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The transport of air pollutants from areas surrounding the Tibetan Plateau (TP) has

recently been studied.However, themajor sources of atmospheric total suspended

particulate matter (TSP) on the central TP remain unclear due to a lack of in-situ

observations on aerosol physico-chemical properties. Therefore, to quantitatively

investigate the physico-chemical properties and reveal the major sources of

atmospheric aerosols, a comprehensive field campaign was conducted at the

site of Nam Co from August 6 to September 11, 2020. Aerosol loading was low

during the campaign with average TSP mass concentration, scattering coefficient

at 550 nm, and absorption coefficient at 670 nm being 10.11 ± 5.36 μgm−3, 1.71 ±

1.36Mm−1, and 0.26 ± 0.20Mm−1, respectively. Organicmatter (63.9%) andmineral

dust (27.8%) accounted for most of the TSP mass concentrations. The average

scattering Ångström exponent of 0.59 ± 0.14 reflected the influence of mineral

dust, and the elemental fractions and the results of enrichment factor illustrated

that crustal materials were the main contributors of mineral dust. The organic to

elemental carbon ratio of 15.33 is probably caused by the aging that occurs during

the transport of aerosols. The strong correlation between organic carbon and Ca2+

and the results of the electronmicroscopy analysis of single particles indicated that

organic carbon andmineral dust had the same sources; however, theweak relation

betweenmineral dust andwind speed indicated that localwind erosionwas not the

main contributor to the mineral dust. The potential source contribution function

further illustrated that the summertime TSP in the central TP was mainly

characterized by background biomass and mineral dust aerosols originating

regionally from the ground within the TP.
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Introduction

The Tibetan Plateau (TP), known as the “Third Pole,” covers a

large area with altitudes of over 4000 km (Kang et al., 2010a; Yao

et al., 2012; Bian et al., 2020). It is a region that exerts an important

influence on weather, climate, environment, and ecosystems both

regionally and globally (Qiu, 2008). Its unique topography (high

altitude and lack of oxygen), relatively low population density, and

low rate of industrialization make the TP a climate-sensitive region

that facilitates studies on the interactions between natural and

anthropogenic activities (Lawrence, 2011). Atmospheric aerosols

directly and indirectly modulate the energy budget of the Earth-

atmosphere system by scattering and absorbing solar radiation (Tian

et al., 2018; IPCC, 2021). For example, small amounts of absorbing

aerosols in this region may lead to greater warming because the

troposphere is thinner over the plateau (Qiu, 2008).

A quantitative estimation of the radiative effects of atmospheric

aerosols requires detailed information regarding their optical

properties (such as the extinction and absorption coefficients and

single scattering albedo), which are related to their size distribution

and chemical composition. It is known that the elemental carbon

(EC) of carbonaceous aerosols is the second largest contributor to

global warming after CO2 (Ramanathan and Carmichael, 2008), and

major water-soluble ions such as sulfate, nitrate, and ammonium

have an impact on the hygroscopic quality and acidity of aerosols,

which in turn affects aerosol optical properties (Lau et al., 2006;

Pathak et al., 2009; Gao et al., 2011). Therefore, it is necessary to

conduct field campaigns on atmospheric aerosols in the TP region to

better understand their physico-chemical properties, conduct

reasonable source analyses, and to accurately estimate their

radiative effects.

Sources of atmospheric aerosols over the TP have been

studied over the past few decades. Mountains with high

altitudes are considered barriers to the transport of air

pollutants from the surrounding regions (Wang and French,

1994). However, studies have suggested that transport of aerosols

from the surrounding regions to the Tibetan Plateau occurs

(Hindman and Upadhyay, 2002; Zheng et al., 2017; Dhungel

et al., 2018; Xu J. et al., 2018; Zheng et al., 2020; Zhang L. et al.,

2021; Li et al., 2021; Xiang et al., 2021). For example, it is known

that during the pre-monsoon season, South Asia and West Asia

are the main sources of pollutants from the Himalayas (Gul et al.,

2022), and the results from a WRF-Chem model simulation

indicated that black carbon (BC) emissions from residential areas

in South Asia contributed the most to BC on the TP (Yang et al.,

2020). In addition, field observations have shown that

approximately 64.2% of the BC in the non-monsoon

Qomolangma-Everest region originated in India and Nepal in

South Asia (Xiang et al., 2021). However, carbon isotopic

composition studies conducted at remote sites on the eastern

TP have reflected an important local emissions contribution (Li

et al., 2022). Other studies have revealed local emissions from

urban vehicles and residential activities (Hu et al., 2017).

