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Abstract The assessment of atmospheric aerosol radiative effects in the Tibetan Plateau (TP) suffers
from large uncertainties due to limited understanding of aerosol physicochemical properties. To quantify
aerosol optical properties, size distributions, and chemical compositions in the western TP, an intensive
field campaign was carried out at Shiquanhe National Reference Climatological Station from July 8 to
August 2, 2019. Unexpected low single scattering albedo (SSA) at 870 nm was found for the fine aerosols
with an average value of 0.73 + 0.18. SSA was even lower than 0.60 in the morning when fine aerosols
peaked, indicating high absorption of the fine aerosols induced by anthropogenic activities. Coarse

mode aerosols accounted for 70.58% + 14.98% of the total volume concentration and mineral dust was
the most abundant species in total suspended particles with a mass fraction of 48.7%. Fine mode aerosol
concentrations showed little dependence on wind speed while coarse mode aerosols and metallic element
concentrations exhibited strong positive correlations with wind speed, indicating the importance of wind-
blown dust particles. The present study for the first time quantified key aerosol parameters in the western
TP and unexpected high absorption of atmospheric aerosols were found over the site in summer. Our
results suggest the need to carefully consider the radiative effects caused by aerosol absorption in the TP
region.

1. Introduction

Atmospheric aerosols in the Tibetan Plateau (TP, also known as the “Third Pole”) play significant roles in
earth-atmosphere systems from local to global scales (Yao et al., 2019; Zhao et al., 2018). The geograph-
ical conditions and the atmospheric circulation of the TP facilitate the transport of pollutants and water
vapor to the global lower stratosphere and upper troposphere (Bian et al., 2020; C. Xu, et al., 2018). Direct
radiative effects of absorbing aerosols heat up the air over the TP and consequently affect atmospheric
thermodynamics (Lau et al., 2006). Atmospheric aerosols also contribute to precipitation and hydrological
cycles in the TP and downstream regions by interacting with clouds (Jin, 2006; Liu et al., 2019). The melting
of glaciers and snow cover is accelerated by the deposition of atmospheric aerosols such as black carbon
(BC) and mineral dust (MD) (Kang et al., 2019). Long-term remote sensing observations and model simu-
lations reveal that aerosol loading has increased during recent years in most areas of the TP region (Mehta
et al., 2019; Zhu et al., 2019).

The understanding of atmospheric aerosols and their effects over the TP is relatively poor despite the im-
portance of the role that aerosols play in the earth-atmosphere systems (Kang et al., 2019; Zhao et al., 2019).
For example, long-range transport of biomass burning from South Asia has been widely studied in many
researches (Cao et al., 2011; Zhao et al., 2013), while Zhang et al. (2017) suggested that nearby or short-dis-
tance sources rather than long-distance transported pollutants are the most important contributors to BC
concentrations at a site in the central TP. Long-term CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfind-
er Satellite Observation) observations showed highest regional average depolarization ratio and color ratio
of atmospheric aerosols over the TP in the selected eight regions across China (Tian et al., 2017), indicating
the dominance of coarse MD aerosols in this region. But only a small number of the AErosol RObotic
NETwork (AERONET) sunphotometer observations were classified as dust aerosols (Pokharel et al., 2019).
Absorbing aerosols contribute to surface warming in the TP region (Lau et al., 2010; Pepin et al., 2015), but
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a recent study reveals that air pollution slows down surface warming over the TP (Jia et al., 2020). Aerosol
physical properties, chemical compositions, even loading over the TP are poorly quantified due to limited
field observations, which might result in higher uncertainty in assessing aerosol effects on weather and
climate.

Satellite and ground-based remote sensing data as well as model simulations have been widely used to
study spatiotemporal variations and long-range transport of atmospheric aerosols over the TP. Taklimakan
desert dust aerosols are transported to the TP region as revealed by CALIPSO and Multiangle Imaging
SpectroRadiometer (MISR) observations (Huang et al., 2007; Xia et al., 2008) and WRF-Chem (Weather
Research and Forecasting-Chemistry) model simulations (Chen et al., 2013). Aerosol transport and spatial
distribution over the TP and downstream regions have been studied by model simulations (Hu et al., 2020;
Ji et al.,, 2015; Liu et al., 2015). Long-term MODIS (Moderate-resolution Imaging Spectroradiometer) data
confirms that the northern and western TP regions are influenced by MD aerosols in spring and sum-
mer while transported anthropogenic aerosols dominate in the southern and southeastern TP regions (Zhu
et al., 2019). Sunphotometer measurements have been used to study column aerosol optical depth at Nam
Co, Qomolangma (Mt. Everest), Mt. Waliguan, Lhasa, and Muztagh Ata (Che et al., 2011; Cong et al., 2009;
Pokharel et al., 2019; Yan et al., 2015; Zhu et al., 2019). Although satellite and ground-based remote sensing
data (e.g., AERONET, MODIS, CALIPSO) are used in various studies on atmospheric aerosols in the TP, the
agreement among these data is low (Yan et al., 2015; Zhu et al., 2019). In situ observations of atmospheric
aerosols are required to validate algorithms for remote sensing retrievals and constrain model simulations.

Valuable attempts on field campaigns, in addition to remote sensing and model simulations, have also been
made to investigate atmospheric aerosols over the TP. Atmospheric aerosol chemical compositions togeth-
er with mass loading over the TP were investigated by using filter samples collected at a few sites such as
Nam Co, Qomolangma (Mt. Everest), Mt. Waliguan, Gongga, Lhasa, and Mt. Yulong (Cong et al., 2015;
Kang et al., 2016; Wan et al., 2016; Xu et al., 2020; Zhang et al., 2001, 2012; Zhao et al., 2013). Chemical
characterization of submicron aerosols has also been carried out by using aerosol mass spectrometer at a
few sites such as Menyuan (Du et al., 2015), Mt. Yulong (Zheng et al., 2017), Nam Co (J. Xu et al., 2018),
Qomolangma (Zhang, Xu, et al., 2018), and Waliguan (Zhang et al., 2019). Carbonaceous aerosol loading
has been studied by online Aethalometer measurements (Cao et al., 2011; Zhang, Ming, et al., 2017) and
offline filter sampling (Chen et al., 2019).

