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Abstract The physicochemical properties and origins of atmospheric aerosols in the Tibetan Plateau (TP)
region are a research topic of great interest, but an in-depth understanding of this topic is challenging, partially
due to a lack of intensive in situ observations. Thus, a field campaign was conducted over Yadong, a remote area
on the south slope of the TP from June 11 to 31 August 2021. The aerosol loading was low, with a black carbon
mass concentration of 147.4 + 98.4 ng-m™>. Aerosol single-scattering albedo was low (0.73 = 0.11 at 550 nm)
and increased from 450 to 700 nm wavelength. Organic matter (OM) accounting for 69.6% of the total aerosol
mass and relatively high secondary organic carbon ratios, highlighting the importance of secondary formation.
An interesting phenomenon observed was that the evolution of aerosols was mainly characterized by diurnal
variation, which could not be explained by large-scale atmospheric processes such as Indian summer monsoon.
Instead, it was found that regional mountain-valley winds between the Himalayas and South Asia transported
polluted air masses toward the TP, especially in the afternoon when regional valley wind are expected to be the
strongest and the boundary layer in South Asia is deepest. Additionally, daytime local valley wind further
elevated these aerosols to higher altitudes on the TP. This paper provides insights into the transport mechanisms
of aerosols from South Asia to the TP. These findings are of great importance since aerosols exhibit significant
diurnal variations in the TP region.

Plain Language Summary Previous studies focused on the analysis of the physical or chemical
properties of aerosols on the Tibetan Plateau, but this study provides a comprehensive examination of both. The
findings reveal that aerosols on the southern slope of the Tibetan Plateau exhibit strong absorption efficiency.
Aerosol single-scattering albedo was low (0.73 £ 0.11 at 550 nm), which may be attributed to aerosol secondary
generation and coating. Finally, the mechanism of pollutant transport from South Asia to the Tibetan Plateau
was analyzed relies on site observations, satellite, and reanalysis data to highlight the link between diurnal
variations of pollutants and transport mechanism. The specific transport mechanism be understood uniformly
across different scales, including Indian summer monsoon, regional mountain-valley winds between the
Himalayas and South Asia, and local mountain-valley winds circulation.

1. Introduction

Atmospheric aerosols can be emitted directly (such as black carbon (BC)) or formed indirectly through chemical
reactions (such as secondary organic aerosols). These aerosols have the ability to alter the aerosol radiative
forcing (Chen et al., 2022, 2023), the Earth's atmospheric radiation balance (Garrett & Zhao, 2006; Zhao &
Garrett, 2015), and atmospheric stability (Sun & Zhao, 2020; Zhao, Zhao, et al., 2022) directly by scattering and
absorbing solar and terrestrial radiation (Charlson et al., 1992; Jacobson, 2001), indirectly by affecting the
lifetime and microphysical properties of clouds (Koike et al., 2012; Twomey, 1974) and semi-directly by
evaporating clouds (Ackerman et al., 2000). Atmospheric aerosols in the Tibetan Plateau (TP, also referred to as
the “Third Pole”) play a nonnegligible role in heating the atmospheric temperature (Yao et al., 2012). For
example, a climate model simulation has shown that tarballs in the Himalayan atmosphere have a significant
heating effect of +0.01-4.06 W/m? (Yuan et al., 2020). The direct radiative forcing effects of light absorbing
aerosols are very important on the TP and consequently affect the Asian monsoon (Kumar et al., 2011; Lau
et al., 2006; Qian et al., 2011). Atmospheric aerosols also affect cloud formation and consequently affect cloud
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albedo and hydrological cycles on the TP (Jin, 2006; Zhao et al., 2023; Zhao, Xiao, et al., 2022). The TP has
glacier and snow cover, and atmospheric aerosols such as black carbon can accelerate the melting of snow and ice
(Lee et al., 2017; Li et al., 2018; Sharma et al., 2022) and affect hydrological cycles via deposition (Yao
et al., 2012). Atmospheric light-absorbing aerosols can enhance the “heat-pump” effect on the TP (Das
et al., 2022; Zhao et al., 2020) and affect the transport process of Asian surface pollutants to the global strato-
sphere (Bian et al., 2020). The TP is a lightly populated and clean area, but TP is surrounded by severe sources of
natural and anthropogenic aerosols (such as South Asia, the Taklimakan Desert, and China) (Bond et al., 2013;
Liu et al., 2015). Therefore, it is very important to study potential sources and transport pathways of aerosols on
the TP (Feng et al., 2020; Han et al., 2020; Lau et al., 2018; Liu et al., 2008; Pokharel et al., 2019; Rai et al., 2022;
Xu et al., 2018; Zhang et al., 2015).

