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ARTICLE INFO ABSTRACT

Keywords: Ground-based observational characterization of atmosphere aerosols over Central Asia is very limited. This study
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investigated the columnar aerosol characteristics over Issyk-Kul, Kyrgyzstan, a background site in Central Asia
using the long-term (~14 years: August 2007-November 2021) data acquired with the Cimel sunphotometer.
The mean aerosol optical depth (AOD) and Angstrém exponent (AE) during the observation period were 0.14 +
0.10 and 1.19 + 0.41, respectively. Both AOD and AE varied across seasons, with highest AOD in spring (0.17 +
0.17). Regarding the aerosol types, clean continental aerosols were dominant type (65%), followed by mixed
aerosols (~19%), clean marine aerosols (~14%), dust (0.8%), and urban/industrial and biomass burning aerosol
(0.7%). The aerosol volume size distribution was bimodal indicating the influence of both anthropogenic and
natural aerosols with clear dominance of coarse mode during the spring season. Mainly dust and mixed aerosols
were present during high aerosol episodes while the coarse mode aerosol volume concentration was 7.5 (strong
episodes) and ~19 (extreme episodes) times higher than the whole period average. Aerosol over this background
sites were from local and regional sources with some contribution of long-range transport.

1. Introduction

2008; Burney and Ramanathan, 2014; Cohen et al., 2017; Hu et al.,
2017; Kang et al., 2019; Liu et al., 2020; Wang et al., 2021). There are

Atmospheric aerosols from both anthropogenic activities and natural
sources, being an important constituent of the atmosphere, plays sig-
nificant roles in altering the earth’s radiative balance, influencing hy-
drological and cryosphere systems, degrading air quality, and adversely
impacting human health and agriculture productivity (Chameides et al.,
1999; Rosenfeld, 2000; Ramanathan et al., 2001; Kampa and Castanas,
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still large uncertainties understanding and quantifying the role of
aerosols on climate system, among others, largely because of insufficient
knowledge on aerosol morphology, chemical characteristics and distri-
butions, magnitudes and trends, especially over intense aerosol source
regions across the globe, in particular Asia (Kaufman et al., 2002; Sri-
vastava et al., 2011; Stocker et al., 2013; IPCC, 2021; Ramachandran
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and Rupakheti, 2022).

Central Asia is situated almost in the middle of the global dust belt
that extends from northern Africa and passes through deserts in the
Arabian region and Taklamakan Desert up to the Gobi Desert (Hofer
etal., 2017). The Taklamakan, Kara-Kum and Kyzyl-Kum deserts, as well
as the Aral Sea region are important and major dust source region for
Central Asia and rest of the Northern Hemisphere (Prospero et al., 2002;
Chen et al., 2013a). The strong south-westerly winds low-pressure sys-
tem over western Siberia facilitate development of dust storms that
transport dust from deserts in northern Africa and Arabian Peninsula
towards Central Asia (Liu et al., 2019), resulting in the occurrence of
numerous dust episodes during summer and autumn season (Golitsyn
and Gillette, 1993). Climate change, over-exploitation of the water re-
sources, population growth, inappropriate land management are some
of the important factors of environmental deterioration resulting in to
desertification, biodiversity loss, soil salinization and frequent sand
storms in the Central Asian region (Yu et al., 2019 and references
therein). On the other hand, Central Asia lies in proximity of the Tian-
shan Mountain, the Pamirs, the Himalayas and Tibetan Plateau region,
which are considered as ‘the water tower of Asia’ for housing large
glaciers that feed major Asian rivers which sustain the life of more than a
billion population (Immerzeel et al., 2010). Anthropogenic pollution
and dust from the Central Asia region transported to the glaciers over
those mountain ranges influence atmospheric radiative forcing through
heating the atmosphere and altering the surface albedo of the glaciers
and snowfields (Kang et al., 2019; Sierra-Hernandez et al., 2019; Hu
et al., 2022). Hence, analysis of atmospheric pollution over this vast
region is one of the preliminary steps in understanding what gets
transported towards the Himalayas, Tibetan Plateau and beyond.