However, atmospheric aerosol physical properties and chemical compositions over the TP are still poorly
quantified due to limited in situ observations. First, previous studies exhibit poor spatial representation
since the studies were carried out at a few specific sites such as Nam Co, Qomolangma, and Mt. Waliguan
(Zhao et al., 2019). More importantly, little is known about key aerosol parameters despite their impor-
tance in assessing aerosol radiative effects. For example, single scattering albedo (SSA) is an essential input
parameter in radiative transfer model that strongly affects aerosol radiative forcing and is widely used in
aerosol classification (Dubovik et al., 2002; Tian et al., 2018). Unfortunately, no field observation derived
SSA (calculated from simultaneous measurements of scattering and absorption coefficients) over the TP is
available in the literatures. Furthermore, deriving SSA from AERONET sunphotometer observations over
the TP is not applicable due to high uncertainty under low-aerosol loading (Cong et al., 2009). Aerosol size
distribution is also a key parameter that is poorly quantified in the TP. Due to a lack of aerosol size distribu-
tion, Liu et al. (2017) studied the diurnal variation of wind-blown dust aerosols at a few sites in the TP by
using the mass concentration of PM, 5, which is mainly anthropogenic fine particles and not recommended
for representing coarse dust aerosols.

The western TP area is considered as a potential dust emission source by previous satellite observations and
model simulations (Huang et al., 2007; Xiong et al., 2016). In situ observations of atmospheric aerosols are
lacking over this area due to high altitudes (higher than 4,000 m a.s.l.), remoteness, and challenging weath-
ers. To quantify atmospheric aerosol physical properties and chemical species over the western TP, an in-
tensive field campaign was carried out at Shiquanhe National Reference Climatological Station from July 8
to August 2, 2019. In this study, we analyzed several important characteristics of atmospheric aerosols from
the data obtained during the field campaign over the site. Information of the site, data, and methodology is
introduced in Section 2. Aerosol physical properties from online observations and chemical compositions
from filter sampling are investigated in Sections 3 and 4, respectively. The significance of coarse mode
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90°E

100°E 10°E aerosols is discussed in Section 5. Summary and conclusions are present-

ed finally in Section 6.

2. Observation Site, Data, and Methodology

2.1. A Brief Introduction to the Observation Site

The field campaign was carried out at Shiquanhe National Reference Cli-
matological Station (32°30'N, 80°05'E, 4,278.6 m a.s.l.; “Shiquanhe sta-

80°E

tion” hereafter) (Figure 1) from July 8 to August 2, 2019. The site belongs
to semi-arid areas with barren land surface, strong solar radiation, long
sunshine hours, and dry and cold weather. July is the warmest month
(monthly average temperature of 13.8°C) and January is the coldest
month (—12.7°C). The station is surrounded by Ayila Rigyu Mountains to
the southwest, Gangdise Mountains to the southeast, and about 650 m to

Y |TEOM Nephelometer || PAX | |APS |

the north of the Shiquanhe River. The permanent population of Shiquan-

Figure 1. Geographical map, location of the field campaign site and
airflow settings of the online instruments. The topographic data was

he Town is about 24,500 and low level of anthropogenic source emissions
is expected. The national highway 219, the most important highway in

the shuttle radar topography mission 3 (SRTM3) data from the National the western TP, is about 700 m to the west of Shiquanhe station. There-
Aeronautics and Space Administration (NASA). fore, there are a few vehicle source emissions around the station. There

are no industrial source emissions here and the town relies only on solar
and water energy to supply electricity. Electricity and natural gases are
used for cooking.

The seasons in the TP has been classified as spring (pre-monsoon), summer (monsoon), autumn (post-mon-
soon), and winter (Chen et al., 2019; Zhao et al., 2013). In summer, the TP is controlled by both the Indian
monsoon (which dominates) and the westerly winds. The TP receives more rainfall in summer due to warm
moist air masses brought by the Indian monsoon, with the precipitation in southeast TP than that in west
TP (Maussion et al., 2014). Shiquanhe station receives less rainfall in summer than other areas in the TP, as
it is in the extreme west of the TP.

2.2. Description of Online Aerosol Observations

During the field observation period, a set of instruments with online observation capability from the
Semi-Arid Climate and Environment Observatory of Lanzhou University (Table S1) was used to observe
the physical properties of fine- and coarse-mode aerosols at Shiquanhe station, including an integrating
nephelometer (model 3563, TSI Inc.) for PM, s (particulate matter <2.5 pm in diameter) light scattering
coefficient (by.,) at 450, 550, and 700 nm with a resolution of 10 s; a photoacoustic extinctiometer (PAX;
DMT Inc.) for PM,; s light absorption and scattering coefficient (b, and by,) at 870 nm with a resolution of
1 min; an aerodynamic particle sizer spectrometer (APS; model 3321, TSI Inc.) for the particle number size
distribution in range of 542-19.81 um (aerodynamic diameter) with a resolution of 5 min.

All online instruments were placed in a room with the temperature of about 20°C to ensure stable opera-
tions of the instruments. Ambient air and particles were sampled through a TSP (total suspended particu-
lates) cyclone, which was about 6 m above the ground. Part of the airflow passed through a PM, 5 cyclone
(Model VSCC, BGI Inc.) to remove coarse-mode particles with greater than 2.5 pm in aerodynamic diameter
before entering the PAX and nephelometer. The other part of the airflow entered the APS. To reflect the real
state of current atmospheric aerosols, no dehumidification equipment was added. Another benefit of this
measure was that the loss of particles in the transmission process could be minimized.

The observation of the online aerosol instruments was conducted between July 8 and August 2, 2019, BIT
(Beijing time; BJT = UTC+8h). In addition, we acquired the meteorological data of Shiquanhe station, in-
cluding temperature (T), relative humidity (RH), wind direction (WD), wind speed (WS), air pressure (P),
and precipitation (Precip.). The median values of every 30 min were used in the present study to avoid the
influence of extreme values in the data, so the final resolution of the data was 30 min.
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2.3. Methodology for Online Data Analysis

SSA is a key parameter for model input and widely used in aerosols classification, which is defined in the
following equation:

SSA = Oua /O-e,l =04, /(O-a,l + O-.Y,l) (1)

where o, is aerosol extinction coefficient, o, ; is aerosol absorption coefficient, and oy, is aerosol scattering
coefficient at the wavelength of 1. The PAX observations at the wavelength of 870 nm were used in the
present study.