Model simulations shown that even with the Himalayas as a natural barrier (Cao et al., 2010), South Asia is still
the most important source of BC for TP (He et al., 2014; Lu et al., 2012; Rai et al., 2022; Yang et al., 2018; Zhang
et al., 2015). Atmospheric aerosols transport from the heavily polluted Indo-Gangetic Plain (IGP) to the foothills
and slopes of the Himalayas (Dumka et al., 2008; Hyvirinen et al., 2009; Ram et al., 2010; Brun et al., 2011;
Gautam et al., 2011; Srivastava et al., 2011). For example, Bonasoni et al. (2010) demonstrated that atmospheric
brown clouds over South Asia carry large amounts of pollutants and can be lifted up to 5,000 m on the southern
slopes of the Himalayas. At present, many studies have explored the transmission mechanism of BC from South
Asia to the TP through Satellite imagery (Cong, Kawamura, et al., 2015; Liu et al., 2008; Ramanathan
et al., 2007), back trajectories (Cao et al., 2009; Lu et al., 2012; Ming et al., 2008; Yang et al., 2021), model
simulations (Cao et al., 2010; Kopacz et al., 2011; Liu et al., 2015; Ma et al., 2011, 2019; Yang et al., 2018; Zhang
et al., 2015), ice core, surface snow and snow pit analyses (Kang et al., 2010; Kaspari et al., 2014; Ming
etal., 2008; Xu et al., 2009), and in situ measurements (Babu et al., 2011; Bonasoni et al., 2010; Chen et al., 2019;
Decesari et al., 2010; Dumka et al., 2006, 2010; Ram et al., 2010). Aerosols can traverse the Himalayas to the TP
via the combination of a large-scale circulation and mountain-valley winds circulation (Bonasoni et al., 2008;
Chen et al., 2019; Cong, Kawamura, et al., 2015; Hindman & Upadhyay, 2002; Li et al., 2016) and boundary layer
dynamics (Beegum et al., 2009; Dumka et al., 2006, 2010; Pant et al., 2006). In addition, Zhang et al. (2020)
reported that complex terrain yields 50% higher BC transport flux in the Himalayas compared to smooth terrain.
The north-south trending valleys in the Himalayas are effective channels for pollutants transport (e.g., Hindman &
Upadhyay, 2002; Marinoni et al., 2010). However, it was further found that, in addition to mountain-valley winds
and Indian summer monsoon, there are also have local mountain-valley winds in the deep Himalayan valleys (as
“direct channel”) (Dumka et al., 2010; Hindman & Upadhyay, 2002) that affect the transport mechanism of
aerosols, which has been poorly revealed in previous studies. It is important to understand the specific transport
mechanism from different scales circulation to better predict and mitigate the impacts of pollutants on the TP.

The impact of aerosols depends on their chemical composition and physical properties (Pauraite et al., 2018). The
chemical compositions of atmospheric aerosols in the TP play a crucial role in evaluating the effects of air-
pollutant transport and radiative energy balance (Lau et al., 2006; Xu et al., 2020). In the past, some studies
have been conducted on aerosol composition and properties on the north slope of the TP, including Mt. Waliguan
Baseline Observatory (Xu et al., 2020), Qilian Shan Station of Glaciology and Ecologic Environment (QSS) (Xu
et al., 2014), and Menyuan (Du et al., 2015), and the south slope of the TP, including Langtang (Nepal) (Carrico
et al., 2003), Nainital (Dumka et al., 2015; Pant et al., 2006; Sagar et al., 2004), Godavari (Stone et al., 2010),
Nepal Climate Observatory-Pyramid (NCO-P) (Marinoni et al., 2010), and Qomolangma (Mt. Everest) Station
for Atmospheric and Environmental Observation and Research (QOMS) (Cong, Kang, Kawamura, et al., 2015;
Xu et al., 2020). Optical properties of water-soluble organic carbon (WSOC) collected from the south exhibit
higher light absorption than those from the north (Xu et al., 2020). The marginal sites on the south slope of the TP
(e.g., Jomsom, Dhunche, NCO-P, Kali Gandaki Valley (KGV), Kathmandu Valley, and Naintal) are heavily
influenced by fossil fuel combustion and mostly associated with regional circulation from the IGP and westerly
air masses from the Middle East, Africa and Europe (Chen et al., 2019; Dhungel et al., 2018; Dumka et al., 2010;
Marinoni et al., 2010; Panday & Prinn, 2009). At the same time, some studies on the TP also have analyzed the
physical properties of aerosols, such as using the aerosol scattering Angstrom exponent (SAE) and absorption
Angstrom exponent (AAE) to distinguish aerosol size and type, and utilizing single scattering albedo (SSA) to
study aerosol absorption and radiative forcing (e.g., Kant et al., 2020; Tian et al., 2023; Zhang et al., 2021; Zhang
et al., 2022). However, there is still a lack of the comprehensive analysis of the physical properties and chemical
composition of aerosols transported over long-range in the Himalayas (Ram et al., 2010). Therefore, this study
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may provide new insights into the comprehensive consideration of aerosol physical, chemical properties, and
transport mechanisms in the Himalayas.

At present, there are many studies on the diurnal changes of pollutants on the foothills and slopes of the Himalayas
(e.g., Babu et al., 2011; Bonasoni et al., 2010; Dhungel et al., 2018; Dumka et al., 2015; Gautam et al., 2011;
Komppula et al., 2009; Marinoni et al., 2010; Panday & Prinn, 2009; Sarangi et al., 2013; Xiang et al., 2021).
There are two cases: one in which the aerosol peaks in the afternoon due to the influence of thermal winds and
boundary layer dynamics (e.g., Bonasoni et al., 2010; Dumka et al., 2015; Gautam et al., 2011; Komppula
et al., 2009; Marinoni et al., 2010; Xiang et al., 2021); and the other in which the aerosol has a double peak
structure in the morning and afternoon, in addition to the above influences, there is also the influence of the
residual layer or local combustion (e.g., Dhungel et al., 2018; Panday & Prinn, 2009). However, none of these
studies currently consider the effect of local mountain-valley winds on the diurnal variation of pollutants in the
valley. The presence of upslope valley wind (regional scale) during the daytime and downslope valley wind
during the night has also been reported in the southern slopes of the TP during the non-monsoon period (Bonasoni
et al., 2010; Marinoni et al., 2010). South Asia as a severe source of pollutants (Bond et al., 2013), will continue to
contribute more pollutants to the TP. For instance, previous research has shown that particulate matter with an
aerodynamic diameter of up to 1 pm (PM,) levels can be <1 pg-m~ in the air originating from the TP downslope
valley and ranging from 1 to 10 pg-m™ in the air transported from Nepal by upslope valley wind (Marinoni
et al., 2010). During the monsoon season, upslope valley wind was also observed at the NCO-P during the night
due to the influence of the synoptic-scale summer monsoon circulation and cyclonic flow (Bonasoni et al., 2010;
Hooda et al., 2018; Liu et al., 2015; Ueno et al., 2008). This results in a constant source of pollutants being
transported to the TP throughout the day due to the combined action of thermal winds circulation and summer
monsoon circulation. The thermal winds are mainly manifested as mountain-valley winds between the South Asia
and the Himalayas. However, the local mountain-valley winds can also have a significant impact on the diurnal
variation of pollutants. It is important to understand the effects of circulation at different scales on diurnal
variation of pollutants on the TP.