Central Asia mainly covers five countries viz. Kazakhstan,
Kyrgyzstan, Tajikistan, Uzbekistan and Turkmenistan. An overview of
previous studies on atmospheric pollution over Central Asia have
already been presented in recent studies (Hofer et al., 2017; Rupakheti
et al., 2019, 2020); thus, here we will mention the relevant studies over
Kyrgyzstan only. Using a handheld sunphotometer in Issyk-Kul Lake,
Semenov et al. (2005) studied the aerosol optical depth (AOD),
columnar Angstrom exponent (AE) and water vapor, and their in-
terrelationships. Chen et al. (2013b) examined the relationship between
AOD and particulate matter (PM) concentrations, where a high corre-
lation was reported, especially during the spring and autumn period due
to the dust storms. Chen et al. (2013a) investigated the vertical distri-
bution of dust and identified the Taklimakan Desert and the Aral Sea
basin as regional dust source and the deserts of the Middle East region as
long-range transport sources. However, Dewan et al. (2015), using sta-
ble isotopes of strontium to investigate the sources of airborne PM in
Kyrgyzstan, stated that the Aral Sea sediments have very minimal effect
on the air quality of Kyrgyzstan. Sizov et al. (2015) investigated the
trend in AOD over the Issyk-Kul region during 1984-2009 and reported
the increase in AOD during recent years. Recently, Rupakheti et al.
(2019) utilized the satellite AOD data over the whole of Central Asia and
reported the lowest AOD over Kyrgyzstan as compared with the other
four countries in the region. In addition to using ground and
satellite-based datasets to study the atmospheric pollution over this re-
gion, some studies have utilized other environmental media like soil and
sediments to report the pollution. Li et al. (2020) have analyzed poly-
cyclic aromatic hydrocarbons (PAHSs), total organic carbon (TOC) and
n-alkanes in the soil surrounding two lakes, Issyk-Kul and Son-Kul from
Kyrgyzstan . Rupakheti et al. (2021) have reported the Black carbon (BC,
an important contributor to global warming) in the soil from three
central Asian countries, including Kyrgyzstan. Monitoring atmospheric
pollution in Central Asia can provide valuable information on the
regional source of pollutants and on characteristics of pollution trans-
port which will be beneficial for the validation of the atmospheric
models (Chen et al.,, 2013c), besides advancing understanding their
impacts in the downwind mountain regions with sensitive ecosystems.

This study has been designed keeping in mind the lack of recent
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studies to explain the magnitude of aerosol loading and other associated
aerosol properties over Central Asia. We have utilized the data acquired
with a Cimel sunphotometer installed under the NASA AERONET
(AErosol Robotic NETwork) project over a long period from August
2007-November 2021 to understand the aerosol loading, aerosol types
and size distribution of the aerosol over a background site, Issyk-Kul
Lake in Kyrgyzstan. We also classified the aerosol based on different
parameters and further investigated the ‘heavy aerosol’ events. The
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model along with potential source contribution function (PSCF) has
been conducted to understand the source of aerosol.

2. Materials and methods
2.1. Monitoring site

Kyrgyzstan, situated between 39 and 44 °N latitude and 69-81 °E
longitude, is among the five countries in the central Asia region, with a
total area of about 200 thousand km? and an estimated population of
about 6.5 million. The country shares its border with Kazakhstan
(north), China (east), Tajikistan (south) and Uzbekistan (west). Issyk-Kul
station is situated in the shoreline of the Issyk-Kul Lake (42.6 °N, 77.0 °E,
1650 m asl), a closed-basin lake with a catchment area of ~22,000 km?>.
It is the seventh deepest and the tenth largest lake in the world. The
Issyk-Kul Lake with more than 6200 km? area is surrounded by two giant
mountain ranges viz. Kungey Ala-Too (towards north) and Terskey Ala-
Too (towards south), creating a complex geophysical setting (Fig. 1) that
hinders the transport of polluted air mass from the nearby big cities like
Bishkek City (the capital city of Kyrgyzstan) and Almaty (huge industrial
center and previous capital of Kazakhstan) (Semenov et al., 2005).
Without any local industrial activities and being located away from
major cities, the atmosphere over the Issyk-Kul basin can be considered
as the background, typical for rural conditions of the central Asia
mountainous region (Semenov et al., 2005; Sizov et al., 2015).