Aerosol scattering Angstrom exponent (SAE) is a widely used parameter in aerosol characterization (Cazor-
la et al., 2013; Zhang et al., 2020):

SAE = ~log(a,.;, 1 0,4, )/ log(4 | 1) @

where oy ; represents aerosol scattering coefficients at the wavelength of 4. In the present study, 4, = 450 nm,
and 4, = 700 nm. As expressed in Equation 2, SAE is the wavelength dependence of aerosol scattering coef-
ficients, with larger particles showing a smaller SAE.

2.4. Description of the Offline Aerosol Sampling

Medium-volume air samplers (model Laoying2030, Laoshan Electronic Instrument Factory Co.) were used
to collect the TSP samples about 2 m above the ground. Aerosol samples were collected on 90 mm quartz
fiber filters (model 1851-090, Whatman Inc.). Every sample was collected for 23 h from 09:00 a.m. to 08:00
a.m. of the next day at a flow rate of 100 L/min. Six blank samples were made by pumping for 1 min and
then standing for 23 h in the samplers. 24 TSP samples and 6 blank samples were collected starting at 09:00
a.m. on July 8 and ending at 08:00 a.m. on August 1, 2019, BJT.

Before sampling, all quartz fiber filters were pre-baked at 550°C for 5 h to reduce the influence of absorbed
organic and inorganic materials. Then, the filters were weighed using a Sartorius electronic microbalance
with a sensitivity of £0.1 mg (model BSA124S-CW, Sartorius) after 48 h equilibration in a constant tempera-
ture and humidity environment. All samples were stored at —18°C after sampling to prevent the evaporation
of volatile components, and they were also placed in a constant temperature and humidity environment for
48 h before being weighed. In addition, we also collected the PM, s and PM;, samples and weighed them.

Offline TSP aerosol samples were analyzed for three types of chemical compositions: (1) water-soluble in-
organic ions (WSII; i.e., Na*, K*, NH,*, Ca**, Mg**, CI~, NO3, and SO,*”) were measured by ion chromato-
graph (881 Compact IC Pro, Metrohm and ICS-1500, Dionex Inc.); (2) metallic elements (i.e., Al, Ca, Mg,
Fe, and Ti) were measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES; iCAP
7400, Thermo); (3) organic carbon (OC) and elemental carbon (EC) were measured by DRI 2001A carbon
analyzer (DRI 2001A, Atmoslytic Inc.) following the IMPROVE A protocol. The chemical analysis process
is described in detail in supporting information S1.

2.5. Meteorological Conditions During the Observation Period

Basic meteorological elements during the observation period over Shiquanhe are shown in Figures S1
and S2. The average value + standard deviation of temperature, relative humidity, and wind speed during
the observation period were 13.81°C + 4.22°C, 47.01% =+ 19.22%, and 2.71 + 1.31 m s/, respectively. The
prevailing wind was from the east, followed by the one from the west. There were occasional precipitation
events caused by a few thunderstorms, accounting for about 9.6% of the observation period. The average
precipitation was 1.13 + 1.29 mm h™".

Typical temperature and relative humidity diurnal variations with a peak and a bottom were recorded dur-
ing the observations period (Figure 2). The temperature (relative humidity) reached the highest (lowest)
between 09:00 and 10:00. The temperature (relative humidity) reached the lowest (highest) at about 18:00.
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Figure 3. Aerosol number size distribution (a) and volume size
distribution (b). Blue and brown lines represent fine mode and coarse

mode aerosols, respectively.
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Figure 2. Diurnal variation of (a) temperature, relative humidity, wind speed, and (b) wind direction (Beijing time).

Wind speed varied slightly from 2.0 to 2.5 ms™ from 0:00 to 11:00, with eastern or western wind directions;
then increased until 19:00 to reach a maximum value of 4.0 ms™, with northern and western wind direc-
tions; decreased from 19:00 to 24:00, with more eastern and western wind directions.

MODIS observations during the observation period showed low aerosol loading over the TP and high aero-
sol loading over South Asia near the TP (supporting information S2 and Figure S3), which is consistent with
long term MODIS observations during 2007-2016 (Wang et al., 2020). CALIOP observations showed that
the aerosol layer over South Asia could be up to 5-6 km thick during the observation period (supporting in-
formation S2 and Figure S4). The analysis of aerosol optical properties and chemical composition in Nepal
and Pakistan over a period of more than one year indicated that the aerosols in the region were significantly
contributed by fossil fuel and biomass burning emissions (Chen et al., 2019). The study on carbon isotopic
compositions indicates that the BC source fingerprints from the Indo-Gangetic Plain is consistent with
those for the Himalayas (Li et al., 2016). Transport mechanisms of aerosols from South Asia to the TP have
been studied by modeling simulations (Yang et al., 2018). About 65% of the air masses (Clusters 1, 4, and
5) were from South Asia and they did pass through the region with high AOD values as shown by MODIS
observations (Figures S3 and S5). So the site was likely to be affected by aerosols from South Asia.

3. Atmospheric Aerosol Physical Properties
3.1. Aerosol Size Distribution During Summer at Shiquanhe Station

The aerosol volume size distribution was calculated using the aerosol number size distribution from APS
observations based on the spherical assumption of atmospheric particles. No persistent aerosol pollution
events (natural or anthropogenic aerosol pollution events that last for multiple days) were recorded (Fig-
ure S6), though aerosol concentrations during July 13th, 24th, 25th, and 26th were higher than those of
the other days. Average aerosol number concentration derived from APS was 3.02 + 2.91 N cm™° during
the observation period. The aerosol number size distribution exhibited a single peak between 0.723 and

0.777 wm (Figure 3a). Fine mode aerosol (aerosols with a diameter less

than 2.5 um) number concentration accounted for 96.00% =+ 2.86% of
(b) the total number concentration. Average aerosol volume concentration
was 8.15 + 8.55 um® cm™>. Two peaks were evident in aerosol volume
size distribution (Figure 3b). The two peaks were located between 0.898-
0.965 wm and 7.774-8.354 um, respectively. Coarse mode aerosol (aero-
sols with a diameter larger than 2.5 pm) volume concentration accounted
for 70.58% =+ 14.98% of the total volume concentration.