Secondary aerosol formation has also been suggested to be an

important aerosol source in the TP region (Wu et al., 2020).

The physico-chemical properties and composition of

atmospheric aerosols have been the key focus of research

conducted on plateaus. Previous research has shown that the

main components of aerosols over plateaus are dust, BC, and

sulfate/nitrate; however, the main composition varies based on

location (Tian et al., 2017; Zhao et al., 2020). Field observations

are essential to quantitatively study the physico-chemical properties

of atmospheric aerosols. Despite the high altitude and harsh

environment, attempts have been made to conduct field

observations in the Tibetan Plateau. For example, the aerosol

mass concentration and chemical species have been quantitatively

estimated by collecting offline filter samples from different sites in

the Tibetan Plateau region (Decesari et al., 2010; Zhao et al., 2013;

Cong et al., 2015; Xu et al., 2015; Shang et al., 2018; Arun et al., 2019),

and the concentrations and sources of black carbon in the TP region

have been studied (Ming et al., 2010; Li et al., 2016; Li et al., 2017),

and the chemical species of submicron aerosols have also been

revealed using high-resolution time-of-flight aerosol mass

spectrometry at a few sites (Xu et al., 2015; Zheng et al., 2017).

Several field observation studies have also been conducted in the

Central Highlands region. For example, the column aerosol optical

properties were investigated using sun photometer measurements at

Nam Co (Cong et al., 2009), and advanced instruments (Arun et al.,

2019). Studies on aerosol elements (Cong et al., 2007; Li et al., 2007),

analysis of sources of water-soluble organic carbon (Li et al., 2021),

and studies on the effects of cow dung combustion aerosols on the

local atmospheric environment have been conducted (Chen et al.,

2015). However, combined in-situ observations of the physical

parameters and chemical compositions are insufficient for

making accurate calculations and analyzing the sources and the

radiative effects (Zhang L. et al., 2021).

Although, the physical properties, chemical compositions, and

sources of fine (PM2.5) and submicron (PM1) aerosols have been

studied in detail within the TP region, those of total suspended

particulate matter (TSP) remain unknown. In addition, most

current studies on pollutant sources on the TP have focused on

urban stations, and few observations of inland areas have been

made, which limit our understanding of regional background

atmospheric and aerosol sources on the TP. Therefore, to better

understand the physico-chemical properties and reveal the sources

of atmospheric aerosols in the central TP region, a comprehensive

field campaign of the physical and chemical properties of TSP was

conducted at NamCo fromAugust 6, 2020, to September 11, 2020.

Data and methodology

Site description

The experiments were conducted at the Nam Co Station for

Multisphere Observation and Research, Chinese Academy of
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Sciences (30.46° N, 90.58° E, 4730 m.a.s.l.), which is located in the

central region of the Tibetan Plateau and is a typical station of the

area because of its high altitude, low anthropogenic activity, and

absence of industry (Wu et al., 2018). The Nam Co region has

typical geomorphological features, such as glaciers, lakes, rivers,

and meadows (Figure 1), dominated by alpine meadows and

barren areas. Nam Co Station is located southeast of Nam Co

Lake, which is in the northern boundary of the Nyainqentanglha

mountain range, and is the second largest inland lake in the Tibet

Plateau (TP) region.

The aerosol levels are very low at the Nam Co station (annual

mean AOD of 0.029 at 500 nm) and the local population is also

low (approximately 1000) because of the harsh climate; the

population density within 25 km of the station is less than

one person/km2 (Cong et al., 2009). The nearest town to the

Nam Co station is Dangxiong, which is located approximately

70 km from the station (Xu J. et al., 2018). Pollutant transport

from Lhasa and Dangxiong is limited by the high mountain

ridges (Xu X. et al., 2018). Residents within the region use both

simple stoves without chimneys and chimney stoves for cooking

and heating, and cow dung is the only biomass fuel used in tents

or houses in the region (Xiao et al., 2015). Pollution from

anthropogenic sources is low, which makes this site ideal for

studying the physicochemical properties of background

atmospheric aerosols and pollution on the plateau associated

with both natural and anthropogenic emissions. In spring, Nam

Co Station is affected by dust transport from the upwind sand

zone (Fang, 2004), and from June to September by the Indian

monsoon system (Kang et al., 2010b). During the observation

period, the overall climate was cold and windy, with southerly

winds and northwesterly winds dominating during the night and

day, respectively.

