and valley region
adjacent to HCO, Badshahithaul. The highest CCN concentration (3842.9 + 2513 cm’3) values of the whole
observation period were observed in May 2019. It was significantly affected by the heavy fire activities over the
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Uttarakhand and nearby IGP regions. Diurnal variation of CCN concentration during the HFAD shows higher
values in the night time differing from the diurnal pattern of CCN for other months of the observation period. The
long-range transport of air mass could also contribute to the high CCN concentration values, as found through the
five-day air mass backward trajectory analysis. The lowest value of CCN concentration corresponds to the heavy
rains and snowfall days, possibly caused by extensive wet scavenging. Cluster analysis of the air mass trajectories
used for the allocation and classification of the possible sources of pollutants reaching the observation site. The
highest fraction of CCN concentration (more than 2000 cm™%) corresponds to the air mass from the arid and
semi-arid regions of Asian countries. Large air mass fraction (~40-60%) with moderate CCN concentration was
received from northwestern IGP region and foothills of central Himalaya.

1. Introduction

Condensation Nuclei (CN) that activate and become Cloud Conden-
sation Nuclei (CCN) play an essential role in the earth’s climate and the
hydrological cycle through their direct and indirect effects (Haywood,
2016). CN produced by anthropogenic as well as natural sources, can
directly influence climate by reflecting or absorbing the solar radiation
(Ramanathan et al., 2001). CCN can activate and grow into fog or cloud
droplets in the presence of supersaturation (Che et al., 2016), which
influences cloud microphysical properties by seeding clouds, radiative
properties such as cloud albedo and cloud lifetime (IPCC, 2014) and
thus rainfall patterns (Rosenfeld et al., 2014; Sarangi et al., 2014;
(Twomey, 1977); Pruppacher and Klett, 1997; Ramanathan et al., 2001).

The size spectrum of the atmospheric aerosol ranges from nanometer
to a few micro-meter (Tang et al., 2019). These particles could be

produced in the atmosphere through two processes; the first one is direct
emissions to the atmosphere. The other is the oxidation of its precursor
gases (e.g., Sulphur dioxide, Nitrogen dioxide, and Volatile organic
gases (VOCs)). Particles formed by these two processes are known as
Primary and Secondary particles, respectively (Finlayson-Pitts, 1997;
Seinfeld et al., 1998). The product of the oxidation process could
nucleate to form new particles under higher solar radiation and high
temperature (Gautam et al., 2017; Kanawade et al., 2014; Roy et al.,
2017) or condense on pre-existing particles. Freshly emitted soot par-
ticles with low hygroscopic nature became more CCN active by oxida-
tion and condensation of co-emitted hydrophilic vapors. (Khalizov et al.,
2013).

Features such as cloud droplet number concentration (CDNC), cloud
dynamics, and structure are determined by CCN number concentration.
Several previous studies found that the formation of cloud droplets can
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Fig. 1. Topographic map of observation site and surroundings with the schematic diagram of the Himalayan Cloud Observatory (HCO), Swami Ram Tirth campus,

Tehri Garhwal, Uttarakhand (India).
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Fig. 2. Temporal variation of hourly averaged meteorological parameters with CCN concentration at 0.5% SS observed at HCO, SRT Campus, HNB Garhwal Uni-
versity, Badhshahithaul; Sep 01, 2018 to Jun 30, 2019. (Meteorological data between Oct 10 to Oct 15, 2018 is not available due to the instrumental error).

be governed by the presence of CCN and updraft velocity, globally
(Bougiatioti et al., 2017; Reutter et al., 2009; Rosenfeld et al., 2014).
Particle size distribution and their chemical composition are deciding
factors for the ability of the aerosol particle to act as CCN (Bougiatioti
et al., 2017). Previous studies showed that the variability in aerosol
chemical composition is less significant and has less contribution than
the variability in aerosol size distribution (Crosbie et al., 2015; Dusek
et al., 2006; Ervens et al., 2007). Organic aerosols contribute to the
significant fraction of CCN relevant aerosol on a global scale. Several
studies (Almeida et al., 2014; Bhattu and Tripathi, 2015; Hudson, 2007;
Zhang et al., 2007) suggested the importance of the size-resolved
chemical composition, bulk composition, and state of mixing of the
aerosol particles. Inter-seasonal size-resolved CCN variability shows
lower participation of CCN-inactive particles at higher supersaturation
(Bhattu and Tripathi, 2014).

Indo-Gangetic Plain (IGP) is one of the most highly polluted and
populated regions of the world and has a variety of sources of anthro-
pogenic aerosols (Dey and Di Girolamo, 2010; Gautam et al., 2011;
Kanawade et al., 2014; Kedia et al., 2014; Panicker et al., 2019; Rajput
et al., 2016; Srivastava et al., 2011)" The thick layer of haze formed due
to the anthropogenic aerosol is called Atmospheric Brown Cloud (ABC)
and can affect cloud-radiation interaction and precipitation activities
over IGP and adjacent Himalayan regions (Bonasoni et al., 2010; Liithi
et al., 2014; Ramanathan et al., 2005). Mixing of aerosols during
long-range transportation affects the chemical properties of aerosol