-
o
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The bi-modal aerosol size distributions like those in the present study
have been found in some studies by remote sensing and in situ observa-

1 2 % %%, %  tions. Bi-modal mass size distribution was recorded using a nine-stage
Da (um) Anderson sampler at Ngari station (Liu et al., 2017), which is in the same
region as the present study. Considering the low size resolution of the
result in Liu et al. (2017), both fine and coarse mode peaks are close to
those in the present study, respectively. Bi-modal volume size distribution
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~127(a)all: TR was also evident from AERONET sunphotometer measurements at Muz-
g tagh Ata site (Zhu et al., 2019), which is also in west TP. The measure-
\27 ments in Zhu et al. (2019) was for the total column of the atmosphere
g while those in the present study was at the ground, so there is no point
g to compare fine and coarse mode peaks between them. Similar bi-modal
§ aerosol size distributions in the present study have also been observed
z Sk shasm AN e SR at dust source areas (Parajuli et al., 2019; Sow et al., 2009), indicating
0 4 8 12 16 20 24 the more dust emissions than anthropogenic pollutants in west TP. How-
~127 (c) weekday: 25 ever, we can only briefly compare the results of these studies (e.g., how
€ m% 20 many peaks are present) because there are large systematic differences
z 515 between aerosol size distributions obtained by different methods, such
g ¢ as single particle method, aerodynamic method, method based on opti-
}’) 8§10 cal particle counters, and optical inversion method (Miiller et al., 2012;
£ % 5 Reid et al., 2003). Thus, we further compare the results in the present
2 S study with other studies using APS (e.g., location and width of peaks).
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Figure 4. Diurnal variation of aerosol number concentration (left) and
volume concentration (right) during (a and b) observation days, (c and d)
weekdays, and (e and f) weekends (Beijing time). Blue and brown lines
represent fine mode and coarse mode aerosols, respectively. Whiskers
are 10th and 90th percentile; the top, median and bottom lines of box

) bttt
AR The aerosol size of the fine mode peak in the present study was larger

than that in urban areas (Yu et al., 2017), which was attributed to coars-
er MD aerosols in this size range. The aging of fine mode aerosols may
also contribute to larger size in the fine mode, which requires further
investigations. The location and width of the coarse mode peak in the
present study were like those at dust sources areas (Parajuli et al., 2016;
Reid et al., 2003; Sow et al., 2009), indicating local emissions of dust
; , aerosol at Shiquanhe station in the coarse mode size range. The coarse
(')' ' "1 " é ' 1'2 ' 1I6 2'0 ' 2'4 mode volume concentration in the present study was higher than that at

Hour Mt. Yulong station (a southeastern TP site) in March and April (Shang
et al., 2018). The coarse mode peak at Mt. Yulong station in March and
April is at ~2.6 pum (modified to aerodynamic diameter from stokes diam-
eter), which is smaller than that at Shiquanhe station in July. The reason
for this difference might be that Mt. Yulong station was dominated by
long-transported dust aerosol in March and April.

0 4 8 12 16 20 24
(f) weekend:

represent 75th, 50th, and 25th percentile respectively; the plus signs are

the averaged values.

Overall, the bi-modal size distribution of atmospheric aerosols was ob-
served using APS instrument located at Shiquanhe station. Moreover,
coarse mode aerosols make up a large portion of aerosol volume concen-
trations (Figure 3b), which is further illustrated by filter sampled mass
concentrations of PM;, and TSP in Section 6.

Diurnal variation of aerosol number and volume concentrations was studied to reveal more details of
atmospheric aerosols at Shiquanhe station. Two peaks in the morning and afternoon are evident in
aerosol concentration plots, and aerosol concentrations (both fine and coarse modes) showed large
differences between weekdays and weekends (Figure 4). The peaks of both fine and coarse modes in the
morning on weekdays were more than doubled to those on weekends, indicating a significant effect of
anthropogenic activities on fine and coarse mode aerosols in the morning. The peak of coarse mode aer-
osol volume concentration at about 18:00 was still present on weekends, even though the coarse mode
aerosol volume concentration in the afternoon was much lower. It could be attributed to wind-blown
dust due to high wind speed or changes in wind direction (Figure 2). Fine mode aerosol number con-
centrations reached another peak at about 21:00-22:00 and were higher on weekends, which might also
be caused by more human activities (e.g., cooking) on weekends. It is interesting to note that though the
coarse mode number concentration was relatively low, the volume concentration of coarse mode aero-
sol was higher than that of fine mode aerosol. Since aerosol volume concentration is related to optical
parameters, coarse mode aerosols might significantly contribute to radiative budget over western TP in
summer.
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Figure 5. Temporal variation of (a) aerosol scattering coefficients at 450, 550, and 700 nm and scattering Angstrom
exponent (SAE); (b) aerosol scattering coefficients, absorption coefficients, and single scattering albedo (SSA) at 870 nm
(Beijing time).

3.2. Aerosol Optical Properties During Summer at Shiquanhe Station

Ambient aerosol scattering coefficients, absorption coefficients and size distribution were observed by using
online instruments at Shiquanhe station. Atmospheric aerosols showed relatively large fluctuation during
the observation period (Figure 5). During the observation period, the average PM, s scattering coefficients
at 450, 550, 700, and 870 nm were 6.09 * 5.36, 4.79 + 4.31, 3.83 * 3.34, and 3.80 + 3.64 M m ™, respectively;
the average PM, s absorption coefficient at 870 nm were 1.39 + 1.26 M m.