2.2. AERONET instrumentation and data

The NASA AERONET program (https://aeronet.gsfc.nasa.gov/)
installed a CIMEL sun-photometer in Issyk Kul in August 2007 to un-
derstand the columnar aerosol properties over a central Asian back-
ground atmosphere. The sun-photometer measures the direct-sun
irradiance at eight channels between 340 and 1020 nm and sky radiance
at four channels between 440 and 1020 nm (Holben et al., 2001a,
2001b, 1998). The AERONET website reports aerosol data in three
different level of processing: level 1 (unscreened data), level 1.5 (cloud
screened data) and level 2.0 (quality-assured data). In this study, we
retrieved the Level 2 version 3 data (cloud screened and quality assured)
(Giles et al.,, 2019; Smirnov et al., 2000) collected during August
2007-November 2021, which consist of 3021 days of high-quality data.
AERONET datasets possess low measurement uncertainties as compared
to satellite datasets (Sinyuk et al., 2020; Sayer et al., 2012). The AER-
ONET instruments are routinely calibrated approximately every 6-12
months following an elaborate procedure (Dubovik et al., 2002; Holben
etal., 2001a, 2001b) to ensure continuity and measurement quality. The
uncertainties in AOD (direct sun) is less than + 0.01 for wavelengths
>0.44 pm and is less than + 0.02 for shorter wavelengths (Holben et al.,
2001a, 2001b). AOD, fine mode fraction (FMF, i.e., contribution of
fine-mode AOD on total AOD), f\ngstrém exponent (AE) and volume size
distribution (VSD) data were retrieved for this study. Other parameters
like single scattering albedo (SSA), asymmetry parameter (ASY), and
refractive index (RI) were not utilized as they pose high uncertainty at
low aerosol loading condition (AOD <0.4) (Dubovik et al., 2000). More
details on the AERONET observations, data processing and related un-
certainties are provided in earlier literature (Smirnov et al., 2000;
Holben et al., 2001a, 2001b). Three parameters analyzed in this study
provided with the results that can still be considered valuable as the


https://aeronet.gsfc.nasa.gov/

D. Rupakheti et al. Environmental Pollution 316 (2023) 120501

Almaty

69°0'E. 72°0'E 5 78“b'£

Fig. 1. The location of Issyk-Kul AERONET station (pink star) in Kyrgyzstan (a), satellite image of the Issyk-Kul Lake and its surroundings (b) and satellite image of
Issyk-Kul station and its surrounding (c). A CIMEL sunphotometer in action in the inset of (c) is obtained from the AERONET website (https://aeronet.gsfc.nasa.gov/).
The satellite images used in (b) and (c) were obtained from Bing Maps (www.bing.com/maps). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

stations to measure long-term columnar aerosol properties over this vast
landmass, in particular at the background conditions, are very scarce.

B Winter
B Spring
B summer
B Autumn

3. Results and discussions

3.1. Overview on AOD and AE: frequency and temporal variation

w
o
o

During the whole observation period (August 2007-November
2021), the median (mean =+ standard deviation) AOD, AE, and FMF were
found to be 0.11 (0.14 + 0.10), 1.22 (1.19 + 0.41) and 0.68 (0.67 +
0.19), respectively. Due to the several aerosol events or episodes
(explained in Section 3.4), the median values were lower than the mean
AOD (Pokharel et al., 2019). For the same period, their daily mean
values ranged between 0.01 -1.47 (AOD), 0.02-2.43 (AE) and 0.15-1.00
(FMF), which indicated wide variations in aerosol loading with presence
of different aerosol types (detail in Section 3.2). The frequency distri-
bution of daily AOD and AE across seasons has been presented in Fig. 2.