(Wang et al., 2005). Aged dust and aerosols generated from biomass
burning and anthropogenic activities could contribute considerably to
CN concentration and CCN activation (Roy et al., 2017). Aerosols pro-
duced from biomass burning in the nearby fire-impacted sectors could
also increase the CCN concentration (Ram et al., 2014). Recent studies
(Bhattu and Tripathi, 2014; Patidar et al., 2012; Ram et al., 2014)
investigated the submicron aerosol’s ability to act CCN at various de-
grees of supersaturation over an urban atmosphere of Kanpur situated at
IGP. Besides some other studies (Dumka et al., 2015; Gogoi et al., 2015)
examined the effect of anthropogenic aerosols transported from IGP
regions on the CCN number concentration at Nainital, Kumaun region of
Uttarakhand in western Himalaya. However, no study has yet reported
temporal variation of CCN number concentration over the elevated Hi-
malayan site. To the extent of our knowledge, the Garhwal region of the
western Himalaya, Uttarakhand, is still unexplored. The current study
presents the first long-term CCN observations from the Central Hima-
layan regions (Garhwal) on seasonal scales observed at the Himalayan
Clouds Observatory (HCO). The HCO was established to take real-time
ground-based observations for the study of CCN and other meteorolog-
ical parameters (such as; Temperature, Humidity, Wind Speed & Di-
rection, Solar Radiation, and Rainfall) on the western part of Garhwal
Himalayan region of Uttarakhand. This study will be helpful in under-
standing the complex mechanism of cloud burst and weather extremities
over the sensitive Himalayan region under different-weather conditions
(Clear, Cloudy, Rainy, and Snowfall).
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Fig. 3. Diurnal variation of meteorological parameters at Observation site (a) Temperature (b) Relative Humidity (c) Wind speed and (d) Solar radiation for
Monsoon-M (Sep 2018, Jun 2019); Post Monsoon-PoM (Oct — Nov 2019); Winter-W (Dec 2018, Jan — Feb 2019) and Pre-Monsoon-PrM (Mar — May 2019) season.

2. Observation site and instrumentation

Tehri Garhwal is one of the largest districts in the hill state of
Uttarakhand with a surface area of 3642 km? and a population density of
170 inhabitants per km? (CEN SUS, 2011). This region has a
sub-temperate to temperate climate, which remains consistently
pleasant throughout the year. Major crop types in this region are Rice,
Wheat, Mandua, and Oilseeds. It is rich in fruits and vegetable produc-
tion. Major mineral types found in this region are magnesite, dolomite,
limestone, tin, phosphate, and marble. Subtropical forest species grow in
the outer range of low hills to abundant alpine flowers in the north
containing a wide variety of trees such as Pine, Oak, Conifers, Sal,
Deodar, Yew, and Cypress (DCMSME, 2016).

Fig. 1 represents the topographic view of the geographical area
around the SRT campus, Badshahithaul, and schematic diagram of the
observation laboratory. The elevation map is plotted using the United
States Geographical Survey (USGS) earth explorer digital elevation
models (DEM) data (Usery et al., 2009) and digitized on QGIS (an Open
Source Geographic Information System tool). The Observation site is
regarded as the Himalayan Cloud Observatory (HCO). It is located on the
slope of the lesser Himalayan mountain range surrounded by the dense
forest of Alpine, Oak, and Deodar trees. The observation site is situated
in the Department of Physics, Hemvati Nandan Bahuguna (HNB)
Garhwal University, SRT Campus, Badshahithaul (30.33° N and 78.40°

E), Tehri Garhwal, Uttarakhand at an altitude of 1706 m above mean sea
level (AMSL).

The HCO is situated in the outer regions of New Tehri and Chamba
cities (8 km and 3 km away from the city center to the North East and
Northwest, respectively). College of Forestry, Veer Chandra Singh
Garhwali University of Horticulture and Forestry, Ranichauri and Indian
Meteorological Department (IMD), Ranichauri are at the distance of ~3
km in the South direction to the SRT campus, Badshahithaul at an alti-
tude ranging between 1600 and 2200 m (AMSL) (Upadhyay et al.,
2015). The local residential area is within 300 m of HCO and a small
college canteen in 100 m range. The national highway (NH-34) passes
with moderate traffic on the other side of the hill in the West direction.
The site has no major industrial activities in a radius of 10 km, but the
Tehri Dam Hydro Project is within the range of 25 km.

A continuous-flow streamwise thermal gradient single column CCN
counter (CCNC) is used to measure the CCN number concentration
(Lance et al., 2006; Roberts and Nenes, 2005; Rose et al., 2008) for the
entire sampling period of Aug 01, 2018 to Jun 30, 2019. It operates on
the principle that diffusion of heat in the air is slower than the diffusion
of the water vapor and based on the design of Robert and Nenes. The
operation of CCNC is described in detail elsewhere (Rose et al., 2008).
CCNC was calibrated for various degrees of supersaturation before
measurements at HCO laboratory using (NH4)2SO4 aerosols following
the standard procedure reported elsewhere (Figure S1) (Patidar et al.,
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Fig. 4. Temporal variation of daily averaged CCN concentration at observed Super saturations (0.2, 0.5, 0.8 and 1.0%) for the entire period of observations.