The average SSA of PM, s derived from the observations of PAX was 0.73 + 0.18, which is significantly lower
than expected. Note that SSA is wavelength dependent and the results of SSA in the present study was cal-
culated by using scattering and absorption coefficients of PM, 5 at the wavelength of 870 nm. The average
SSA of PM, s at 870 nm was 0.87 during wintertime at a coastal city of Xiamen, China (Deng et al., 2016)
and 0.78 from mid-August to mid-October at a megacity of Xi'an, China (Zhu et al., 2015). The relatively
low value of 0.78 during autumn at Xi'an was attributed to significant light absorption by BC aerosols (Zhu
et al., 2015). The measurements of PAX also showed very low values of SSA at 870 nm for laboratory-sim-
ulated western US wildfires (Selimovic et al., 2018). Generally, SSA values of higher than 0.85 for urban
pollution aerosols and lower than 0.80 for high absorbing aerosols are expected at 870 nm (Deng et al., 2016;
Retama et al., 2015; Zhu et al., 2015). The unexpected low value of SSA indicates strong absorption of the
fine mode atmospheric aerosols at Shiquanhe station. SSA is a key input parameter for numerical models to
assess aerosols radiative effects. Aerosol radiative efficiency is strongly dependent on SSA (Tian et al., 2018)
and a small change in SSA leads to significant variation in radiative effects (Haywood & Boucher, 2000).
Thus, aerosol absorption might be underestimated in previous studies on the assessment of aerosol effects
in summer over the west TP. To better understand the temporal variation of SSA during the observation
period (Figure 5b), we compared the mass concentrations of chemical compositions between samples with
SSA < 0.70 and SSA > 0.70. The secondary inorganic compositions (e.g., SO,*~, and NH,") and the MD com-
positions (e.g., Al, Ca) for the samples with SSA > 0.70 were higher than those with SSA < 0.70 (Figure S8),
leading to relatively high scattering and low absorbing for the samples with SSA > 0.70.

The spectral dependence of aerosol scattering coefficients was studied by combing observations from a
nephelometer and a PAX. Aerosol scattering coefficients decreased exponentially with wavelength, with
an average SAE of 1.04 + 0.42 (Figure 6a). Note that SAE in the present study was derived from scattering
coefficients of PM,s. The SAE is related to the average particle size of aerosols, which is widely used in
aerosol characterizing and classification. Some studies have also calculated SAE using aerosol scattering
coefficients. The SAE was 0.52 + 0.31 for Gobi Desert aerosols and negative values for aerosols during
dust storms in northwest China (Wang et al., 2018) while 1.8 + 0.3 in an urban environment (Lyamani
et al.,, 2008). Study in a rural environment near the mega-city Guangzhou, China suggested higher value of
the parameter during smoky period (1.50 % 0.24) than nonsmoky period (1.46 + 0.21) (Garland et al., 2008).
The SAE calculated using scattering coefficients at 450 and 700 nm was 1.04 + 0.42 at Shiquanhe station.

Aerosol scattering coefficients at 450, 550, 700, and 870 nm showed similar diurnal variation (Fig-
ures 6b and 6¢): two evident peaks at about 09:00 and between 21:00 and 22:00. The time aerosol
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Figure 6. (a) Spectral dependence of aerosol scattering coefficient derived from nephelometer and PAX. Whiskers are
10th and 90th percentile; the top, median and bottom lines of box represent 75th, 50th and 25th percentile respectively;
the plus signs are the averaged value. Diurnal variation of (b) aerosol scattering coefficients at 450, 550, and 700 nm and
scattering Angstrém exponent (SAE); (c) aerosol scattering coefficients, absorption coefficients, and single scattering
albedo (SSA) at 870 nm (Beijing time).

scattering coefficients reached the peaks was in accordance with that of the fine mode aerosol number
concentrations (Figure 4a). SAE reached the minimum value of 0.84 at 04:00, then started to increase
and remained at about 1.2 until 12:00. The SAE started to decrease again and reached a low value of
0.84 at 18:00, then began to increase after 18:00. Low value of SAE in the afternoon indicated aerosol
size growth caused by wind blowing dust aerosols during that time. Diurnal variation of absorption
coefficients seemed to be caused by anthropogenic activities with one pronounced peak at 09:00 and
a slight peak at 21:00. The significantly enhanced absorption led to minimum SSA in the morning,
despite the increase in scattering. The minimum value of average SSA at 870 nm was even lower than
0.60 (Figure 6c), indicating strong absorbing fine mode aerosols induced by anthropogenic activities
in the morning.

4. Atmospheric Aerosol Chemical Compositions
4.1. Mass Concentration of OC and EC

During the observation period, the average mass concentrations of OC and EC were 1.56 + 0.43 and
0.09 + 0.11 pug m™>, respectively (Table S2). OC dominated the mass concentration of carbonaceous aero-
sols, which accounted for 94.6% of TC (total carbon; TC = OC + EC) (Figure 7). The ratio of OC to EC varies
for aerosols of different combustion sources, 0.3 to 7.6 for coal burning emissions, 0.7 to 2.4 for vehicle emis-
sions, and 4.1 to 14.5 for biomass burning emissions (Watson et al., 2001). The OC/EC ratios were generally
below 10 in the TP (Chen et al., 2019; Zhang, Cao, et al., 2018). However,

the OC/EC ratio in the present study was 17.4, suggesting that biomass

burning emissions might contribute more than fossil fuel burning emis-

sions around Shiquanhe station. Aging of aerosols is another possible

i reason that leads to high OC/EC ratios (Zhang et al., 2019). According to
‘5 % the backward trajectories (Figure S5), it was likely to be the influence of

I aerosols transported from South Asia (Wang et al., 2019).

3 (
2
1

0_

IE!!- 6.8%

7/8 7112 7116 7/20 7124 7128
Date

IAI m Ca
N IMgIFe 706% 8.0%
| Ti 0.3%
BENEEEE

; 4-(b) 5 44.1% The correlation coefficients between aerosol chemical species were in-
; 2: L g %6;; vestigated to better understand the origins of aerosol species (Table 1).
8 11 o ! : E ii - K" is a tracer of biomass burning emissions (Zhang, Cao, et al., 2018).
2 0 T EC showed almost no linear correlation (R* = 0.01) with K* while the
=

correlation coefficient of OC and K* was higher (R* = 0.27), suggesting
that more OC was originated from biomass burning than EC. This also
explained the low correlation coefficient between OC and EC (R* = 0.14).
In addition, OC exhibited a good relationship with metallic elements (i.e.,
Al, Ca, Mg, Fe, and Ti) while EC showed little dependence on metallic

Figure 7. The time series of mass concentrations of (a) OC, EC, (b)
WSII, and (c) metallic elements and (d, e, and f) their relative mass

contributions.