Both AOD and AE exhibited unimodal distribution with modal AOD at T T T
ca. 0.15 and AE at ca. 1.2. About 96% of the sampling days (2897 days) : * 0.70 1.05 1.40
. , o . : . AOD
were ‘clean’ days as the condition with anthropogenic AOD higher than 120
0.3 is considered a polluted atmosphere or pollution hotspot (Ram- - Winter
anathan et al., 2007). Though it is not possible here to separate how B spring
much of AOD was contributed by the anthropogenic emissions, AOD - Summer
higher than 0.3 was observed only on 124 days (out of 3021 days of - Autumn
available L2 data), mostly during dust storms in spring and summer. A
previous study conducted over Central Asia using the satellite retrieved
data reported a similar result for Kyrgyzstan (~97% of the days during
2002-2017 were clean days) (Rupakheti et al., 2019). The AE data was
spread over a wide range indicating the presence of aerosol from various
sources as the higher AE indicates presence of fine particles (sourced
from anthropogenic activities like biomass burning and fossil fuel 40
combustion), and lower AE indicates coarse particles (sourced from
natural sources like dust) (Holben et al., 2001a, 2001b; Schuster et al.,
2006).

The AOD and AE data has been compared with multiple sites across
the region (Table 1) to understand the situation over the Issyk-Kul.
Altk.lougl} the observation§ by these studies are not made in th.e same 0.00 0.55 110 165 220
period, it however provides some useful insights for the scientific AE
community to understand the aerosol properties and potential sources
over the less-studied Central Asian region. A study based on the same Fig. 2. Frequency distribution of seasonal AOD and AE.
site utilizing the data collected for 25 years (1985-2009) using the filter

No. of days

80+

No. of days
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Table 1
Comparison of AOD and AE observed in Issyk-Kul with other sites.
Sites Duration AOD AE References
Issyk-Kul, 2007-2021 0.14+0.10 119+ This study
Kyrgyzstan 0.41
Winter 0.12+0.06 1.39 +
0.32
Spring 0.17 £0.17 091 +
0.43
Summer 0.13 £ 0.07 1.27 £
0.36
Autumn 0.12 +0.08 1.22 +
0.38
Issyk-Kul, 2000-2004 0.10+£0.03 1.25+ Semenov et al.
Kyrgyzstan 0.36 (2005)
Issyk-Kul, 1984-2009  0.128 + - Sizov et al.
Kyrgyzstan 0.03 (2015)
Kyrgyzstan 2002-2017  0.11 £0.13 141 £ Rupakheti et al.
0.13 (2019)
Dushanbe, 2010-2018 0.28 £0.20 0.82 + Rupakheti et al.
Tajikistan 0.40 (2020)
Muztagh Ata, 2011 0.14 +0.07 0.70 + Yan et al.
Eastern Pamirs 0.27 (2015)
Mt. Waliguan, 2009-2010  0.144+0.07 0.59 + Che et al.
China 0.24 (2011)
Dunhuang, China 1999-2000  0.14-0.37 0.01-0.66 Xia et al. (2004)
Zanjan, Iran 2006-2008 0.28 +0.14 0.73 £ Bayat et al.
0.30 (2011)
Nam Co, TP 2006-2016 0.045 + - Pokharel et al.
0.047 (2019)
QOMS, TP 2009-2017 0.043 + - Pokharel et al.
0.039 (2019)
Lahore, Pakistan 2001-2018 0.81 +£0.43 0.93 + Khan et al.
0.46 (2019)
Beijing, China 2005-2009  0.56-1.58 0.9-1.2 Wang et al.
(2011)
Wuhan, China 2007-2013 1.05 + 0.66 1.22 Wang et al.

(2015)

photometers reported similar aerosol loading of 0.128 + 0.003 (Sizov
et al., 2015). Semenov et al. (2005) reported lower AOD based on ob-
servations during 2000-2004, indicating increment in aerosol loading
during recent period. Aerosol loading over Issyk-Kul was similar to that
observed over background sites like Muztagh Ata in eastern Pamirs (Yan
et al., 2015) and Mt. Waliguan, a baseline Global Atmospheric Watch
site located in northeastern part of the Tibetan Plateau, China (Che et al.,
2011) whereas half of that in Dushanbe, a nearby capital city of
Tajikistan (Rupakheti et al., 2020) and Zanjan, Iran (Bayat et al., 2011).
Nevertheless, AOD in Issyk-Kul was more than twice higher than the
remote sites like Nam Co and QOMS in the Tibetan Plateau (Pokharel
et al., 2019). Regarding AE, the values were higher than over many sites
listed in Table 1, indicating the dominance of fine aerosols over the
Issyk-Kul site. Interestingly, the average AE value has not changed much
compared to another study conducted over the same site (using Micro-
tops sunphotometer) in the early 2000s (Semenov et al., 2005) which
may indicate that the aerosol source has not changed much over the
course of time.