2012; Rose et al., 2008). An inbuilt pump sucks ambient air at a constant
flow rate (500 cm® min™?) inside the CCNC chamber, where activated
particle converted eventually into cloud droplets by condensation at a
particular SS (ranges between 0.07 and 2%). Activated particle within
the sizing range of 0.75 pm-1.0 pm counted with the help of an Optical
Particle Counter (OPC). CCN measurements were made for 5 min at each
of the four SS (0.2, 0.5, 0.8, and 1.0%). The first 2 min of data out of the
5-min data for each SS were discarded due to unstable thermal condi-
tions inside the column (Dumka et al., 2015). The rest of the data is
averaged hourly, monthly, and seasonally for the further analysis
process.

Meteorological parameters (temperature, wind speed and direction,
humidity, rain, and solar radiation) are continuously measured with the
help of an Automatic Weather Station (AWS) installed at HCO, Bad-
shahithaul, for the observation period (Sep 01, 2018, to Jun 30, 2019).
The month of Aug 2018 is not included in this study due to unavail-
ability of the meteorological data during this month. The meteorological
parameters were recorded at the 1-min interval and analyzed using the
hourly and daily average values during the observation. Wind speed
(range and accuracy: 0.5-67 m/s, 0.5 m/s) and direction (full 360,
+0.3-0.5) and solar radiation flux density (0—2000W/m2, +5%) were
measured with the help of Anemometer and Pyranometer, respectively.
High accuracy temperature (—40 to +123.8 °C, £ 0.1 °C) and relative
humidity (0-100%, +2%) sensors are used to measure the temperature,
and relative humidity, whereas rainfall is measured with the help of a
digital rain gauge (100 mm/h, + 5%). Details of the instruments are
available at http://vhydromet.com/index.php.

A Hybrid Single-Particle Lagrangian Integrated Trajectory

(HYSPLIT4) model (Stein et al., 2015) was used to calculate the five days
back trajectory (BT) of air mass to analyze the influence of long-range
transported air masses, arriving at 500 m above ground level (AGL).
The input meteorological data were acquired from NOAA’s Global Data
Assimilation System (GDAS, 1° x 1°). Seasonal BT was plotted for
different seasons; monsoon (Aug-Sep 2018, Jun 2019), post-monsoon
(Oct-Nov 2018), winter (Dec 2018, Jan-Feb 2019), and pre-monsoon
(Mar-May 2019) to investigate the possible sources of CCN inclusive
air mass arriving at the observation site (HCO). Further, all trajectories
were grouped by multivariate statistical tools, i.e., cluster analysis to
classify the sources of pollutants. The obtained trajectories have been
clustered based on the similarities of the spatial distribution using
HYSPLIT software. The complete process is described in the user guide
of the software (Draxler et al., 2014). On the basis of the change in the
total spatial variance, the optimum numbers of clusters considered for
each season and mean BTs for each cluster of all seasons were calculated.

The contribution of sources from different regions to the CCN con-
centration is computed by Concentration Weighted Trajectories (CWT)
analysis using Trajstat (V-1.4.4). Each grid cell is assigned a weighted
concentration using the following equation (Equation. 1) in the CWT
method (Hsu et al., 2003; Seibert et al., 1994):

1 M
Cij= ZM Z Crtyp 1)

1=1Tijt =1

Where C;; is the average weighted concentration in the ijth cell,  is the
index of the trajectory, M is the total number of trajectories, C; is the
concentration observed on the arrival of trajectory I, and 7y is the time
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spent in the ijth cell by trajectory L

3. Meteorological conditions

The background meteorological conditions are represented (Fig. 2)
as time series of the hourly average of meteorological parameters
(temperature, relative humidity, wind speed, wind direction, and rain-
fall) along with the CCN concentration at 0.5% SS. The hourly average
ambient temperature varied from —0.7 during Jan 2019 to 33.2 °C in
Jun 2019. The ambient relative humidity was observed minimum during
Oct 2018 (~30%) and maximum during Sep 2018 and Jun 2019
(>90%). The site was observed to have higher relative humidity during
the monsoon season as compared to winter fog conditions. Jan 2019 and
Feb 2019 months received snowfall events along with a few events of
rainfall. Maximum solar radiation received up to 820 Wm'2 in May 2019.
Sep 2018 receives the most substantial amount of rain throughout the
month. Diurnal variation of observed meteorological parameters for
various seasons; monsoon (M) season (JS; Sep 2018, Jun 2019), post-
monsoon (PoM) season (ON; Oct-Nov 2018), winter (W) season (DJF;
Dec 2018, Jan-Feb 2019), and pre-monsoon (PrM) season (MAM;
Mar-May 2019) have illustrated in Fig. 3. The classification of various
seasons has been done as mentioned by (Upadhyay et al., 2015). Aug

2018 is not included in the M season here due to the unavailability of
meteorological data; although, it is included in the M season for CCN
data. Also, only Jun 2019 was included in M season for solar radiation
data, while other seasons contain the same months as mentioned in the
earlier text in the present study. The diurnal variation of M reported the
highest temperature and relative humidity throughout the day. Higher
wind activities have been observed mainly during evening time
(18:00-20:00 h) in the PoM and W seasons. However, the site was
affected by dominant southwesterly winds for almost all seasons of the
observation period, influenced by upslope valley wind patterns due to
the topography of the region. This kind of wind pattern possibly in-
dicates air masses transportation from arid and semi-arid regions of
northwestern IGP regions of India, Pakistan, and western parts of Asia
(Devi et al., 2011; Dumka et al., 2015).