2. Field Campaign, Data, and Methodology
2.1. Site, Instrument Setup, and Data Quality Assurance

The field measurements were conducted from 11 June 2021 to 31 August 2021 (monsoon period) at Yadong,
which is located on the south edge of the TP (27°25’N, 88°54’E, 3,136 m a.s.l.) and on the south slope of the
Himalayas (Figure 1a). The area is influenced by the large-scale Indian monsoon circulation (Cong, Kang, Zhang,
et al., 2015), which dominates during the observation period (Guo et al., 2023). As the westerlies moved
northward during the monsoon season (Tian et al., 2007), this study has not considered their implications. The
sampling site was located on the hillside (Figure S1 in Supporting Information S1) with no agriculture or industry
around, and there were few people in the vicinity. The closest town is Yadong County, which is located about
6.6 km north of the station (population ~15,449, Census of China 2021). The population living in towns is 6,973
(accounting for 45.14%), with population density 3.58 capita km™? (http://www.ydx.gov.cn/news-detail.thtml?
cid=158651).

A seven-wavelength aethalometer with a PM, 5 inlet was used to measure the BC concentration light absorption
coefficient (6ap) (model AE33, Magee Scientific, USA) at 370, 470, 520, 590, 660, 880, and 950 nm and was
operated at an airflow rate of 5 L min~" with a temporal resolution of 1 min (Figure 1g). The 880 nm wavelength
channel was used to identify the BC concentration in ambient air. In addition, AE33 can also directly output the
proportion of biomass burning (BB), and the analysis of BC emission sources is based on the model of San-
dradewi et al. (2008), which shows that the light absorption coefficient is the sum of biomass burning and fossil
fuel combustion. An integrating nephelometer (Model 3563, TSI Inc.) with a PM, 5 inlet and a temporal resolution
of 10 s was used to obtain the light scattering coefficient (o) at 450, 550, and 700 nm (Figure le). All neph-
elometer scattering coefficients were corrected for truncation errors using the method described by Anderson and
Ogren (1998). The size distributions of ultrafine particles were measured using a scanning mobility particle sizer
(SMPS; 3082, TSI Inc.) (Stokes diameter (Dp):13.6-514 nm) and an aerodynamic particle sizer spectrometer
(APS; Model 3321, TSI Inc.) (aerodynamic diameter (Da): 542 nm-19.81 pm) with a temporal resolution of 5 min
(Figures 1f and 1h). The results from the APS were modified to the Stokes diameter assuming the particle density
tobe 1.7 pg-m ™~ before they were combined with the SMPS data (Shang et al., 2018). It is worth noting that all the
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Figure 1. Location of the site (a) (ared circle indicates the location of the site) and instruments (b-h) set up during the campaign. Topography information is provided by
ETOPO?2 Global Relief Model website (https://www.ngdc.noaa.gov/mgg/global/) of National Oceanic and Atmospheric Administration.

above instruments use drying tubes in the measurement to reduce humidity and minimize the error. The drying
tubes were designed to effectively remove excess moisture from the air by using the hygroscopic color-changing
silicone. This material has the ability to absorb moisture and change color when it becomes saturated, indicating
that it needs to be replaced. To ensure optimal performance, replacing the hygroscopic color-changing silicone
every 5-6 days when it reaches saturation.

The study also obtained meteorological parameters, including ambient temperature (T), relative humidity (RH),
wind direction and speed (WD and WS) and air pressure (P). These parameters were measured using an automatic
weather station with a temporal resolution of 1 min (Figure 1d). Medium-volume air samplers (model Laoy-
ing2030, Laoshan Electronic Instrument Factory Co.) were used to collect TSP and PM, 5 samples approximately
2 m above the ground during the campaign (Figure 1c). Each sample was collected for 71 hr, starting at 11:00 on
the first day and ending at 10:00 on the third day. The diameter of precombusted (heating at 550°C for 5 hr in an
over) quartz fiber filters (Model 1855-090, Whatman Inc.) is 90 mm. A flow rate of 100 L/min was applied. A
detailed introduction is available elsewhere (Zhang et al., 2021).

Offline TSP aerosol samples were analyzed for three types of chemical compositions: (a) water-soluble inorganic
ions (WSII) were measured by ion chromatography (881 Compact IC Pro, Metrohm and ICS-600, Dionex Inc.).
(b) Metallic elements were measured by energy dispersive X-ray fluorescence spectrometry with the use of an
Epsilon 4 XRF analyzer (PANalytical, Almelo, Netherlands). (c) Organic carbon (OC) and elemental carbon (EC)
on the quartz filters were analyzed using a Desert Research Institute (DRI) Model 2015 thermal-optical reflec-
tance carbon analyzer (Atmoslytic Inc.).