Seasonal and monthly average aerosol parameters were also inves-
tigated using the daily mean data. In winter, mean AOD and AE were
0.12 £ 0.06 and 1.39 + 0.32, respectively, with a FMF value of 0.79 +
0.15, clearly indicating the dominance of fine aerosol in the atmosphere.
Spring season observed the highest seasonal mean AOD (0.17 + 0.17),
lowest AE (0.91 + 0.43), and lowest FMF (0.54 + 0.20), indicating the
presence of coarser particles in the atmosphere (contributing 59% to
total AOD) than other seasons. During the other two seasons, AOD, AE
and FMF were 0.13 + 0.07, 1.27 + 0.36 and 0.67 + 0.16 (during sum-
mer) and 0.12 + 0.08, 1.22 + 0.38 and 0.69 + 0.17 (during autumn),
respectively. Month-wise mean (Fig. 3) AOD ranged between 0.10 +
0.06 in December to 0.20 + 0.23 in April. Similarly, monthly AE was in
the range between 0.81 + 0.45 (April) and 1.44 + 0.32 (December). The
columnar water vapor (CWV) ranged between 0.41 + 0.14 cm (January)
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to 1.47 + 0.24 cm (July). Monthly trend (figures not shown) of AOD
(AE) exhibited very small increasing (decreasing) order with value of 3
x 107% (=4 x 107°) per month which were higher than as reported in
Dushanbe, Tajikistan (Rupakheti et al., 2020). In Issyk-Kul, while
considering total AOD, fine (coarse) mode exhibited decreasing
(increasing) order with value of —2 x 10°° (5 x 10’6) per month. The
highest monthly mean AOD in April, which is distinctly higher than
other months, (with lowest AE) indicates the presence of coarse particles
like dust in the atmosphere, which has been further supported by the
lowest FMF (0.50 + 0.21) during this month (~64% of total AOD was
contributed by the coarse mode particles).

3.2. Aerosol types inferred from the relationship between AOD and AE

To the best of our knowledge, previous studies based on sunpho-
tometer retrievals aerosol types have not been investigated over any
background site in Central Asia. Different parameters from AERONET
sunphotometer retrieved datasets can be utilized to analyze the aerosol
types, the most commonly used method being an analysis of relation
between AOD and AE (Kaskaoutis et al., 2007; Rupakheti et al., 2018;
Sharma et al., 2014; Smirnov et al., 2002; Tiwari et al., 2018, 2016).
Nevertheless, this method is unable to retrieve the aerosol types prop-
erties in the case of well-mixed aerosols and cannot further differentiate
aerosols into absorbing and non-absorbing aerosols for which we need
additional variables from AERONET dataset which is beyond the scope
of this study. Previous studies have used threshold values of these two
parameters for classification of various aerosol types as AOD <0.2 and
AE >1.0 for clean continental, AOD <0.2 and AE <0.9 for clean marine,
AOD >0.3 and AE >1.0 for urban/industrial and biomass burning, AOD
>0.6 and AE <0.7 for dust, and that not falling within any these criteria
is classified as the mixed aerosols over Central Asia ((Rupakheti et al.,
2019, 2020; 2021). Over Issyk-Kul, the clean continental aerosol was
dominant aerosol type (~65%), followed by mixed aerosols (~19%),
and clean marine aerosols (~14%) (Fig. 4). The share of individual
aerosol type is different than that observed over Dushanbe, where the
highest share of mixed aerosol (57%), followed by clean continental
(17%) and clean marine (15.7%) was observed (Rupakheti et al., 2020)
which is understandable as Dushanbe is a capital city with significant
anthropogenic activities whereas on the other hand, over Issyk-Kul, dust
and aerosols from anthropogenic activities (urban and biomass burning)
were less than 1% each.