4. Results and discussion
4.1. Temporal variation of CCN
Temporal variation of daily averaged CCN number concentrations at

four different SS for the study period have illustrated in Fig. 4. Average
value of daily CCN concentration for complete period is 1843.7 +
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1219.5 cm 3 (mean + SD) with 10649.9 cm > and 277.4 cm™®
maximum and minimum value respectively at 0.5% SS. The temporal
variation consists of several peaks associated with a variety of events
such as forest fires, long-range transportation, and influence by nearby
local emission sources. In contrast, the downward trend showed an as-
sociation with atmospheric events like wet scavenging via rain and
snowfall. The CCN concentration is appeared to gradually increase with
increment in SS (Dumka et al., 2015; Jefferson, 2010). The lowest CCN
concentration, 277.4 em ™3 (0.5% SS), was recorded on Sep 22, 2018 due
to heavy rainfall events. Also, HCO experienced few light snowfall
(Approx. 5 cm) events on Jan 22, 2018 (757.3 cm’s), Jan 25, 2019

(931.7 cm’3), and Feb 27, 2019 (636.3 cm’3), which were associated
with lower CCN concentration mainly due to accretion process of
supercooled cloud droplets (Borys et al., 1996). The observation site is
surrounded by dense forest, which results in the massive forest fire in the
last week of May to the first week of Jun every year; however, this year
2019, the heavy forest fire events occurred between May 04 to Jun 03,
2019. The highest CCN Concentration, 10649.9 em ™3 (0.5% SS), was
reported on May 30, 2019, possibly attributed by the significant
contribution of large forest fire emissions (Sanchez et al., 2017; Singla
et al., 2019). MODIS Collection 6 data obtained from Fire Information
for Resource Management System (FIRMS) was used to quantify the
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over the Indian subcontinent derived from the MODIS dataset.

burning activities in India and nearby countries in May 2019. The active
fire data was taken for the rectangular grid (between latitude - 28°43' N
to 31°27' N and longitude - 77°34’ E to 81°02' E) over Uttarakhand
(DCMSME, 2016). Fig. 5a shows the temporal variation of daily total fire
count and total fire radiative power (FRP) with the CCN concentration.
It is observed that high fire count corresponds to the high value of CCN
concentration. It shows two prominent peaks during this month, first on
May 08, 2019 and the other on May 30, 2019. The increased fire ac-
tivities were recorded around May 20, which possibly results in a sig-
nificant increased CCN concentration, as observed on the subsequent
days (peak on May 23, 2019). Fig. 5b shows the diurnal variation of CCN
concentration for the period between May 01 to Jun 03, 2019. This
period is categorized into two parts; before high fire activity period
(HFAD) May 01 — May 03) and during high fire activity (May 04 — Jun
03). This classification is based on the method mentioned by (Yarra-
gunta et al., 2020). According to this method, if three days running mean
of MODIS fire count data exceeds the median of whole fire count, then it
is considered as the HFAD (Bhardwaj et al., 2018; Kumar et al., 2011).
Before HFAD, the diurnal pattern is almost the same for the whole day,
with a distinct peak in the evening (17:00 h). During HFAD considerably
high concentration is observed in the night hours with few peaks in the
day time. Apart from the local activities, the long-range transport of air

mass also plays an important role in the CCN concentration. Fig. 5c
shows air mass arriving from the area of high fire activities with the
hotspots over the western part of the IGP regions. The impact of
long-range transport of different types of pollutants on the CCN con-
centration is explained in section 4.4.

4.2. Diurnal variation of CCN

The diurnal variation of CCN at 0.5% SS for all individual months
showed in Fig. 6. CCN showed a dynamic diurnal variation for different
months of the observation period. The difference between the highest
and lowest value of N¢ony was minimum (416.6) for Sep 2018 and
maximum (1939) for May 2019. However, CCN showed it’s maximum
(3846.5 + 472.9 cm™) and minimum (1099.4 + 129.0 cm ™) value in
the average diurnal variation during May 2019 and Aug 2018, respec-
tively. The lowest values observed in Aug 2018 were potentially due to
the wet scavenging of aerosol particles by high precipitation that sup-
presses the concentration of CCN particles (Garrett et al., 2006). Simi-
larly, a good association of lower diurnal values with wet scavenging
through raindrops was observed for Sep 2018. While on the other hand,
the variation range of N¢cy is maximum for May 2019 (between 3036
and 4975 cm ™) due to the heavy aerosol loading by the events of forest



A.S. Gautam et al.