2.2. Data Processing and Aerosol Parameters

The spectral aerosol absorption coefficient (c,, ;) was measured using the Aethalometer (AE33) and the BC
concentration (BC,) was calculated by assuming the mass absorption cross-section (MAC,) (Drinovec
et al., 2015):

Gap,l = BC;L XMACl (1)
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where the values of MAC, at seven wavelengths (370, 470, 520, 590, 660, 880, and 950 nm) are 18.47, 14.54,
13.14,11.58,10.35,7.77, and 7.19 m? g~ ". The scattering Angstrém exponent (SAE) is related to aerosol size and
can be expressed as follows:

_log(gsp,i| ) - log(o_sp,iz)

SAE =
log(4;) — log(4;)

@

where 4, = 450 and 4, = 700 nm. Based on o,,, and o, the single-scattering albedo (SSA) was calculated by the

following equation:

p>

SSA = o'sp/(gsp + Uap) (3
The absorption Angstrém exponent (AAE) is expressed as:
Oup(A) = kATAAE )

where k is a constant, and AAE was calculated via power-law fitting based on the 6,, at 370, 470, 520, 590, 660,
880, and 950 nm wavelengths.

Mass concentration of PM, 5 was calculated using SMPS and APS data, as described in Text S1.

2.3. Air Mass Back Trajectory Analysis

Model simulation was used to identify the sources and transport pathways during the campaign. The global
average lifetime of BC is approximately 5 days (Zhang et al., 2015), so 120-hr air mass back trajectories starting
500 m above ground level at 0:00, 06:00, 12:00, and 18:00 UTC were calculated using the Meteoinfo
(Wang, 2014) mode and the GDAS (Global Data Assimilation System) meteorological data in July 2021. In order
to better determine the potential source regions, the Concentration Weighted Trajectory (CWT) method is
applied, which can quantify the regional contribution of each of advection pathway to the measured aerosol
parameters (Seibert et al., 1994). The CWT values were calculated by BC concentrations and 120-hr air mass back
trajectories (Hsu et al., 2003). To calculate CWT, the whole geographic region covered by the trajectories is
divided into an array of grid cells, and each grid cell was assigned a residence time weighted concentration by
averaging the sample concentrations that have associated trajectories crossing that grid cell as follows:

1 M
CWT = 57— >, Ciry 5)
1=1Tijl I=1

where, CWT is the average weighted concentration of BC in a grid cell (i, j), / is the index of the trajectory, M is
the total number of trajectories, C, is the observed variable, and 7;; is the time spent in the ijth cell by trajectory [
(Seibert et al., 1994). Thus, the higher value of CWT implies that the magnitude of source strength is associated
with high concentrations of BC at the receptor site.

2.4. Satellite, Reanalysis, and Other Data

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) provides new insight into the vertical structure
and properties of clouds and aerosols. Nighttime profiles show lower background noise, and for this study,
nighttime profiles of the TP were selected during the campaign to analyze the vertical extension of aerosols that
are transported toward the TP. The products used in this study are lidar level 2 Vertical Feature Masks, which
distinguish between clouds and aerosols based on the Cloud Aerosol Discrimination (CAD) function (Winker
etal., 2009). Liu et al. (2019) has demonstrated the accuracy of the level 2 CAD algorithm and many studies have
used these products to analyze the long-distance transport and vertical distribution of aerosols (e.g., Liu
et al., 2008; Ningombam et al., 2014; Zhu et al., 2019).

The NASA Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) monthly
mean reanalysis meteorological data were used to observe meteorological fields (Rienecker et al., 2011), the
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horizontal resolution is 0.5° X 0.625°. The MERRA-2 reanalysis data is more comparable to satellite measure-
ments (Kuttippurath & Raj, 2021). The correlation coefficient between the mean wind speeds in MERRA and
MIDAS is 0.94, which implies the accuracy of the data (Cannon et al., 2015). It plays an important role in global
chemical transport model and the community atmosphere model (Han et al., 2020; Zhang et al., 2015). A data set
of the surface PM, 5 mass concentration, the V5. GL.02 version, with a spatial resolution of 0.01° X 0.01° over
South Asia in July 2020 was employed in the present study. The surface PM, 5 data set is available online at the
Atmospheric Composition Analysis Group of Washington University in St. Louis, website: https://sites.wustl.
edu/acag/datasets/surface-pm2-5/#V5.GL.02. Van Donkelaar et al. (2019) indicates that hybrid PM, 5 estimates
provide precise regional-scale representation. More details can be found in van Donkelaar et al. (2019), Hammer
et al. (2020), and Tang et al. (2022).

The monthly mean Boundary Layer Height (BLH) in a grid of 0.25° X 0.25° is retrieved from the European Center
for Medium—range Weather Forecasts (ECMWF). This gives 24 values per day from 0 to 23 hr with an interval
of 1 hr (June 2021), website: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-eraS-single-levels-
monthly-means?tab=form. This data set exhibits low bias when compared to satellite data (e.g., Ao et al., 2012;
Palm et al., 2005). Some studies have also used this data set to analyze boundary layer evolution at the foothills of
the TP and achieved good results (e.g., Neitola et al., 2011; Raatikainen et al., 2014; Tian et al., 2017).