elements, which was attributed to the decomposition of carbonate (i.e.,
CaCO; and MgCOs3) at high temperature while measuring OC and EC
(Chen et al., 2019).
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gztglaltion Matrix of Aerosol Chemical Species and Meteorological Parameters

ocC EC NH,* K* SO NO;  Ca** Mg Al Ca Mg Fe Ti T RH WS
oC 1.00 0.14 0.06 0.27 0.05 0.03 0.38 0.02 0.34 0.30 0.21 0.30 0.23 0.07 —-0.12 0.00
EC 1.00 0.08 —0.01 0.00 0.06 0.01 —0.03 0.03 0.05 0.02 0.05 0.12 0.01 —0.06 0.02
NH,* 1.00 —0.00 0.56 0.48 0.04 0.02 0.11 0.03 0.19 0.12 0.04 0.05 —0.29 0.03
K" 1.00 0.02 0.01 0.11 0.01 0.10 0.11 0.08 0.07 0.05 —0.01 0.00 —0.03
S0, 1.00 0.40 0.16 0.04 0.20 0.13 0.32 0.21 0.06 0.00 —0.21 0.12
NO;~ 1.00 0.03 0.01 0.09 0.04 0.17 0.12 0.09 —0.00 —0.10 0.02
ca* 1.00 0.24 0.84 0.82 0.67 0.81 0.56 0.18 —0.29 0.38
MgZJr 1.00 0.19 0.08 0.26 0.22 0.04 0.25 —0.29 0.08
Al 1.00 0.83 0.82 0.94 0.75 0.27 —0.42 0.46
Ca 1.00 0.71 0.82 0.76 0.11 —0.21 0.44
Mg 1.00 0.91 0.63 0.20 —0.48 0.43
Fe 1.00 0.76 0.27 —0.48 0.49
Ti 1.00 0.31 —0.38 0.46
T 1.00 —0.71 0.22
RH 1.00 —0.35
WS 1.0

Note: The plus or minus of the correlation coefficient indicates the plus or minus of the slope.

(@)

Cations=NH, " +K"+Ca**+Mg?"
4, 2 =
Anions=S0,~ +NO3

Cations (neq'm”)

w
o O
1

R?=020 s

90 Slope =277 %
60 > s B

Intercept = 35,

4.2. Mass Concentration of Water-Soluble Inorganic Ions (WSII)

The average mass concentrations of K*, NH,*, SO,*~, NO;~, Ca**, and Mg** were 0.13 + 0.07, 0.19 + 0.13,
0.45 + 0.20, 0.43 + 0.11, 1.07 + 0.43, and 0.16 + 0.07 ug m >, respectively (Table S2). Na* and Cl~ were not
included in the present study because the Na* concentration was greatly influenced by quartz fiber filters
and glass containers and the C1” concentration too low to be detected. The average mass concentration of
WSII (the sum of NH,*, K*, Ca®*, Mg**, SO,*~, and NO3) was 2.43 + 0.73 ug m . Ca®" and Mg>* contributed
about 50% of WSII (Figure 7), indicating high contribution of MD aerosols at Shiquanhe station.

Ca** might been originated from wind-blown dust due to a high positive correlation between Ca** and
wind speed (Table 1). The K* concentration at Shiquanhe station was much higher than those in the central
(0.01 + 0.01 ug m™?), southeast (0.04 + 0.03 pg m~>), and northeast TP (0.01 gg m~>) (Xu et al., 2015; Zhao
et al., 2013; Zhang, Xu, et al., 2017), indicating more biomass burning aerosols were present in the western
TP than in other regions in summer. Negative correlations were found between secondary inorganic species
(i.e., NH,*, SO4*7, and NO5) and relative humidity, inferring the removal of these species by wet deposi-
tion at Shiquanhe station. The secondary inorganic species also exhibited
good correlations with each other, suggesting that they came from the
(b) same pollutant source.
| cations=NH,"+k"
Anions=SO42’+N03'
R’ =065 .

Slope = 1:13
Intercept-= -4%&

IS
o

The ionic balance of WSII is illustrated in Figure 8. The slope of linear
fitting between cations and anions was 2.77 and the correlation was poor
(R* = 0.29) (Figure 8a). The ionic balance was effectively improved with
the correlation coefficient increased to 0.65 and the slope decreased to
1.13 when Ca** and Mg** were excluded from the cations. The reason
0d— o for this phenomenon was the participation of CO5*~ and/or HCO;~ (Wan

30+

Cations (neq-ma)
Ny
<

T T

0 5

T T T
10 15 20 25

Anions (neq-m™)

Figure 8. (a) Ionic balance; (b) Tonic balance, excluding Ca®* and Mg**.
Concentrations are reported in nanogram-equivalent weight per cubic

meter (neq-m ™).

0 5 10 1l5 2l0 2l5 et al., 2016). Generally, carbonates in MD, such as CaCO; and MgCO;,
Anions (neq'm”) dissolve in water to produce CO;*~ and/or HCO;™, but their solubility is

extremely low. The influence of trace amounts of CO;*~ and/or HCO3~
is limited when aerosol concentrations are high. But for the TP where
aerosol loading is low, the influence of CO5%~ and/or HCO; becomes
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2.0 5 R = 0.46 R% = 0.49 important. In addition, the fitting slope was still higher than one even
1S — éla Slope =0.07  Slope = 0.12 without considering Ca®* and Mg**, which might be due to the presence
2157 — Mg s~ Intercept = -0.1 Intercept = -0.16 of a small amount of NH,* and K* in the form of carbonate, or the influ-
~ e 2 2
S = o 6o |R'=043 R'=0.46 ence of organic acid.

e 1.0 Ti &P Slope =0.59  Slope =0
3 24 o® Intercept = -0.65 Intercept = -0.01
@ 0.5 - R’ =042
o o . 2 . .
© b econgm® | Slope = 0.05 4.3. Mass Concentration of Metallic Elements
= | /—s3eBHI8 | Intercept = -0.07
0.0-+——r— e e . .
0 1 2 3 4 The average mass concentrations of Al, Ca, Mg, Fe, and Ti were 0.11 + 0.05,
WS (m.s’1) 0.96 + 0.43,0.09 + 0.04,0.19 £ 0.09, and 0.005 + 0.003 ug m_3, respective-
ly (Table S2). Ca accounted for the most metallic elements mass (70.6%),
Figure 9. The relationship between mass concentrations of metallic followed by Fe (14.2%), Al (8.0%), Mg (6.8%), and Ti (0.3%) (Figure 7).

elements and wind speed.