Atmospheric Environment 246 (2021) 118123

(a) Monsoon

(b) Post-Monsoon

/NN
4

Wind s:i)eed (ms'l)
2

AN\N
4

. 1
Wind speed (ms™)
2

4

3 4
Wind speed (ms™)
2

Vs Vs
(c) Winter (d) Pre-Monsoon
/\N /NN

4

3 1
Wind speed (ms™)
2

500 1000

1500 2000 2500 3000 3500 4000 4500 5000
CCN Concentration (cm>)

Fig. 9. Polar plots for wind dependency of CCN concentration (cm’3) at 0.5% SS for (a) M(Sep 2018, Jun 2019); (b) PoM(Oct — Nov 2018); (c) W(Dec 2018, Jan — Feb

2019) and (d) PrM(Mar — May 2019) season.

fire and long-range transport of aerosol. The high fire activities signifi-
cantly influence the diurnal pattern of the concentration for May and
Jun 2019, explained in section 4.1 of this study. Shallow boundary layer
hight in the night hours brings the pollutants produces from biomass
burning close to the ground surface (Li et al., 2015; Miao et al., 2019),
which could lead to the elevated concentration of CCN in the night time.
Except for these two months, there are two prominent peaks in the
diurnal variation of CCN, the first one in the morning (06:00-08:00 h)
and the other in the evening (16:00-18:00 h). Peaks during morning
hours result from anthropogenic emission and biomass burning in the
nearby residential area. In contrast, the evening peaks are collectively

affected by biomass burning, vehicular emission, and air mass transport
from the plains of IGP regions.

CCN diurnal variation at 0.5% SS for different seasons; M, (JAS;
Aug-Sep 2018, Jun 2019), PoM (ON; Oct-Nov 2018), W (DJF; Dec 2018,
Jan-Feb 2019), PrM (MAM; Mar-May 2019) is shown in Fig. 7., The
average diurnal CCN concentration is recorded in PrM (2514.7 +
2166.4 cm ™) followed by W (1712.3 + 862.8 cm ™), PoM (1645.7 +
690.62 cm_3), and M (1411.3 +1110.1 cm_g). All seasons showed two
peaks, one in the morning (~06:00-08:00 h) and other in the evening
(18:00-20:00 h) for the diurnal variation, except for the PrM. M
appeared relatively with a flatter diurnal pattern, although it showed a
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slight peak in the morning (07:00-09:00 h) and the evening
(18:00-20:00 h). Morning CCN peaks in PoM and W are possible due to
the excessive local biomass burning emissions like wood burning in the
household for cooking and heating purposes nearby the observation site.
Higher RH and lower temperature profile during winter act as a driving
force to condense the water-soluble VOC and organic aerosol (OA) on
the surface of the particles, and additional higher aerosol, liquid water
content provides a medium of aging through photo-aqueous oxidation
during morning hours (Aljawhary et al., 2016; Mandariya et al., 2019).
Eventually, it contributes to enhancing the hygroscopicity of the aerosol
particles (Mandariya et al., 2020; Martin et al., 2013). As it was
explained in section 3, that the wind activities were relatively low
during the morning hours for different seasons; thus, local vehicular
emission and wood-burning activities in nearby residential areas could
be the major source of high concentration of aerosol loading. Further-
more, the evening CCN peak could be the result of transported air mass
from the IGP regions in addition to local biomass burning emissions. The
total number of fire spots for different seasons of the study period are
shown in Fig. 8. Fire counts are considerably high for almost all seasons
over the IGP region of the Indian subcontinent. During W and PoM
season, there are higher fire activities over IGP regions, including lower
Himalaya foothill regions, Pakistan, and Nepal, due to the crop residue
burning and forest fire activities. For PrM season, fire activities are
significantly high over the Indian subcontinent, Including IGP, Nepal,
North-eastern, as well as the central part of India. Carbonaceous aerosols
emitted from biomass burning could act as CCN (Corrigan and Novakov,
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1999; Hori et al., 2003; Pradeep Kumar et al., 2003; Roy et al., 2017),
and emission from crop residue burning produces the trace gases and
particulate matter (Sahai et al., 2011). It supports the increase in the
CCN concentration through the nucleation and new particle formation
events (Lee et al., 2019; Moorthy et al., 2011; Siingh et al., 2011). It is
observed that during the PrM season, numerous biomass burning ac-
tivities occurred over the IGP and Nepal regions. Also, during PoM and
W season, fire count obtained high over IGP regions as a result of open
field crop residue burnings and biomass burning activities over the
lower Himalayan regions (Dumka et al., 2015). reported the similar
pattern of diurnal variation for CCN concentration over the high altitude
location of central Himalaya. However, morning peaks are prominent
relative to the evening peak over the eastern Himalayan region (Roy
et al., 2017) and Kanpur (Patidar et al., 2012) due to the activities of
local emission of aerosol and burning of fossil fuel during the hours of
heavy rush and traffic; also boundary layer dynamics play a significant
role in the variation of CCN concentration (Dumka et al., 2013; Tripathi
et al., 2005). Contribution of transported airmass to the observed peaks
in diurnal variation of CCN concentration is explained in details using
the cluster analysis of all BTs for different seasons (section 4.4).