3. Results and Discussion
3.1. Overall of Aerosol Characteristics During the Field Campaign

The PM, 5 mass concentration was 6.9 + 6.3 (average =+ standard deviation) pg-m~ and the BC mass concen-
tration was 147.4 + 98.4 ng-m™> during the campaign. The aerosol loading of Yadong is comparable with those of
the other sites such as NCO-P (BC: 56 + 75 ng-m™>; Eastern Himalayas) (Marinoni et al., 2010), QOMS (BC:
130 + 113 ng:m™>) (Xiang et al., 2021) during the monsoon. However, the loading of atmospheric aerosols at
Yadong is lower than that found at sites such as Nainital (BC: 530 = 20 ng-m_3), Mukteswar (BC:
532 + 369 ng-m™; entral Himalayas) during the monsoon. Because those sites are also affected by long-distance
transport from Africa and Europe, in addition to South Asia and IGP (Dumka et al., 2010; Hyvirinen et al., 2009),
and may therefore lead to more severe air pollution. The evolution of PM, 5 and BC was mainly characterized by
diurnal variation, and the local ambient air was warm (12.7 £ 1.9°C) and humid (90.0 + 8.2%), the pressure was
low (692.8 £ 1.7 hPa) due to high altitude, and the wind was weak (1.1 £ 0.5 m-s") during the campaign (Table
S1 in Supporting Information S1). At another high altitude site, NCO-P (5,079 m a.s.L.), there is also a relatively
high relative humidity (94%) during the monsoon (Bonasoni et al., 2010). Higher relative humidity may lead to
more secondary aerosol formation (Tie et al., 2017). The evolution of pressure was controlled by weather system
cycles from a few days to a few weeks (Figure 2c). However, the evolution of temperature, relative humidity, and
wind speed was mainly characterized by diurnal variation, which might determine the evolution of atmospheric
aerosols.

The daytime average relative humidity was higher than 80.0% and the nighttime relative humidity even exceeded
90.0%. The wind speed began to increase at 09:00, reached a maximum value of 1.6 m-s~' at 15:00, then
decreased to 0.8 m-s™" at 22:00, and exhibited little change until the next morning (Figure 3b). Eastern winds (NE,
E, and SE) prevailed during the daytime with little variation, while the western wind fraction gradually increased
during the nighttime until 05:00 of the next morning, and then decreased sharply until 09:00 (Figure 3d).
Considering the local topography (Figure 8), such diurnal variation in winds indicated daytime eastern local
valley wind and nighttime western local mountain breeze.

Generally, PM, 5 and BC were relatively high during the daytime and low during the nighttime (Figure 3a).
Specifically, PM, 5 and BC exhibited similar diurnal variations with a major peak at 08:00 and another peak in the
afternoon, similar to the observation at two Nepal sites (KGV and Kathmandu Valley) (Dhungel et al., 2018;
Panday & Prinn, 2009). The peak value of BC at 08:00 (240.0 ng-m™—>) was almost three times the lowest BC value
(85.0 ng-m ™) during the nighttime. Atmospheric aerosols (i.e., PM, 5 and BC) rapidly accumulated from 05:00 to
08:00 when the local valley wind built up, that may be because pollutants accumulated in the valley are trans-
ported to the hillside. The afternoon peak of aerosols at 15:00 might be related to the peak of wind speed and BLH
at the same time (Figures 3b and 4c). Such diurnal variations in aerosols and meteorological parameters are
distinct from results observed at typical urban, rural, and other remote sites (e.g., Dumka et al., 2015; Gautam
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Figure 4. Time series and diurnal variation of aerosol optical parameters: scattering coefficient and absorption coefficient (a),
single scattering albedo and the proportion of biomass burning (BB) in BC (b), the boundary layer height (c), scattering
Angstrom exponent and absorption Angstrém exponent (d).

et al., 2011; Guan et al., 2021; Marinoni et al., 2010; Zhang et al., 2021), where they only exhibit unimodal
structures during noon or afternoon. Such diurnal variation will be further discussed in Section 3.5.

3.2. Scattering and Absorption of Atmospheric Aerosols

The average scattering coefficients of the atmospheric aerosols were 491 + 5.42, 3.81 = 3.84, and
3.25 + 2.44 Mm™" at 450, 550, and 700 nm, respectively, during the field campaign (Table S2 in Supporting
Information S1). The scattering coefficient was comparable with that at the NCO-P site (2.2 + 3.5 Mm ™! at
700 nm (5,059 m a.s.l.); Bonasoni et al., 2010) and the Shiquanhe site (4.79 £ 4.31 Mm ™" at 550 nm (4278.6 m a.
s.l.); Zhang et al., 2021) during the monsoon season. Meanwhile, the average absorption coefficients were
2.59 +1.92,2.06 + 1.59, 1.77 + 1.35, 1.48 + 1.05, 1.22 + 0.88, 0.88 + 0.61, and 0.82 + 0.55 Mm ™" at 370, 470,
520, 590, 660, 880, and 950 nm (Figure S2 in Supporting Information S1), respectively. The absorption coef-
ficient was also comparable with that at the Shiquanhe site (1.39 £ 1.26 Mm™! at 870 nm (4278.6 ma.s.L.); Zhang
etal., 2021) during the monsoon season. Aerosol scattering and absorption coefficients decreased with increasing
wavelength with an SAE of 0.05 £ 1.66 and an AAE of 1.18 + 0.24 (Table S2 in Supporting Information S1). The
SAE is related to aerosol size, while the AAE is an indicator for absorbing aerosol species. The average SAE of
0.05 at the Yadong site was much lower than that reported at Nainital (0.72) by Dumka et al. (2015), indicating
that the aerosols at Yadong were relatively coarser in size. The AAE value of 1.18 indicated that aerosol ab-
sorption was mainly from fossil fuel combustion rather than biomass burning (Sandradewi et al., 2008). Dumka
et al. (2010) reported that the value of AAE remained mostly approximately 1 for BC aerosols over Manora Peak
(the central Himalayas), Nainital, and showed that these aerosols had mainly originated from fossil fuel com-
bustion. Particles from fossil fuel combustion exhibit higher long-distance transport efficiency compared to
particles from biomass burning (Pio et al., 2007).