Online instrumentation

This experiment utilized a set of instruments with online

observation capability at the Semi-Arid Climate and

Environment Observatory of Lanzhou University

(Supplementary Table S1) to conduct online observations

of aerosols in the Nam Co region from August 6, 2020, to

September 11, 2020. The instrument included a multi-angle

absorption photometer (MAAP, model 5012), which can

directly measure the concentration of black carbon at

670 nm. The absorption coefficient was calculated by

measuring the absorption and scattering of light at 670 nm

through the filter membrane. The detection limit of MAAP

was 3.5 × 10−4 absorbance units, and the uncertainty of the

absorbance was ±12% (Petzold and Schönlinner, 2004).

Integrating a nephelometer (model 3563, TSI Inc.) can

measure the scattering coefficients of atmospheric TSP at

450, 550, and 700 nm wavelengths online. The scattering

angle of aerosols observed by the nephelometer ranged

from 7° to 170°, with blind areas of <7° and >170°;

FIGURE 1
Nam Co Station (red), land cover data from the Global Land Cover with Fine Classification System at 30 m in 2020 (GLC_FCS30-2020) of the
Institute of Spatial Information Innovation (Zhang et al., 2021b), Chinese Academy of Sciences.
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therefore, the scattering coefficients observed by the

instrument had truncation errors, which can be calibrated

according to Anderson’s method (Anderson and Ogren,

1998). The uncertainty in the measurement of the air

scattering coefficient for the integrating nephelometer was

0.24% (Anderson et al., 1996). All the online instruments were

placed in a room at a temperature of approximately 20°C to

ensure stable operation.

Offline instrumentation

TSP samples were collected approximately 2 m above the

ground using a Laoshan Electronic Instrument Factory Model

2030 medium-flow air sampler and aerosol samples were

collected on 90 mm quartz fiber filters (model 1851-090,

Whatman Inc.). The sampling period was from August 5,

2020, to September 14, 2020, starting at 09:00 a.m., with a

flow rate of 100 L/min for 47 h. The accuracy of sampling

flow is no more than ±2%, the uncertainty of flow

repeatability is less than 2%, and the uncertainty of flow

stability is less than 5%. The total suspended particulate

concentration is obtained from offline sampling data and is

calculated as (weight of filter membrane after sampling -

weight of filter membrane before sampling)/volume of gas

flow at the time of collection. A total of 24 TSP samples and

four blank samples were collected for this experiment.

The inorganic water-soluble ions (Na+, NH4
+, K+, Ca2+, Mg2+,

Cl−, NO3
−, and SO4

2-) were determined with an ion

chromatograph (Dionex ICS-600). Organic carbon (OC) and

elemental carbon (EC) were measured using a Desert Research

Institute Model 2001 thermo-optical carbon analyzer following

the IMPROVE A program. Metallic elements (Ca, Al, Mg, Fe,

and Ti) were measured using inductively coupled plasma atomic

emission spectrometry (ICP-AES).

Calculation method

The extinction of aerosol particles, including scattering and

absorption, can affect atmospheric visibility and climate

(Ackerman et al., 2000). The particle single scattering albedo

(SSA) is a key parameter used to study the optical and

microphysical properties of atmospheric aerosols, and

scattering (Bscat) and absorption coefficients (Babs) are two

important optical parameters describing the scattering and

absorption cross-sections per unit volume of air at wavelength

λ. Where the sum of Bscatt and Babsis is the particle extinction

coefficient (Bext), which determines light. The SSA is defined as

the ratio of Bscat/Bext (Bodhaine, 1995

SSA � Bscat/Bext � Bscat/ Bscat + Babs( ) (1)

Therefore, in this study, the absorption and scattering

coefficients at 670 nm were used to calculate the SSA.

The aerosol scattering Ångström index (αsp) was used to

characterize the wavelength-dependent variation in the

absorption coefficient σsp (Anderson and Ogren, 1998;

Pandolfi et al., 2018), and it was calculated as follows,

αsp � −
log

σ450sct

σ700sct

( )
log

450
700

( )
(2)

where σsλ is the aerosol scattering coefficient at wavelength λ.