4.3. Impact of wind pattern on CCN

Wind speed and direction play a significant role in the transportation
and diffusion of atmospheric aerosols (Fast et al., 2007). The relation-
ship of CCN loading with wind speed and direction is examined using a
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Fig. 11. Seasonal distribution of clusters of air mass trajectories arriving over the observation site (HCO) at 500 m AGL. The pie charts are showing the fractional
contribution (in %) of CCN corresponding to each cluster for the averaged value of CCN concentration.

seasonally bivariate polar plot (Carslaw et al., 2006), as shown in Fig. 9.
The topographic overview of the observation site shows the location of
valley regions in the southeast direction to the HCO, Badshahitaul.
Southwesterly winds are prevailing for almost the entire observation
period. Higher concentration CCN was observed to be affected by
southwesterly air mass for the M season. The highest concentrations of
CCN observed for PrM season from the southeast direction, which is
highly influenced by the forest fire events in the surroundings of the
observation site and dust transported from the desert area of India and
Arabian countries. Studies show the transport of dust particles along
with other anthropogenic aerosols from southern parts of Asia, including
highly polluted IGP regions, to high altitude regions of the Himalaya and
Tibetan plateau (Cong et al., 2015; Gautam et al., 2009). Dust and
aerosol particles may act as CCN after the mixing and coating of
water-soluble sulfates and nitrates generated by the anthropogenic, in-
dustrial, and biomass burning activities in the IGP regions, as mentioned
in the previous section (Li et al., 2011). Temperature gradient and strong
thermal convection support the transport of aerosol and pollutants
through the mountain or valley wind patterns. Several previous studies
investigated the role of the valley wind pattern in the long-range
transport of air mass at high altitude sites (Dumka et al, 2010, 2015;
Kleissl et al., 2007; Moorthy et al., 2011; Nishita et al., 2008; Raati-
kainen et al., 2014; Sarangi et al., 2014; Shrestha et al., 2010). The
higher value of concentration during W season could be the result of the
substantial biomass burning in the surrounding residential area and
vegetation and/or crop residue burning in the Garhwal Himalayan re-
gion. A shallow value of concentration is observed for the M season due
to wet deposition of CCN particle by monsoonal precipitation, which
also reduces the effect of long-range transported dust and aerosol (Dipu
et al., 2013; Rodhe and Grandell, 1972; Singh et al., 2004).

11

4.4. Impact of long-range transported air mass on CCN concentration

Long-range transport of air masses and its impact on CCN concen-
tration over the Badshahithaul region is investigated using five days air
mass back trajectory arriving from different regions, ending at the alti-
tude of 500 m AGL, which has been calculated using the HYSPLIT model
for all seasons (Fig. 10).

Westerly winds mostly dominate wind patterns throughout the year
from western and central Asia. Southwesterly and southeasterly winds
arrive from the Arabian Sea and Bay of Bengal regions, respectively,
during the monsoon season. Trajectories also contain a fraction of air
mass from IGP and Nepal. Cluster analysis of BTs (Fig. 11) suggests that
a large part (~60-70%) of air mass is transported from the arid and
semi-arid regions of western and central Asia, including Iraq, Iran,
Afghanistan, and Pakistan for W, PoM, and PrM season. While other
significant fraction of the air mass from the IGP regions of the north-
western part of India. During M season, less than 20% air mass is
transported from central Asia, approx. 10% from the Arabian Sea region
and the rest 60-70% from the east and central parts of IGP, Nepal,
Bangladesh, and Bay of Bengal regions.

Cluster analysis for each hour BT of all observation days corre-
sponding to each season of the study period is performed (Fig. 11). It
suggests the potential sources of the pollutants reaching the observation
site from different regions. The percentage value with each cluster
shows the air mass fraction corresponding to each trajectory. The pie
chart in each cluster plot shows the fraction of average CCN concen-
tration out of the total value of CCN concentration for the individual
season. Hourly averaged data corresponding to each cluster is separately
plotted to explore the impact of each individual cluster on the diurnal
variation of CCN concentration (Fig. 12). The highest CCN concentration
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Fig. 12. Diurnal variation of CCN concentration at 0.5% SS corresponding to respective clusters for (a) M(Aug — Sep 2018, Jun 2019); (b) PoM(Oct — Nov 2018); (c)
W(Dec 2018, Jan — Feb 2019) and (d) PrM(Mar — May 2019) season of the study period.

is associated with the air mass clusters (the subscript represents the
corresponding season of cluster number) originating from the central
and western part of Asia, containing the desert dust and continental
anthropogenic pollutants for different season of the study period
(Cluster ID — average CCN concentration: Cly — 2089.8 cm_s, C5yp —
2989.7 em™3; C3pom — 1997 cm ™, Cdpoy — 2088.7 cm™3; Cly — 1998
em™3; C2y - 1893.3 cm ™3, C4y — 1984.5 cm™3; C2pyy — 3275.5 em ™3,
and C3pyy — 2840.9 cm ™). The highest fraction of air mass was origi-
nated from the western to the central part of IGP regions and neigh-
bouring western countries of India, i.e., Pakistan and Afghanistan (C2y —
1294 em™>; Clpom — 1390.7 em™>; C3w — 1401 cm™3; Glppy — 3257.9
cm™3). Marine influence on the air mass is noticeable (C3ym—-1187 cm’s;
C4y-1106.8 cm2) during the M season with the lowest CCN concen-
tration, also for PrM (C4ppy — 1535.4 cm ™) season from the Arabian Sea
and Bay of Bengal. The diurnal pattern of PoM (Fig. 12b) shows two
peaks (~06:00 and ~19:00 h) for different clusters with the highest
concentration corresponding to C3poy and C4poy and lowest corre-
sponding to the Clpgy cluster. W season shows almost the same pattern
for each cluster (Fig. 12c) with higher concentrations in the evening
hours, which is also in agreement with higher wind activities in the
evening hours. Diurnal variation of PrM season (Fig. 12d) show un-
conventional patterns with several peaks at different hours. C2p;y and
C3ppm cluster contribute to the observed higher value of CCN at night
hours. Previous studies (Datta et al., 2010; Xue et al., 2013) suggested
that the transported polluted air mass from urban and industrial areas of
Eurasia and the Gulf countries contains Asian dust, VOCs, and anthro-
pogenic pollutants. Chemical characterization of pollutants over IGP
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regions also suggest that during biomass (agricultural waste, biofuel,
and crop residue) burning emission enhance the concentration of fine
mode aerosols (Rajput et al, 2014a, 2014b, 2016; Rastogi et al., 2014;
Singh et al., 2014) which eventually got transported to the higher Hi-
malayan regions through the trans-Himalayan valleys by up-valley flow
(Dhungel et al., 2018). During the monsoon, the significant impact of
marine air mass leads to the decreased concentration of pollutants
(Datta et al., 2010), reaching the central Himalaya through the wet
scavenging process due to heavy moisture content.