The SSA was 0.72 £ 0.15, 0.73 = 0.11, and 0.77 £ 0.09 at 450, 550, and 700 nm, respectively (Figure S2 in
Supporting Information S1). The increasing trend of SSA with wavelength at the Yadong site suggests the
presence of large organic particles (Costabile et al., 2013; Romano et al., 2019; Valentini et al., 2020). These low
SSA values indicate a relatively high absorption efficiency that may exert an important influence on aerosol
radiative forcing (Tian et al., 2018). Low SSAs of 0.60-0.85 at 520 nm were also recorded at other sites, for
example, the Kathmandu Valley (Cho et al., 2017) and Shiquanhe (Zhang et al., 2021). The observations further
revealed that SSA decreases with increasing elevation over the Himalayan foothill region and attributed this
phenomenon to the dominance of light absorbing carbonaceous aerosols at higher elevations (Ramachandran
et al., 2020).
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The scattering and absorption coefficients exhibited similar diurnal variations with BC and PM, s, that is, higher
during daytime than nighttime, with one apparent peak at 08:00 and a slight peak in the afternoon, and sharply
accumulated from 05:00 to 08:00 and sharply reduced from 09:00 to 11:00 (Figure 4a). Such similar diurnal
variations in scattering and absorption coefficients resulted in weak diurnal variations in SSA (Figure 4b). The
proportion of biomass burning (BB) in BC sharply accumulated from 09:00 to 12:00 to reach a peak, with an
average 32.7% (Figure 4b). Kant et al. (2020) also reported that the percentage contributions from fossil fuel
combustion and biomass burning to total BC are 66% and 34%, respectively, at Dehradun, a semiurban site in the
foothills of the northwest Himalayas.

The boundary layer height began to rise at 09:00, corresponding to the decline in BC and PM, 5 concentrations
(Figure 3a). And then reached its highest in the afternoon (Figure 4c), which was very consistent with the change
in wind speed (Figure 3b), corresponding to the second peak of BC and PM, 5 concentrations (Figure 3a). The
SAE exhibited a diurnal variation similar to that of the scattering coefficient (Figure 4d), indicating that fine
atmospheric aerosols with high scattering efficiency were photochemically converted during the daytime, while
coarser aerosols were present at night (see Figure 5 for aerosol size distribution). The AAE also rapidly increased
in the morning and then gradually decreased in the evening (Figure 4d), indicating a rapid change in absorbing
aerosol properties in the morning resulting from different sources (Pauraite et al., 2018) or different aging states of
the atmospheric aerosols (Lack & Cappa, 2010). The nighttime AAE was close to 1.0 and maintained a high value
level during the daytime (Figure 4d), indicating that BC was mainly from fossil fuel combustion and the cor-
responding BB was lower during the night.

3.3. The Diurnal Cycle of the Size Distribution of Atmospheric Aerosols

The diameter range of the aerosols was from 13.6 nm to 15.2 pm. The number size distribution showed a fine
mode with a peak at 63.8 nm and the volume size distribution showed a bimodal pattern with peaks at 201.7 nm
and 2.3 pm (Figure S3 in Supporting Information S1). The aerosol modes were defined based on the particle size
range as follows: nucleation mode (Dp < 25 nm), Aitken mode (25 nm < Dp < 100 nm), accumulation mode
(100 nm < Dp < 1 pm), and coarse mode (Dp > 1 pm) (Brock et al., 2021; Hara et al., 2021). The average number
concentration of atmospheric aerosols at Yadong was 365 cm ™, with the Aitken mode accounting for the ma-
jority (66%) of the distribution during observations.

The mean particle size of SMPS exhibited small diurnal variation during daytime for the sub-micro aerosols
(Figure 5a). The accumulation mode and Aitken mode particles increased explosively in the morning (05:00—
09:00), while the particle size range became wider during the same time when local valley wind built up and lasted
until the evening. Because the accumulation mode mainly contributes to the scattering coefficient (Pauraite
et al., 2018), the scattering coefficients exhibited higher values during daytime than nighttime (Figure 4a).
However, the mean particle size of SMPS experienced a rapid declined between 09:00 and 11:00 due to an in-
crease in nucleation mode particles (Figure 5a; Figure S4 in Supporting Information S1). This resulted in lower
scattering coefficient and SSA values at 09:00 (Figure 4a). A previous study also reported a maximum aerosol
concentration between 09:00 and 12:00 UTC due to nucleation processes at NCO-P (Sellegri et al., 2010). Then,
the mean particle size of SMPS remained relatively high during the daytime (Figure 5a) due to the freshly
nucleated particles growing to larger sizes by condensation and coagulation of the existing particles within several
hours. Finally, the mean particle size of SMPS began to decrease at 18:00, and maintained relatively low values
during the nighttime (Figure 5a). The coarse mode particles with two peaks in the morning and afternoon
(Figure 5b) corresponding to PM, 5 mass concentrations reach two peaks (Figure 3a).

3.4. Chemical Compositions of the Atmospheric Aerosols

The chemical compositions of atmospheric aerosols from TSP were analyzed. The sums of the concentrations of
WSII analyzed were 483.4 ng-m™ during the field campaign. The average mass concentrations of Na*, NH,*,
K*, Ca®*,F~, Cl7, SO, and NO;~ were 2.19 + 3.68, 41.96 + 56.90, 19.22 + 12.36, 128.58 + 93.01, 3.43 + 1.85,
1.27 + 1.27, 234.43 + 213.16, and 25.84 + 27.82 ng-m > (Figure 6a; Table S3 in Supporting Information S1),
respectively. The sum of SO,*~ and NH,* mass concentrations accounted for more than 60% of the WSII mass
concentration (Figure 6a), indicating that secondary aerosol formation is an important process at Yadong (Cho
et al., 2017). Studies in other regions, particularly during the monsoon season, such as the Bay of Bengal and
western India, have also shown that SO,>~ and NH,* are the major contributors to WSII in PM, s (Kumar &
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Sarin, 2010; Srinivas et al., 2011). The low concentration of C1~ and Na* in the WSII suggests that the influence
of sea salt is negligible at Yadong (Cong, Kang, Kawamura, et al., 2015). K* is a tracer of biomass burning
emissions (Cachier et al., 1995), and the K* concentration at Yadong station was much lower than that in the
southeast TP (0.04 + 0.03 pug-m™) and western TP (0.13 + 0.07 pg-m™) during the monsoon season (Zhang
et al., 2021; Zhao et al., 2013), indicating that less biomass burning aerosols were present in the southern TP than
in other regions in summer.