The monthly and seasonal contribution of individual aerosol types is
presented in Fig. 5. On a seasonal basis, clean continental aerosol type
had the highest share over Issyk Kul, ~41% (spring) to ~81% (winter).
In a previous study that utilized the satellite-retrieved data during
2002-2017, Rupakheti et al. (2019) reported that Kyrgyzstan has the
highest share of clean continental aerosol (~90%) among five countries
in Central Asia. The mixed aerosol type had the share of ~14%-~27% in
Issyk-Kul (Fig. 4) which is formed either by an external or internal
mixing of anthropogenic and natural aerosols (Pathak et al., 2012). The
share of dust, which is more abundant during stormy seasons, was
highest in the spring season (2.7%), followed by summer (0.5%) and
autumn (~0.12%) and was absent in the winter season.

3.3. Aerosol volume concentration and volume size distribution

Fig. 6 shows the seasonal aerosol volume size distribution (VSD)
derived from the sunphotometer measurements using 22 radius size bins
ranging from 0.05 to 15 pm. It has a bi-modal distribution which can be
defined by the sum of two log-normal distributions (Dubovik and King,
2000), as governed by the equation below:

o) _dv(r) _ i C,; [*(ln r—1In rm-)}

“dlnr V270, xp 20?

Aerosol volume size distribution is bi-modal in every season with
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Fig. 3. Monthly and seasonal mean AOD, AE and columnar water vapor (CWV). In each box, the lower and upper boundary represent the 25th and 75th percentile,
the top and bottom of the whisker represent the 90th and 10th percentile, the mid-line represents the median; and the filled circle represents the mean value.
Abbreviations of each month starting from January and ending at December has been used.
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Fig. 4. Relation between AE and AOD used to estimate contributions of
different aerosol types over Issyk-Kul. CC, CM and U/I & BB refer to clean
continental, clean marine and urban/industrial & biomass burning aerosols.

modal radii at 0.1-0.15 pm (fine-mode) and 2-4 pm (coarse-mode),
which indicates the influence of both anthropogenic (fine-mode with
diameter <0.6 pm, such as those from fuel combustion) and natural
(coarse-mode with diameter >0.6 pm, such as wind-blown dust) aero-
sols. Earlier studies have reported the fine (coarse) modal peak at radius
0.09-0.11 (1.71-3.86) pm at Dushanbe (Rupakheti et al., 2020), 0.2
(0.3) pm at Muztagh Ata (Yan et al., 2015), 0.2-0.3 (5) pm at Nam Co
(Congetal., 2009), 0.09-0.25 (2.2-2.9) pm, and 0.11-0.25 (2.2-3.8) pm
during dust and haze-fog in Beijing (Yu et al., 2011), 0.11-0.19
(2.2-3.8) pm in Lanzhou, China (Yu et al., 2009). The shift in fine and
coarse mode peak during the summer could be attributed to the high
moisture availability in the atmosphere (Fig. 3) that leads the hygro-
scopic growth of aerosols. Higher values in the coarse mode in both
volume concentrations and VSD during the spring season (in particular,
in the month of April) reflect the influence of natural aerosols like dust.
The coarse mode dominated the fine mode except in winter, as evident
in the lower fine-mode fraction contributing to volume concentrations
(Fig. 6b) and VSD (Fig. 6a).

Seasonal mean aerosol VSD parameters are presented in Table 2,
which clearly show the coarse-mode volume concentration (V) higher
by a factor of ~0.8-4.1 than in fine mode (V) (lowest during winter and
highest during the spring). The V./V¢ ratio has been reported to be as
high as 50 in the dust from the western part of Africa and the Arabian
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(winter), March-May (spring), June-August (summer), and September-November (autumn), respectively.

Table 2

Seasonal mean parameters of aerosol volume size distribution over Issyk-Kul. V is the volume concentration (pm’spm’z) for fine (f) and coarse (c) mode aerosols, Rt is
the effective radius (pm), VMR is the volume median radius (um) and o is its geometric standard deviation.