CWTs were calculated to identify regional source areas affecting the
CCN concentration over the Badshahithaul region (Fig. 13). CWTs are
color-coded, plotted over the Southern part of Asia (Indian continent
region) to highlight the major potential sources of air mass transport and
corresponding CCN concentration. It is observed that higher concen-
trations of CCN are being transported at the observation site with the air
masses arriving from the central and western parts of Asia. It consists of
dust particles from the west Asian countries. Previous studies (Adak
et al., 2014; Gautam et al., 2009) reported the long-range transport of
desert dust over the high altitude regions of the Himalaya. A large
fraction of air mass with CCN concentration ~2000 cm ™ arrives from
the northern and central parts of IGP for different seasons of the study
period. It is also reaching the observation site from the Nepal region
during the M and W season. Although a large fraction of the air mass is
coming from the Arabian Sea, Bangladesh, and Bay of Bengal is corre-
sponding to the very low (<1000 cm %) concentration of CCN for M
season.
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Fig. 13. Concentrated Weighted Trajectories for CCN concentration of (a) M(Aug — Sep 2018, Jun 2019); (b) PoM(Oct — Nov 2018); (c) W(Dec 2018, Jan — Feb 2019)

and (d) PrM(Mar — May 2019) season.

4.5. Comparisons with other Indian subcontinent sites

Our present study is compared with the other similar studies carried
out in the different regions of India, under a variety of climatic condi-
tions along with the various geographical conditions. The comparative
concentration values for CCN for different sites of India are listed in
Table 1.

Nainital (1958 m AMSL) is the nearest observation site, and it has
somewhat similar geography and climatic condition as that of HCO.
Both observation sites are situated at high altitude hill stations of the
Western Himalayan region of Uttarakhand. A higher value of concen-
tration is obtained for M season at our site than that for Nainital (Dumka
et al., 2015; Gogoi et al., 2015). One of the possible reasons for the
higher concentration at our site could be the high loading of aerosols in
the first weeks of Jun 2019 due to intensive biomass burning activities
and forest fire events over the Garhwal Himalayan region, as mentioned
in section 4.1 while it is almost the same for the W season at both
observation sites. Darjeeling is also a high-altitude station of the eastern
Himalayan region showing a similar seasonal variation of CCN. But the
values for this station are comparatively low to our location (Roy et al.,
2017). A long-range transport study of aerosol transfer suggested that
HCO location is in the close vicinity to the highly polluted regions of IGP
and influenced by the dust and aerosol transferred from and western
Asian countries.

Kanpur shows a very high concentration (almost double) compared
to the values observed at HCO. As being a representative urban site of
IGP, it is highly influenced by anthropogenic, vehicular, and industrial
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emission (Bhattu and Tripathi, 2014). On the other hand, the relatively
high value of CCN concentration is reported for Thumba (3 m AMSL) on
the coastal region of the Western Ghats in peninsular India during the
summer monsoon season (Jayachandran et al., 2017). The air mass over
this site is supplied from the Indian Ocean region containing moisture
and natural sea salt particles. The carbonaceous sources from the nearby
urban sources contribute to the high concentration of CCN, Another
study by (Jayachandran et al., 2018) compares the concentration of CCN
at the coastal region of western ghat and a hill station site Ponmudi (960
m AMSL) where carbonaceous combustion sources highly influence the
CCN concentration. Higher concentration at day time and low at night
opposite in contrast to the coastal site (Thumba). Mahabaleshwar (1348
m AMSL) is a high-altitude site in the western ghats of India. The CCN
concentration for this site was observed higher during monsoon due to
local emission and biogenic VOC emission despite the dominant sink
process due to the monsoon washout mechanism. The Winter season is
highly influenced by the anthropogenic aerosol and calm winds (Leena
et al., 2015). These comparative analyses suggest that IGP is abundantly
polluted and source of aerosols generated in the locality or accumulated
from other regions through different means of transport. These pollut-
ants get transported to high altitude areas through up slope valley or
mountain breeze. The effect of this transported aerosol containing air
mass decreases on moving from western to eastern Himalayan regions.