The ionic balance of WSII is illustrated in Figure S5 in Supporting Information S1. The correlation between
cations and anions was poor (r = (0.32). The correlation coefficient was effectively improved and increased to 0.77
when Ca®*, Na™, F~ and CI~ were excluded from the cations. This phenomenon was also found at the Shiquanhe
site, where the correlation between cations and anions was also poor due to the effects of CO;>~ and/or HCO5~
(Zhang et al., 2021).

The average mass concentrations of OC and EC from TSP during the observation period at Yadong station were
2.56 + 0.77 and 0.47 + 0.22 pg-m™>, respectively. Comparison with monsoon, the average EC and OC con-
centrations were 1.25 + 1.2 and 1.34 + 0.9 pg-m™ at southeastern TP Mt. Yulong, respectively (Niu et al., 2018).
Yadong has lower EC and higher OC than Mt. Yulong. Meanwhile, the OC and EC concentrations in Yadong are
higher than those in regions such as Nam Co (OC: 1.63 + 2.14 pg-m™, EC: 0.13 + 0.11 pg-m ™) and Ngari (OC:
1.82 + 0.82 pg-m >, EC: 0.31 =+ 0.13 pg-m™), which may occur because Yadong is closer to South Asia and
pollutant diffusion or deposition during long-range transport (Chen et al., 2019). OC dominated the mass con-
centration of carbonaceous aerosols, which accounted for 85% of the total carbon (Figure 6b). The ratio of OC to
EC was 7.02 £+ 4.62, which may be due to the aging of aerosols (Zhang et al., 2019).

Based on the minimum OC/EC ratio method, secondary OC (SOC) has often been calculated from the primary
OC/EC ratio (OC,; = EC X (OC/EC) 1), (OC,. = OC-0OC,;), which is assumed to be relatively constant for a
given site (Turpin & Huntzicker, 1995). The Yadong site exhibited relatively high SOC/OC ratios (68%), similar
to some remote regions (e.g., Nam Co, Beiluhe, Laohugou, Hunza, and Yulong), indicating long-range transport
and more photochemical reactions (Chen et al., 2019).

Organic matter (OM), EC, mineral dust (MD), and non-dust water-soluble ions (nd-WSII) were used to recon-
struct the mass closure of offline aerosol samples. The specific method is shown in Text S2 in Supporting In-
formation S1. The reconstructed mass concentration and gravimetric mass concentration were moderately
correlated (R* = 0.51) (Figure S6 in Supporting Information S1). The reconstruction mass concentrations of EC,
OM, nd-WSII, and MD were 0.47 + 0.22, 5.85 + 1.77, 0.32 £+ 0.30, and 1.76 + 0.88 pg-m_3, respectively. OM
contributed the most to reconstruction mass concentrations, MD contributed the second most, and nd-WSII
contributed the least (Figure 6d).

In summary, the sum of SO,>~ and NH,* mass concentrations accounted for more than 60% of the WSII mass
concentration and relatively high SOC/OC ratios, highlighting the importance of secondary formation at Yadong.
OM contributed the most to the reconstructed mass closure of offline aerosol samples. During the process of
secondary formation, the particles increase the coating thickness, further increasing the absorption (Bond
etal., 2013; Chen et al., 2019; Yuan et al., 2020) and reducing SSA (Saito & Yang, 2021; Yang et al., 2007). The
low SSA in our study is related to aerosol size distribution as revealed by a recently published paper of our group
(Tian et al., 2023). This recently published paper used the same data as the present study and found that SSA was
primarily modulated by size distribution rather than absorption over the Himalayas.

3.5. Transport and Sources of Atmospheric Aerosols

The backward trajectory clusters and map of CWT-BC were plotted to reveal the transport and sources of at-
mospheric aerosols from a regional perspective (Figure 7a). The map of CWT-BC indicated that BC at Yadong
was mostly transported from the southern direction, and the backward trajectory clusters specifically showed that
more than 99% of the air masses reaching Yadong were from South Asia (Figure 7a). The influence of northerly
winds was found to be very weak, excluding the possibility of local sources. The meteorological field over South
Asia was characterized by an obvious cyclone, which was the typical wind field and caused southeastern winds
over Yadong during the summer monsoon season (see Figure 7b). CALIOP observations revealed regional
aerosol layer over South Asia during the field campaign, which reached the Yadong site (Figures 7c and 7d).
Thus, the wind field was favorable in transporting atmospheric aerosols to the TP region from the South Asia
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Figure 7. (a) The backward trajectory clusters and map of CWT-BC; (b) MERRA-2 10 m wind speed and wind direction distribution on the ground at Yadong (in July)
(the five-pointed star represents the location of the site); and (c and d) Aerosol spatial distribution derived from CALIOP observations at Yadong and surrounding areas
(the elapsed time is 2021-08-31 20:59 and 2021-06-24 21:03, respectively). The Yadong site is represented by red circles.

during the summer monsoon season. The high-resolution PM, 5 map exhibited an excellent spatial relationship
with the topographic map, indicating aerosol transport via the north—south valleys on the south slope of the TP
(Figure S7 in Supporting Information S1).