Potential source contribution function
model

A (PSCF analysis was performed using the GIS-based

software TrajStat, to estimate pollutant pathways by analyzing

pollution trajectories at high concentrations, where Euclidean or

angular distances were employed as a clustering model to identify

potential pollutant source areas (Wang et al., 2009) using the

following,

PSCFij � mij

nij
(3)

where ij is a grid point, nij indicates the total number of trajectory

endpoints in that grid point, mij is the number of trajectory

endpoints with pollutant concentration higher than the threshold

value, and the median concentration is set as the threshold value

in this study. After calculating the PSCF value, the weighting

function was used to reduce the uncertainty caused by

trajectories with fewer endpoints (Polissar, 1999). The

meteorological field data were obtained from the Global Data

Assimilation Forecast System used by the National Centers for

Environmental Prediction Global Forecast System model. It is

also possible to use a potential source factor analysis in the

plateau region. Past studies have used the PSCF method to

identify heavy metal sources in the Yaze region of the

southeastern TP (Xu et al., 2022) and to analyze the potential

source area of perfluoroalkyl acids in precipitation on the TP

(Chen et al., 2021).

Enrichment factor

To determine the source of elements in aerosols, the EF of

elements in aerosols relative to crustal material was calculated

(Zoller et al., 1974). The EF of an element is defined as,

EFx � cx/cR( )aerosol
cx/cR( )crust (4)
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where x is the element of interest, R is the reference element,

CX is the concentration of X, CR is the concentration of the

reference element, EFX is the EF of X, and aerosol and crustal

subscripts refer to the elements in aerosol samples and in the

crust, respectively. Elements with an EF close to one are

usually considered to be strongly influenced by natural

components, whereas EF values greater than one indicate

possible anthropogenic influences (Cong et al., 2007). A

reference element is often selected as a crustal element,

because the pollution level is low, aluminum (Al) was

chosen as the reference element in the EF calculation in

this study, and its average upper continental crustal

component was chosen as the crustal element.

Results and discussion

Aerosol scattering and absorption
properties

The mean values of the atmospheric aerosol scattering

coefficients of TSP at 450, 550, and 700 nm during the

observation period were 1.97 ± 1.63, 1.71 ± 1.36, and

1.50 ± 1.14 Mm−1, respectively. The mean SAE derived

from the 450 nm and 700 nm scattering coefficients was

0.59 ± 0.14. The standard deviation of the scattering

coefficients was large, and the diurnal variation showed a

clear bimodal pattern (Figure 2A), with two peaks in the

morning (06:00) and evening (19:00) and one trough in the

afternoon. No peak was observed for the absorption

coefficient at night.

The aerosol scattering Ångström index (SAE) is related to the

average particle size of aerosols, and it ranges from 4 (Rayleigh

atmosphere) to 0 (large particles), with negative values for large

dust particles. The SAE of Gobi Desert aerosols is 0.52 ± 0.31

(Wang et al., 2018), and the SAE of the Granada region in Spain is

1.1 ± 0.03 for dust weather and 1.6 ± 0.03 for non-dust weather

(Valenzuela et al., 2015). An East Asian tropospheric aerosol

study in Beijing, China, showed that the SAE of dust, biomass

burning, fresh (industrial) stack plume, other coal combustion

pollution, and relatively clean (background) air are 0.59 ± 0.41,

1.52 ± 0.18, 1.49 ± 0.11, 1.39 ± 0.20, and 1.58 ± 0.18, respectively

(Yang et al., 2009). The SAE for biomass combustion and

relatively clean (background) air are similar. The SAE in this

study was similar to that of sand aerosols, and this shows that

mineral dust (MD) at the Nam Co station is likely the largest

contributor to the SAE.

The average particle single scattering albedo (SSA) of TSP

was 0.84 ± 0.02 at 670 nm, and the average absorption and

scattering coefficients of TSP at this wavelength were 0.26 ±

0.20 Mm−1 and 1.61 ± 1.18 Mm−1, respectively. The wavelength

dependence of SSA depends on the particle size, chemical

composition, and mixing state (Gyawali et al., 2012). In

general, the SSA of urban aerosols ranges from 0.80 to

0.98 and that of fresh biomass combustion smoke ranges from

0.72 to 0.88. Fine mode aerosols measured using an aircraft were

FIGURE 2
Time series of aerosol scattering coefficient and SAE at 450, 550 and 700 nm (A) and diurnal variation (B) time series of aerosol scattering
coefficient, absorption coefficient and SSA at 670 nm (C) and diurnal variation (D).
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found to have moderate absorption (single scattering albedo at

550 nm of 0.88 ± 0.03) and moderate hygroscopicity, whereas

coarse-mode dust was found to have very low absorption (SSA =

0.96 ± 0.01) and almost no hygroscopicity (Anderson, 2003).