The elemental Al, Ca, Mg, Fe, and Ti are better tracers of MD aerosols
than the ionic Ca** and Mg**, since Ca®" and Mg** represent only the
water-soluble fraction of MDs.

Al, Ca, Mg, Fe, and Ti exhibited excellent correlations with each other (Table 1), indicating that they orig-
inated from the same source. The correlation coefficients between metallic elements and wind speed were
much higher than those between nondust components and wind speed, and the slopes of the fitting lines
were higher than zero (Figure 9 and Table 1). All the metallic elements started to increase with wind speed
when wind speed was higher than 1.0 ms™. These findings indicated that MD aerosols at Shiquanhe station
were generated locally by strong winds during the observation period. In addition, Al, Ca, Mg, Fe, Ti, Ca*t,
and Mg** positively correlated with temperature, and negatively correlated with relative humidity. A pos-
sible reason is that high temperature and low-relative humidity lead to a reduction in the threshold of dust
burst under barren conditions.

4.4. Mass Closure of Offline Aerosol Samples

Organic matter (OM), EC, MD, and nondust water-soluble inorganic ions (nd-WSII) were used to recon-
struct the mass closure of offline aerosol samples. The ratio of OM to OC mass, referred to as OM/OC,
is required to calculate OM mass concentration (Guinot et al., 2007; Turpin & Lim, 2001). Turpin and
Lim (2001) proposed the OM/OC values of 1.6 + 0.2 for urban aerosols, 2.1 + 0.2 for nonurban aero-
sols, and 2.4 + 0.2 for aerosols from biomass burning areas, which is widely used across the world (Sciare
et al., 2005; Xing et al., 2013; Zhao et al., 2013). The measured OM/OC values in the TP vary from 2.28 to
2.63 for different regions and seasons (J. Xu et al., 2018; Zhang et al., 2019; Zheng et al., 2017) and the OM/
OC values generally were lower in summer. The OM/OC value of 2.28 was used in the present study to
calculate OM mass.

MD mass was simply derived from one single metallic element mass with a weighting factor (e.g., Al/0.07
and Fe/0.04) in some studies (Sciare et al., 2005; Zhao et al., 2013). However, the proportions of metallic ele-
ments in MD vary greatly for different regions and particle sizes (Kang et al., 2016; Wang et al., 2016; Zhang
et al., 2003). Thus, the MD mass calculation by a single metallic element suffers from large uncertainty.
Multiple metal and nonmetallic elements were used in previous studies to calculate MD mass more accu-
rately (Malm et al., 1994; Marcazzan et al., 2001). For example, the MD mass can be calculated as follows:

M;<,A1203 . [Al] 4 A/Z,Sltl)z . |:Sl:| + Aﬁ,ﬂ(? . |:Tl':| + ;I'eXOy ) [Fe]
Mineral dust = 1.15 - rAl r.Si rTi r,Fe
+ M, 0 [K] + M, cao ~[Ca] 3)
A",K A/'.Ca

=1.15- (1.89 [Al]+214[Si]+1.67-[Ti]+136-[Fe|+12-[K]+14- [ca])

where M, , refers to the relative molecular mass of oxide n, A, , refers to the relative atomic mass of element
m; the M, , of Fe oxides was obtained on the premise that FeO and Fe,O; accounted for half of the molality
of Fe oxides respectively. Since Si was not measured, [Si] was replaced by [Si] = 4[Al] (Wang et al., 2016);
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Since K was not measured, [K] was replaced by [K] = 0.6[Fe] (Malm

(b)EC Gi et al., 1994). Multiply by 1.15 to compensate for the mass of the other

metallic oxides not measured.

It was assumed that the Ca and Mg elements existed in the form of me-
tallic oxides (i.e., CaO and MgO) in Equation 3. However, Ca and Mg
hd-WSII elements can also exist in the form of carbonate (i.e., CaCO; and MgCOs).
12.7% Some rocks may indeed contain CaO and MgO, such as basalt and tuff,
but CaO and MgO are generally much less than other metallic oxides.
Even small amounts of CaO and MgO in MD are easily oxidized to form
CaCO; and MgCO; by atmospheric CO, because of the larger reaction

Figure 10. (a) The relationship between reconstructed mass concentration ~ interface of MD than that of rocks. Therefore, it is better to assume that
and gravimetric mass concentration; (b) the relative contributions of the Ca and Mg elements in MD are all in the form of carbonate. The ionic
organic matter (OM), elemental carbon (EC), nondust water-soluble balance in aqueous solution also proved the existence of carbonate (Sec-

inorganic ions (nd-WSII), and mineral dust (MD) to the reconstructed

mass concentration.

tion 4.2). Equation 3 was revised based on the above discussions:

; : M
. M;AZOS [ar]+ Aﬁ‘s’:z [si]+ AZ‘T‘:Z [ri]+ ;F‘:'Oy [Fe]
Mineral dust = 1.15 - & 7.Si 7. Ti r Fe

M, k0 M, coo C))
+T . |:Kj| +Ar_a . [Ca}

r,Ca

+ Mr,CaC03 - Mr,CaO . I:Ca:l i Mr,MgC03 - Mr,MgO . [Mg:.

Ar,Ca r,Mg
=1.15- (1.89 . [Az] +2.14 - [Si] +1.67- [Ti] +1.36- [Fe] +12- [K]

+1.4- [Ca]) +1.1-[Ca]+1.83-[ Mg]

The new formula considered the heavier mass of CaCO; and MgCOj; than that of CaO and MgO. The old
Equation 3 would result in the underestimation of MD mass, which was about 26.7% in the present study.
Of course, there were still several possible error sources: (1) the Ca and Mg elements might also exist in the
forms of sulfate and nitrate, but it could be judged from the correlation coefficients and ionic balance that
Ca and Mg in those forms were low (Figure 8 and Table 1); (2) the accuracy of calculations for Si, Fe, and K;
(3) the accuracy of the compensation coefficient of 1.15.