Previous studies have shown that atmospheric aerosols are transported from South Asia to the TP region via various
weather processes. These weather processes including westerly circulation, Indian summer monsoon, and the
mountain-valley winds between South Asia and the Himalayas (e.g., Bonasoni et al., 2008, 2010; Chen et al., 2018,
2019; Cong, Kawamura, et al., 2015; Dhungel et al., 2018; Hindman & Upadhyay, 2002; Li et al., 2016; Venzac
et al., 2008). Based on the above results, the present study emphasized the deep Himalayan valleys as “direct
channel” also have local mountain-valley winds. For ease of differentiation, the mountain-valley winds between
South Asia and the Himalayas defined as “regional mountain wind”” and “regional valley wind” (Figure 8). The
“regional mountain-valley winds” were similar to the diurnal local mountain-valley winds but different in spatial
scale. Regional mountain-valley winds were regional in scale, while local mountain-valley winds were local-scale
atmospheric circulations (Figure 8). During the day, it is manifested as local valley wind and regional valley wind;
at night, it is characterized by local mountain breeze and regional mountain wind.

To better understand the diurnal variation in aerosol transport, the winds were further decomposed into two
components: the zonal (U) and meridional (V) winds. Local mountain-valley winds are mainly observed from the
zonal winds, while regional mountain-valley winds are mainly observed from the meridional winds. Here,
positive U and V indicate western and southern winds, respectively. During the campaign, the eastern zonal winds
and southern meridional winds dominated and exhibited a consistent diurnal cycle (Figures 9b and 9c). The
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Figure 9. (a) Schematic diagram of the Indian monsoon (a red circle indicates the location of the site); and (b and c¢) Diurnal
variation of meridional and zonal wind speeds.
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eastern zonal winds were influenced by the cyclone wind field, combined with the daytime local valley wind, and
Indian summer monsoon. The hourly average zonal wind speed was consistently positive throughout the day,
except for a few hours in the morning (Figure 9b), indicating that local valley wind were spread across the region
and contributed to air pollution transport from lower elevations to higher altitudes during the daytime. The hourly
average meridional wind speed was also consistently positive throughout the day (Figure 9c), indicating the
strong influence of Indian summer monsoon and regional mountain-valley winds to meridional winds. Regional
mountain-valley winds added up to Indian summer monsoon caused stronger southern meridional winds during
daytime, especially in the afternoon when regional valley wind were expected to be the strongest. This situation
was observed at surrounding stations as well (e.g., Bonasoni et al., 2010; Dumka et al., 2015; Gautam et al., 2011;
Komppula et al., 2009; Marinoni et al., 2010; Xiang et al., 2021). At this time, the boundary layer had developed
to its highest level (Figure 4c) and pollutant concentrations reach their secondary peak (Figure 3a). At night, the
regional mountain wind was overwhelmed by Indian summer monsoon and resulted in south winds throughout
the day.

In summary, the transport of air pollutants from South Asia to the Tibetan Plateau was regulated by the following
mechanisms: (a) the meridional component of Indian summer monsoon may continuously transport air pollution
to the Tibetan Plateau during the monsoon season (Figure 9a); (b) regional mountain-valley winds between the
Himalayas and South Asia may bring air pollutants to the Tibetan Plateau, especially in the afternoon when
southern regional valley wind is expected to be the strongest and the boundary layer in South Asia is deepest; and
(c) air pollutants tend to be more easily transported in valleys and local valley wind spread air pollutants from
valleys to higher altitudes during the daytime (Figure 8).

4. Summary and Conclusions

An intensive field campaign was conducted at Yadong (3,136 m a.s.l.) on the southern TP from June 11th to 31
August 2021. The data set provided insights into the physical properties, chemical compositions, and transport of
atmospheric aerosols over a remote, high-altitude site on the TP. The major results are summarized as follows:

Yadong has a very low loading of atmospheric aerosols. The evolution of PM, 5 and BC was mainly characterized
by diurnal variation. The low SSA was found to be 0.73 at 550 nm. This value indicates that the aerosols have a
relatively high absorption efficiency, which may exert an important influence on aerosol radiative forcing. By
analyzing WSII mass concentration, SOC/OC ratios, and the reconstructed mass closure of offline aerosol
samples, the particles were found to increase the coating thickness, further increasing the absorption and
explaining why there are such low-value SSAs at the Yadong site.

Evidence obtained from back trajectories, MERRA-2 reanalysis, and CALIOP highlighted the impact of pollution
from South Asia to the southern TP. It is worth noting that the deep Himalayan valleys as “direct channel” also
have local mountain-valley winds, and affect the diurnal variation of aerosols near the site. The transport of air
pollutants from South Asia to the TP was governed by the following mechanisms: (a) Indian summer monsoon;
(b) regional mountain-valley winds between the Himalayas and South Asia; and (c) local mountain-valley winds.
Since the evolution of aerosols on the TP was mainly characterized by diurnal variation that is not related to local
anthropogenic emissions. Therefore, the combined influence of regional mountain-valley winds, local mountain-
valley winds, and Indian summer monsoon play an important role in transporting aerosols from South Asia to
the TP.

This paper developed the transport mechanisms of aerosols from South Asia to the TP from the perspective of
regional mountain-valley winds combined with local mountain-valley winds. These findings are of great
importance since aerosols exhibit significant diurnal variations in the TP region. Further studies are required to
quantitatively estimate pollution transport using the transport mechanisms revealed in the present study.

Data Availability Statement

The original aerosol observation data of the Yadong station are available at the National Tibetan Plateau Data
Center (http://data.tpdc.ac.cn/en/data/d5tdd431-7b12-40e1-8252-0f460a6e7623/).
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