5. Conclusion

The present study of CCN concentration over the Garhwal Himalayan
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Table 1
Comparison of the present study with other similar studies over different regions of India.
Sampling location (Coordinates; elevation a.m.s.l.) Condition Sampling Period Neen (em™3) Reference
Swami Ram Tirth (SRT) Campus Monsoon Aug-Sept 2018, June 2019 1411.3 +1110.1 at 0.5% SS Present Study
Badshahithaul H. N. B. Garhwal University Post-Monsoon Oct-Nov 2018 1645.7 + 690.62 at 0.5% SS
(30.34 N, 78.41 E; 1706 m) Winter Dec 2018, Jan—feb 2019 1712.3 + 862.8 at 0.5% SS
Pre-Monsoon Mar-May 2019 2514.7 £+ 2166.4 at 0.5% SS
Nanital (29.2 N, 79.3 E; 1960 m) Monsoon June-Aug 2011 1063.59 + 10.39 at 0.46% SS Gogoi et al. (2015)
Autumn Sept—Oct 2011 1935.44 + 14.46 at 0.46% SS
Winter Dec 2011, Jan—feb 2012 2180.14 + 16.05 at 0.46% SS
Nanital (29.4 N, 79.5 E; 1958 m) Monsoon Jun-Aug 2011 836 + 618 at 0.3% SS Dumka et al. (2015)

Post-Monsoon
Winter
Pre-Monsoon

Darjeeling (27.01 N, 88.15 E; 2200 m) Post-Monsoon

Winter

Pre-Monsoon

Western Ghats Monsoon

Spring

Summer

Monsoon

Ponmudi (8.8 N, 77.1 E; 960 m)
Kanpur (26.5 N, 80.3 E; 142 m)

Mahabaleshwar (17.56 N, 73.4 E; 1348 m) Monsoon
Winter
Pre-Monsoon
Monsoon

Monsoon

Thumba (8.54 N, 76.88 E; 3 m)

Sept-Nov 2011

Dec 2011, Jan—feb 2012
Mar 2012

Oct-Nov 2015

Dec 2015, Jan-Feb 2016
Mar-May 2016

Jul-Sep 2016

Mar 2012

May-June 2012

Aug 2012

June-Aug 2012

Dec 2012, Jan-Feb 2013
Mar-May 2013
Jun-Sept 2013

Jun-Sept 2014

1630 + 560 0.3% SS
1590 + 892 at 0.3% SS
2065 + 476 at 0.3%
887 + 295 at 0.5% SS
1652 + 694 at 0.5% SS
1998 + 862 at 0.5% SS
474 + 318 at 0.4% SS
3899 at 0.5% SS

5074 at 0.5% SS

3014 at 0.5% SS
~1800 at 0.6% SS
~1600 at 0.6% SS
~1700 at 0.6% SS
2096 + 834 at 0.4% SS
1529 + 411 at 0.4% SS

Roy et al. (2017)

Jayachandran et al. (2018)
Bhattu and Tripathi (2014)

Leena et al. (2015)

Jayachandran et al. (2017)

region investigates the variation of CCN, possible emission sources,
transport, and the removal of aerosol particles from the atmosphere and
its dependency on meteorological parameters and local geography.
Outcomes of this study are listed as follow:

e Simultaneous measurement of CCN concentration (Aug 01,
2018-Jun 30, 2019) and meteorological parameters (Sep 01,
2018-Jun 30, 2018) carried out at HCO. An increase in the con-
centration was observed from M to PrM season with a vast range of
variation in the concentration values.
Two peaks pattern observed in the diurnal variation of CCN con-
centration is supposed to be caused by local sources (such as vehic-
ular emission, biomass burning) and long-range transport of aerosol
and precursor gases, which could lead to gas to particle conversion,
nucleation, and new particle formation in the influence of high
temperature and solar radiation.
Exceedingly high values of CCN concentration (with an average of
3842.9 cm~2) in the month of May 2019 was a result of elevated fire
activities in northern India. It was comparatively double to the
average concentration of CCN for the rest of the months (1637.7
cm™3). Higher values of fire counts (~150 counts/day) support the
enormous increase of CCN concentration during the HFAD up to the
highest value of the whole observation period (10649.99 cm 3
onMay 30, 2019) over the Uttarakhand region.
Cluster analysis suggests that the higher concentration (more than
50% of the fraction) of CCN corresponds to the air mass arriving from
the western and central regions of Asia. Although, the fraction of
airmass corresponding to the above-mentioned clusters was signifi-
cantly low. Clusters arriving from the marine or subcontinent regions
contain the lowest fraction (~25% in monsoon and ~15% in pre-
monsoon season) of CCN concentration.

Events such as rainfall, snowfall, biomass burning, and fire forest

significantly influence the concentration of CCN particles and can

change its value drastically higher or lower than the average con-
centration of CCN.

e Air mass back trajectories and CWTs suggest the contribution of
possible sources of air mass containing various pollutant transported
over the observation site (HCO). Along with the dust particles from
desert areas of western India and western Asian countries (with
concentration more than 2000 cm > *f Ny, crop residue burning in
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the west and central parts of IGP and vegetation/forest fire con-
tributes to the loading of aerosol responsible for the formation and
activation of CCN over high altitude hilltops of Western Himalayan
region.

e IGP is the reservoir of a large amount of aerosol generated due to
industrialization, anthropogenic, and natural activities. Upslope
valley wind patterns sweep up the aerosol to the high altitude and act
as CCN after aging and mixing with the water-soluble nitrates and
sulfates.
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