Seasons Ve Refrf VMR¢ of Ve Refrc VMR, [N

DJF 0.022 0.131 0.145 0.474 0.017 2.170 2.646 0.632
MAM 0.012 0.132 0.150 0.523 0.049 1.529 1.952 0.700
JJA 0.012 0.137 0.151 0.442 0.035 2.169 2.769 0.681
SON 0.014 0.134 0.149 0.470 0.046 2.233 2.765 0.638

Peninsula, and ~10 in aerosols from the Bahrain-Persian Gulf (Dubovik
et al., 2002), up to 8 during different seasons in Dushanbe (Rupakheti
et al., 2020), and 6, 12, and 16 during the strong anthropogenic aerosol
events, strong dust events, and extreme dust events over Dushanbe site
in central Asia (Rupakheti et al., 2021). The effective radius of the fine
mode (Reft.f) was almost the same for all seasons (ca. 0.13 pm), whereas
the effective radius of the coarse mode (Reff.c) followed an order autumn
(2.23) > winter (2.17) > spring (2.17) > spring (1.53). Such a behavior
of minimal or no significant changes in the Regt.f as compared to the Refr.c
could have a higher optical effect of aerosols (mostly in scattering effi-
ciency) (Tiwari et al., 2015).

3.4. Characterization of high aerosol events

This section deals with the identification and investigation of aerosol
properties on the high aerosol loading days during the measurement
period. To identify the high aerosol episodes, we used the thresholds
used earlier in other sites in central Asia (Hofer et al., 2017; Rupakheti
et al., 2021) and other regions (Gkikas et al., 2013, 2016). If the AOD
during any day was >average AOD over the observation period+(2
standard deviations), this was referred to as strong aerosol event day and
if the average AOD was >average AOD+(4 standard deviations), it was
considered as extreme aerosol event days. For our site, we found that 56
days observed AOD higher than 0.35 (strong event days) with mean
AOD of 0.42 + 0.06, and 25 days observed AOD higher than 0.56
(extreme event days) with mean AOD of 0.91 + 0.26. Similarly, mean
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AE (FMF) for these two types of events were found as 0.39 + 0.36 (0.31
+ 0.18) and 0.12 + 0.05 (0.19 + 0.02), respectively, indicating the
dominant presence of coarse particles (like dust) during the events.
Exploring all events individually is out of the scope of this study. Thus,
we collectively categorized the event days into strong and extreme
events.

In Fig. 7, the relationship between AOD and AE (using threshold
values mentioned in the earlier section) shows different types of aerosols
during two types of events. Most of the aerosols during strong events
were mixed and few urban/industrial and biomass burning. During the
heavy aerosol events, 24 out of 25 days observed dust as indicated by
low AE and high AOD. Similar to an earlier study (Rupakheti et al.,
2021), this study also showed that the highest aerosol loading over
central Asian sites is mostly dust-related.

The VSD during both type of events is also shown in Fig. 7, where one
can observe the dominance of coarse mode. As the level 2 data for all
days were not available, we opted to use the level 1.5 (cloud-screened)
data for the VSD in this section. Unfortunately, the VSD data for some
days with strong aerosol events (mainly resulting from anthropogenic
activities as suggested by high AE values) could not be retrieved;
otherwise, it would have been an excellent study to compare the natural
and anthropogenic activities led event days in central Asian background
site. The coarse mode modal radius was 1.70 pm during strong events
and 2.24 pm during extreme events. During the whole observation
period (all data), the modal radius in the coarse mode was observed at
2.24 pm. During the aerosol event days, the coarse mode aerosol volume
concentration was higher by a factor of ~7.5 and ~19 compared to the
average for the whole study period. Over Dushanbe in Central Asia, the
maxima peaks observed at the same radius (2.2 pm) were higher by a
factor of ~14 compared to the 2010-2018 period (Rupakheti et al.,
2021). Similar types of enhancement in the coarse mode radius were
reported in earlier studies over Kanpur (Prasad & Singh, 2007; Tiwari
etal., 2019), Lahore (Alam et al., 2014), central Himalayas (Singh et al.,
2022), Beijing (Yu et al., 2016) and Dushanbe (Rupakheti et al., 2021)
during dust events.