Thus, the SSA in the present study was representative of a

mixture of fresh biomass burning and coarse-mode dust.

From the diurnal variation, SSA reached the lowest value at

12:00 and showed an increasing trend from 16:00 to 20:00, but

was still less than 0.85 (Figure 2D). This was probably due to the

anthropogenic activities in the area that generated the burning of

fresh biomass, which increased the SSA.

Aerosol chemical compositions

The optical properties of aerosols at the Nam Co station, the

influence of dust aerosols on the region was large, but the

composition of aerosols in the central plateau was complex;

Optical properties alone were not enough to explain the

aerosol composition. To clarify the components, nature, and

sources of aerosols in the Nam Co region, off-line sampling was

conducted in the region for 1 month, and the chemical

composition of the collected aerosol samples was analyzed.

During the study period, the mean mass concentration of TSP

in the region was 10.11 ± 5.36 μg m−3, whereas that measured in

the Himalayas was 20.65 ± 11.17 μg m−3 (Arun et al., 2019), and

that measured at the Shiquanhe station in the Ali region was

15.71 ± 5.92 μg m−3 (Zhang L. et al., 2021). The NamCo station is

located, at a higher altitude than other areas on the Tibetan

Plateau (TP), and there is no industrial activity in the

surrounding region. The TSP concentration was lower than

that at other areas on the TP; however, this could be

attributed to the surrounding mountains hindering aerosol

transport. A low TSP concentration was characteristic of the

TP region, which is characterized by low background pollution

and sensitive changes. Therefore, studying the aerosol

composition and sources in this region can help to clarify the

effects of natural and anthropogenic emissions and external

transport within the central TP.

Carbonaceous aerosols are an important component of

atmospheric aerosols and consist of elemental carbon and

organic carbon, which affect the incident solar radiation by

scattering and absorption (Sun et al., 2007). OC can be either

released directly into the atmosphere from anthropogenic and

biogenic sources, and biomass combustion, and secondary

formation in the atmosphere, whereas EC is mainly derived

from biomass and incomplete combustion of fossil fuels

(Pachauri et al., 2013). Owing to the remote location and high

altitude of the Tibet Plateau, carbonaceous aerosols may have

significant climatic impacts in this region. The average mass

concentrations of OC and EC at Nam Co station in the

summer were 1.84 ± 0.83 and 0.12 ± 0.13 μg m−3, (Figure 3A)

respectively.

OC/EC ratios are often used to distinguish the relative

contributions of fossil fuel or biomass combustion sources,

where lower OC/EC ratios (<2.0) are characteristic of a higher

share of vehicle and industrial emissions. OC/EC ratios of

3.8–13.2 indicate the predominance of biomass combustion, a

greater abundance of carbonaceous aerosols in OC from biomass

combustion sources, results in much higher OC/EC values. The

value of OC/EC in the Nam Co area in this study was 15.33,

which is much higher than that in Lhasa (6.5), an urban plateau

(Zhang et al., 2008), and that at the Yulong Snow Mountain

station on the southern slope of the plateau (2.06) (Niu et al.,

2018). Higher OC/EC values indicate a more significant impact

of biomass burning in the region, and because the study site is

located in a near-pristine environment, local residential

emissions in the area may be an important contributor to

biomass burning. The relatively similar OC/EC values of cow

dung aerosols in the Nam Co area also indicate that the local

source is not negligible (Chen et al., 2015). On the other hand, the

aging that occurs with the transport process of aerosols also

increases the OC/EC values (Arun et al., 2019). In addition, a

higher OC/EC (>2.0) is generally considered to indicate the

presence of secondary organic aerosols (SOA) (Chow et al.,

1996). Therefore, biomass aerosols in the region are likely to

be dominated by combustion emissions from the generation of

OC and the secondary generation of aerosols.