Since Ca** and Mg** originated from the water-soluble fraction of MD, they were excluded when calculat-
ing the mass closure. The sum of S0,%",NO;~, NH,", and K* was defined as the nd-WSIL

The reconstructed mass concentration was reasonable because it correlated well with gravimetric mass
concentration (R* = 0.89) (Figure 10). However, the slope of the fitting line was only 0.47, which might be
due to the water vapor absorbed by filters and/or the losses of chemical compositions during extraction. The
intercept of the fitting line was not close to zero, possibly because of the overestimation of carbonaceous
aerosols due to carbonate decomposition. In addition, Equation 4 did improve the results, as the correlation
was increased using Equation 4 compared to using Equation 3 (Figure S9). The reconstruction mass con-
centrations of OM, EC, MD, and nd-WSII were 3.55 + 0.98, 0.09 + 0.11, 4.61 + 1.58, and 1.20 + 0.41 pg m=,
respectively. The MD contributed the most (48.7%) and the EC contributed the least (0.9%). The MD and EC
were two important absorptive aerosols in the atmosphere (Tian et al., 2018). The radiative forcing caused
by the absorption of MD was possibly higher than that of EC because the MD mass was tens of times higher
than the EC (or BC) mass (Figure 10), although the mass absorption cross section of EC was higher than
that of MD.

5. Discussions on the Significance of Coarse Mode Aerosols

Daily PM concentrations were also obtained from the filter samples, with monthly average PM, 5, PM;o, and
TSP of 5.18 + 1.49, 8.64 + 2.60, and 15.71 + 5.92 ug m=, respectively (Figures 11a). The ratios of PM, 5 to
PM;, and PM, 5 to TSP were 0.60 and 0.33, respectively. The ratios of PM, 5 to TSP at two sites in megacity
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Figure 11. (a) The gravimetric mass concentrations of PM, s, PM;o, and TSP derived from filter samples. Dependence of (b) fine and (c) coarse mode aerosol
volume concentrations on wind speed. Whiskers are 10th and 90th percentile; the top, median, and bottom lines of box represent 75th, 50th, and 25th
percentile, respectively; the plus signs are the average value.

Nanning, China were 0.61 and 0.50 (Hu et al., 2012), much higher than that at Shiquanhe station. The ratio
of PM, s to TSP was 0.51 (calculated from the average mass concentrations of PM, s and TSP of 21.27 and
41.47 pug m >, respectively) at a northeastern TP site (Zhang et al., 2014). Such low ratio of PM, s to TSP in
the present study indicates the significance of coarse mode MD aerosols at Shiquanhe station.

The above analysis on aerosol physical properties and chemical compositions shows the importance of
coarse mode MD aerosols over Shiquanhe. However, no dust events were recorded during the observation
period based on weather records from Shiquanhe station. In addition, coarse mode aerosols showed spe-
cific diurnal variation (Figure 4), and metallic elements exhibited excellent correlations with wind speed
(Figure 9). So, it is safe to conclude that coarse mode MD aerosols at Shiquanhe station during the obser-
vation period were from local emissions, rather than transported from dust source regions by atmospheric
circulation.

Local dust emission is controlled by wind speed at a given environment (Kandler et al., 2009; Shao, 2008). So,
the relationship between aerosol volume concentration and wind speed was studied (Figures 11b and 11c).
Fine mode aerosol concentration showed little dependence on wind speed (R* = 0.04). However, strong pos-
itive correlation was found between coarse mode aerosol concentration and wind speed (R* = 0.93), which
was consistent with the result in Figure 9, demonstrating the importance of local dust emissions. Consid-
ering the significant differences of coarse mode aerosols between weekdays and weekends in the morning
(Figures 4d and 4f), local dust emissions at Shiquanhe station in summer were the result of a combination
of anthropogenic activities and meteorological conditions.

6. Summary and Conclusions

The assessment of atmospheric aerosol radiative effects suffers from large uncertainties over the TP region
due to limited observations. The key aerosol parameters such as SSA and volume size distributions were
quantified for the first time in the western TP based on intensive in situ observations at Shiquanhe station
from July 8 to August 2, 2019. The main conclusions are summarized below:

(1) Fine mode aerosols showed unexpected low monthly average SSA value of 0.73 + 0.15 at Shiquanhe sta-
tion. The minimum value of the diurnal SSA was even lower than 0.6 in the morning. Such low values
of SSA indicates strong absorption of the fine mode anthropogenic aerosols over the western TP.

(2) Bi-modal size distribution was captured by the volume concentrations derived from the APS obser-
vations, with the fine mode one located between 0.898 to 0.965 um and the coarse mode one between
7.774 and 8.354 um. The ratio of filter sampled PM, s to TSP reached a high value of 0.33. It is safe to
conclude that coarse mode MD particles dominate the atmospheric aerosols over the western TP.

(3) Chemical compositions in TSP showed the contributions of MD, OM, nd-WSII, and EC were 48.7%,
37.6%, 12.7%, and 0.9%, respectively. The contribution of MD was tens of times greater than that of EC.
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MD were mainly composed of carbonates and might have a significant impact on the determination of
OC and EC. There were positive correlations between wind speed and metallic elements in MD. The
high K* concentration and high OC/EC value indicated that the influence of biomass burning was
stronger than that of fossil fuel burning at Shiquanhe station.

(4) Coarse mode MD aerosols at Shiquanhe station during the observation time were from local emis-
sions, rather than transported from dust source regions by atmospheric circulation. Fine mode aerosol
concentration showed little dependence on wind speed while strong positive correlation was found
between coarse mode aerosol concentration and wind speed, indicating the importance of wind-blown
dust particles at Shiquanhe station.

The present study not only quantified physical properties and chemical compositions of atmospheric aer-
osols in the western TP, but also highlight the effects of anthropogenic activities on fine aerosols and wind
speed on coarse dust aerosols and their importance for aerosol radiative forcing in the TP. Unexpected
high absorption of fine anthropogenic aerosols (very low SSA) and high mass fraction of MD aerosols were
found. Given very pristine condition in the TP, it should be kept in mind that aerosol absorption works
together with aerosol loading in modulating aerosol radiative effects. In addition, the unexpected high ab-
sorption may also affect the snow and ice cover because he deposition of absorbing aerosols (e.g., BC and
MD) on snow and ice cover might lead to a lowered surface albedo and the melting of snow and ice (Kang
et al., 2019). Our results suggest the need to carefully consider the radiative effects caused by aerosol ab-
sorption in the TP region.
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