3.5. Aerosol transport pathways

We analyzed the air mass back trajectories to understand the po-
tential sources and transport pathways of aerosols only during
December 2016-November 2017 as an example. Five-days long back
trajectories of the air mass arriving at the height of 500 m agl over the
Issyk-Kul site were calculated using the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model developed by the
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Air Resources Laboratory of the National Oceanic and Atmospheric
Administration (NOAA) (www.arl.noaa.gov/HYSPLIT_ info. php)
(Draxler and Hess, 1998; Stein et al., 2015) with 1 x 1° meteorological
data retrieved from the Global Data Assimilation System (GDAS)
(https://ready.arl.noaa.gov/gdas1.php).To effectively identify the po-
tential source regions of aerosols, a widely used statistical tool in un-
derstanding the aerosol source region named potential source
contribution function (PSCF) has been used (Tiwari et al., 2018; Yin
et al.,, 2017, 2021; Hu et al., 2022; Rai et al., 2022). In this analysis,
rain-bearing trajectories were sorted out in order to avoid the possible
uncertainty (Cross, 2015) as done in another recent study (Rai et al.,
2022). Afterwards, a Gaussian filter and continuous weighting function
was used to smooth out the results:

WF, — log(N)
log (max(N))

where WEFj; is the weighted function for Nj; trajectories and N represents
the total number of trajectories.

Utilizing PSCF results, air mass associated with higher AOD during
different seasons have been identified as shown in Fig. 8. As can be
inferred from the figure, the contribution of AOD from within the Cen-
tral Asian region is highest during all seasons with major contribution
from local or regional sources. During all seasons, a significant influence
of westerlies was also observed. During winter season, majority of
aerosol were from within Kyrgyzstan, indicating the transport of local/
regional aerosols to the site. Over Dushanbe, neighboring country
Tajikistan’s capital city, Rupakheti et al. (2020) reported 40-50% of the
local/regional airmasses with the highest contribution (~53%) during
the winter season. In summer, the contribution of aerosols (beside local
origin) from neighboring country Kazakhstan’s largest city and former
capital city Almaty was observed. During spring, aerosols were
contributed by the dust belt region, associated with the transport of
coarse aerosols. Considerable fraction of AOD was contributed from four
central Asian countries viz., Kyrgyzstan, Tajikistan, up to central
Uzbekistan and western Turkmenistan during the autumn season. The
origin and passing of air masses over the different types of land use/land
cover regions might have resulted in transport of various types of
aerosols observed over the Issyk-Kul region. Nevertheless, future studies
are required to understand the aerosol chemistry (including isotopic
analysis) and computer-based modelling works to properly apportion
contributions of various aerosol sources and source regions.
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Fig. 7. Relationship between AOD and AE during two types of events (left) and aerosol volume size distribution (right). Inset in the right panel shows the VSD during

all period.
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Fig. 8. Seasonal average Potential Source Contribution Analysis (PSCF) plots of 5 days air mass back trajectories at Issyk-Kul during different seasons over an

observation period from December 2016 to November 2017.

4. Conclusions

This study was conducted to understand the columnar aerosol
properties over a background site (Issyk-Kul Lake, Kyrgyzstan) in Cen-
tral Asia. Using the data collected during 2007-2021, this study found
the mean AOD of 0.14 + 0.10 with the highest AOD (and lowest AE)
during the spring season, indicating higher amounts of coarse aerosol in
the atmosphere in spring. Aerosol types were classified based on a
common methodology which showed the highest contribution of clean
continental aerosols (~65%) followed by mixed aerosols (~19%) and
clean marine aerosols (~14%). The contribution of dust was observed to
be ~0.8% in total, with the highest contribution during spring followed
by the summer season. These results are evidence of the presence of an
‘aerosol cocktail’ over this background site throughout the year with
contributions of individual aerosol types varying across the seasons. The
presence and influence of coarse mode aerosols on both aerosol loading
and modifications of aerosol optical properties were observed during the
heavy aerosol episodes as evident in the enhancement in the coarse
mode aerosol volume by a factor of up to ~20 times higher (as compared
to the whole observation period). The local and regional emissions from
within the central Asia region was dominant source aerosols to Issyk-Kul
site. As the central Asian region still observes the scantiness of research
on aerosol properties and potential impacts, this study will aid scientists

interested in the air quality and climate over this vast landmass. Future
studies should be designed using state of the art instruments for obser-
vation of aerosol physical and chemical properties, both surface and
columnar, and sophisticated computer models with appropriate repre-
sentation of emissions and meteorology of the region to understand air
pollution, its origin, proportional contributions of various sources and
regions, and its effects over this region and downwind regions.
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