FIGURE 3
The relative mass contributions of mass concentrations of (A) OC, EC, (B) metallic elements, and (C) WSII.
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Previous studies have considered that mineral dust was

considered one of the main aerosol components in the central

Himalayas (Decesari et al., 2010) and in the central TP (Cong

et al., 2007; Kang et al., 2016). The mean mass concentrations of

metallic elements Ca, Ti, Fe, Al, and Mg measured in the present

study were 0.27 ± 0.17, 0.014 ± 0.02, 0.11 ± 0.07, 0.067 ± 0.05, and

0.039 ± 0.03 μg m−3, respectively. Ca accounted for the majority

of the metallic elements by mass (53.8%), followed by Fe (22.0%),

Al (13.5%), Mg (7.9%), and Ti (2.8%). Everest station has 34.8%

of Fe and 23.1% of Ca as metallic elements (Arun et al., 2019). Ca,

Fe, and Si are major fractions of crustal elements; the values

obtained for Ca and Fe in this study prove that Nam Co station is

similar to Everest station and mineral dust is an important

component of aerosols in the region.

The EFs of each element in the TSP samples from the Nam

Co station are shown in Figure 4. The EFs of Al, Ti and K were

approximately one, which indicates that they were primarily

derived from natural sources, such as soil and dust. However, the

values of Cu, Zn, and Sb were significantly higher (Buzica et al.,

2006, which indicates that some of these elements may have

originated from human activities, such as fossil fuel combustion,

industrial metallurgical processes, and traffic emissions, and that

they may have been deposited in the Nam Co region via long-

distance transport.

K+, Mg2+, and Ca2+ are the main components of atmospheric

aerosols, and their contribution to PM2.5 (particulate matter with

an aerodynamic diameter ≤2.5 µm) can reach 77% (Xu et al.,

2019). In the present study, the mean mass concentrations of

SO4
2-, NO3

−, Mg2+, Ca2+, NH4
+, Na+, and K+ were 0.70 ± 0.38,

0.77 ± 0.22, 0.01 ± 0.01, 1.90 ± 0.83, 0.22 ± 0.15, 0.09 ± 0.04, and

0.03 ± 0.02 μg m−3, respectively. The main contributions of the

inorganic ions were Ca2+ (51.0%), NO3
− (20.6%), SO4

2- (18.9%),

and NH4
+(5.8%). The main ion sources in the central plateau

have been identified in previous studies; for example, SO4
2- and

Ca2+ are considered typical ions from combustion emissions and

mineral dust, respectively (Kang et al., 2010b). Compared to the

Nepal Climate Observatory-Pyramid Station (Decesari et al.,

2010) on the southern slope of the Himalayas, where the Ca2+

concentration during the monsoon was 0.34 μg m−3, The relative

concentration of Ca2+ in the TSP samples in this study (1.90 ±

0.83 μg m−3) was higher than that in the Nepal Climate

Observatory-Pyramid Station (0.50 μg m−3) and that at the

Everest station during the monsoon (Cong et al., 2015),

reflecting a heavier dust impact in the central plateau.

Furthermore, the higher mass concentrations of SO4
2- and

NO3
− indicate that anthropogenic combustion emissions have

less of an impact than dust emissions on the central plateau.

Discussion on aerosol sources

To clarify the composition of aerosols at the Nam Co station

and further analyze the source of aerosols in the region, a

reconstruction of the mass concentration of aerosols at the

Nam Co station was conducted using organic matter (OM),

EC, MD, and water-soluble inorganic ions (nd-WSII) of non-

sand dust. The water-soluble inorganic ion concentration of non-

sand dust was the sum of the SO4
2-, NO3

−, NH4
+, and K+

concentrations. It is necessary to determine the OM/OC ratio

of to calculate the OM mass concentration (Guinot et al., 2007),

and that measured at the Nam Co station from May to July

2015 was 2.28 (Xu J. et al., 2018); as this study was conducted

within a relatively short time period (August to September 2020),

the OM/OC value of 2.28 was used to calculate the OM mass.

Calculations of the MD concentration are commonly more

accurate when multiple metallic and nonmetallic elements are

combined with weighting factors (Marcazzan et al., 2001), and

the equation for MD was thus revised to consider the effect of

carbonates present in ionic equilibrium (Zhang L. et al., 2021).

MD � 1.15 · 1.89 · Al[ ] + 2.14 · Si[ ] + 1.67 · Ti[ ] + 1.36 · Fe[ ] + 1.2 · K[ ](
+1.4 · Ca[ ]) + 1.1 · Ca[ ] + 1.83 · Mg[ ] (5)

where [Si] = 4 [Al] (Wang et al., 2018), [K] = 0.6 [Fe] (Malm

et al., 1994), and the factor 1.15 represents the mass of the other

metal oxides that compensate for not being measured. The mass

concentration of MD in the region was calculated using this

equation was 1.02 μg m−3, whereas that at Shiquanhe station in

the Ali region was 4.61 μg m−3, the mass MD concentration

measured at a background site in the western Himalayas was

3.1 μg m−3 (Arun et al., 2019).

The reconstructed mass concentrations correlated well with

the measured mass (Supplementary Figure S1). Concentrations

of r = 0.89 indicated that the reconstructed mass concentrations

were reasonable, and reconstructed mass concentrations of OM,

EC, MD, and nd-WSII were 4.20 ± 1.90, 0.12 ± 0.13, 1.83 ± 1.24,

and 0.42 ± 0.15 μg·m-3, respectively, with the largest

contribution from OM (63.9%), followed by MD (27.8%), and

the smallest contribution (Figure 5) from EC (1.8%).

To better understand the sources of aerosols on the central

plateau, the correlations between aerosol chemicals were

FIGURE 4
Enrichment factors of various elements during the study
period.
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investigated. K+ is a tracer of biomass combustion emissions

(Zhang et al., 2018); EC had almost no linear correlation with

K+ (r = −0.06), while OC had a higher correlation coefficient

with K+ (r = 0.22) (Figure 6C). Because K+ is often considered

to come from plant burning, the weak correlation between OC

and K+ may be since most of the biomass aerosols in the region

come from cattle dung burning or exotic transport. Ca2+ is

often used as a tracer of mineral dust and represents the

influence of mineral dust, with a correlation of 0.32 between

OC and Ca2+ was measured at the Shiquanhe station in the Ali

region during summer (Supplementary Figure S2) and only a

slight correlation measured year-round at the eastern

Himalayas remote high-altitude station (Arun et al., 2019).

The correlation between WSOC and Ca2+ was measured by

FIGURE 5
(A) The time series of mass concentrations of OM, EC, nd-WSII, and MD; (B) Proportion of each component of reconstructed mass
concentration.

FIGURE 6
(A) Fitting curves of OC, EC, and K+; (B) Fitting curves of OC, EC, and Ca; (C) Fitting curves of OC, EC, and Ca2+; (D) Fitting curves of WS and
metallic elements.
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year-round offline sampling at the Nam Co station was 0.59

(Li et al., 2021). The strong correlation between OC and Ca2+

and Ca in this study indicates that they are homologous.

To verify whether the MD aerosols in the region were

dominated by local influences, a metal elements and wind speed

correlation analysis was conducted and the results showed a very low

correlation coefficient between the two. When the wind speed

increased, the metal element concentration increased, but the

results were not significantly, indicating that the aerosol impact

of the local wind-induced sand rising on the Nam Co station is

small. According to previous studies at the Nam Co station, the size

distribution of OC and EC concentrations showed a bimodal

variation, with the main peak of OC occurring in coarse

particles, which may be due to dust particles and bioaerosols,

whereas the main peak of EC in coarse particles may be caused

by the resuspension of soil/dust particles containing EC (Wan et al.,

2015). Another study also suggested that WSOC in the TSP during

themonsoon period is influenced by fine surface soil particles within

the TP (Li et al., 2021). Therefore, the same source of OC and Ca at

the Nam Co station indicates that OC is primarily derived from soil

OM transported with dust.

Single-particle sampling was conducted from August 16 to

18, 2020 using a DKL-2 single-particle sampler. The results

showed (Figure 7) that during the sampling period, OM and

MD accounted for 53.7% and 14.3% of particles, respectively. In

addition, mixed particles of dust and biomass were observed

(Supplementary Figure S4), which also provides evidence for the

homology between biomass aerosols and dust.

To determine the sources of OC and Ca, the potential

source regions of both components were analyzed using

PSCF (Figure 8). The higher PSCF values in the interior of

the plateau indicated that OC and Ca had similar source area

distributions, and both originated primarily from the interior

of the plateau, which explains the high correlation between

OC and Ca in the TSP. Some studies have also suggested that

dust from the Ali region of the plateau can be transported to

the central part of the southern section. The strong influence

of local emissions from the southeastern part of the plateau

can also be demonstrated using isotope-tracing methods.

These results also prove the non-negligible presence of

local emission sources in the plateau region.

FIGURE 7
Composition ratios of collected single particle aerosols of
different particle sizes.

FIGURE 8
Potential source regions of OC (A) and Ca (B) in aerosols at Nam Co.
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Summary and conclusions

This study studied the optical properties, chemical

composition, and sources of total suspended particulate

matter (TSP) at the Nam Co station in the central Tibetan

Plateau (TP) region. The main results of this study are as follows:

1) The mean mass concentration of TSP was 10.11 ± 5.36 μg m−3,

the mean single scattering albedo (SSA) was 0.84 ± 0.09, and the

mean aerosol scattering Ångström index (SAE) was 0.59 ± 0.14.

The SAE of mineral dust aerosols was relatively close, indicating

that aerosols in the Nam Co area are affected by sand; however,

dust lowers the SAE.

2) The average mass concentrations of organic carbon (OC) and

elemental carbon (EC) were 1.84 ± 0.83 μg m−3 and 0.12 ±

0.13 μg m−3, respectively, and the mass concentration of

carbonaceous aerosols was dominated by OC, which

accounted for 94% of the total carbon (TC). In addition, the

EC content was low, which indicated that the biomass aerosols in

the region were primarily composed of OC and the secondary

generation of aerosols. The OC/EC ratio of 15.33 is probably

caused by the aging that occurs during the transport of aerosols.

3) Of the metallic elements, calcium accounted for most of the

metallic elements by mass (53.8%), followed by iron (22.0%),

and aluminum (13.5%), with mean mass concentrations of

0.27 ± 0.17 μg m−3, 0.11 ± 0.07 μg m−3, and 0.067 ±

0.05 μg m−3, respectively. This suggests that crustal

materials are the main contributors to the TSP in this

region. The enrichment factor EF of elements such as Al,

Ti and K was approximately one, indicating that the natural

sources in the Nam co region are a major source of aerosols.

And the EF values of elements such as Cu, Zn and Sb were

obviously high, which shows that pollution from human

activities may reach the area through long-distance transport.

4) With respect to the composition of water-soluble ions, Ca2+

comprised the largest inorganic ion concentration (51.0%),

followed by NO3
− (20.6%), and SO4

2- (18.9%), with average

mass concentrations of 1.90 ± 0.83 μg m−3, 0.77 ± 0.22 μg m−3,

and 0.70 ± 0.38 μg m−3, which reflects the influence of heavy

mineral dust on the central part of the plateau and indicates

that the influence of natural dust in the region is greater than

that of anthropogenic fossil fuel combustion.

5) Based on the offline samplingmass reconstruction of aerosols at the

Nam Co station, the mass concentrations of organic matter (OM),

elemental carbon (EC), sanddust (MD), andwater-soluble ions (nd-

WSII) removed from sanddustwere 4.20± 1.90, 0.12± 0.13 μgm−3,

1.83 ± 1.24 μgm−3, and 0.42 ± 0.15 μgm−3, respectively, with the

largest contribution from OM (63.9%), followed by MD (27.8%)

and the smallest contribution from EC (1.8%). Therefore, OM and

MD accounted for 91.7% of the TSP mass and were the main

components of summer TSP in the Nam Co region.

6) The correlation coefficient between OC and K+ was low (r =

0.22), and this was probably due to the low percentage of plant

material being burned in the area. The strong correlation

between OC and Ca2+ indicated that OM and MD had the

same sources, and the electron microscopy images of single

particles also showed the mixed transport of biomass with

sand and dust. The low correlation between metal elements

and wind speed indicated that the TSP did not originate

locally, and the PSCF analysis illustrated that OM andmineral

dust originated within the TP.

Based on the results of this study, we can conclude that the

summertime TSP in the central TP is primarily characterized by

background biomass and mineral dust aerosols originating

regionally from the ground within the TP. These results

provide a better understanding of atmospheric aerosols and

will contribute to estimations of aerosol radiative effects on

the TP. However, future studies are required to quantitatively

estimate the contribution of internal and external sources of

atmospheric aerosols in the TP region.
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