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Abstract. Transmission electron microscopy (TEM) was
employed to obtain morphology, size, composition, and mix-
ing state of background aerosols with diameter less than
1pm in the northern Qinghai-Tibet Plateau (QTP) during
15 September to 15 October 2013. Individual aerosol par-
ticles mainly contained secondary inorganic aerosols (SIA
— sulfate and nitrate) and organics during clean periods
(PM2.5 mass concentration less than 2.5 ug m—2). The pres-
ence of K-Na—Cl associated with organics and an increase
in soot particles suggest that an intense biomass burning
event caused the highest PM 5 concentrations (> 30 pg m—2)
during the study. A large number fraction of the fly-ash-
containing particles (21.73 %) suggests that coal combustion
emissions in the QTP significantly contributed to air pollu-
tants at the medium pollution level (PM,.5: 10-30 ug m=3).
We concluded that emissions from biomass burning and from
coal combustion both constantly contribute to anthropogenic
particles in the QTP atmosphere. Based on size distributions
of individual particles at different pollution levels, we found
that gas condensation on existing particles is an important
chemical process for the formation of SIA with organic coat-
ing. TEM observations show that refractory aerosols (e.g.,
soot, fly ash, and visible organic particles) likely adhere to
the surface of SIA particles larger than 200 nm due to co-
agulation. Organic coating and soot on surface of the aged
particles likely influence their hygroscopic and optical prop-

erties, respectively, in the QTP. To our knowledge, this study
reports the first microscopic analysis of fine particles in the
background QTP air.

1 Introduction

With an immense area (about 2 400 000 km?) and mean ele-
vation of more than 4000 ma.s.l., the Tibetan Plateau (TP),
often referred to as the “ridge of the world” or the “third
pole”, plays a key role in Asian climatology, especially the
formation of monsoons (Lau et al., 2006). Climate on the TP
has warmed 0.3 °C per decade over the past three decades,
which is twice the rate of observed global warming (Xu et
al., 2009). Anthropogenic aerosols and their ice and cloud
condensation nuclei (CCN) directly or indirectly led to the
brightening and dimming phenomenon before and after the
1980s in the TP (You et al., 2010). However, light-absorbing
carbonaceous aerosol particles (i.e., black carbon (BC) and
brown carbon (BrC)) can warm the troposphere (Ramanathan
and Carmichael, 2008) and accelerate glacier retreat (Xu et
al., 2009). Both the radiative effects of aerosols and their role
in cloud forming processes depend on their number, size,
chemical properties, and mixing state.

As a consequence, a better understanding of climate
change can be achieved by characterizing the TP aerosols.
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Many aerosol measurements have been conducted in the TP.
lon composition records from a shallow ice core (Zheng
et al., 2010) and black soot in the Tibetan glaciers (Xu et
al., 2009) both showed that anthropogenic aerosols have in-
creased significantly in the most recent 50 years in the TP.
J. J. Li et al. (2013) obtained aerosol components such as
61 % mineral dust, 3% ammonium, 4% nitrate, 18 % sul-
fate, 2% black carbon, and 12 % organic matter in PM3 5
at a concentration of 21.5ugm~2 during summer of 2010
at Qinghai Lake (36°59’'N, 99°54'E; 3200ma.s.l.) in the
northeastern part of the TP. Coal burning and biomass burn-
ing were the major sources for anthropogenic aerosols. Xu
et al. (2014) showed that the PM2 5 mass concentration of
9.5+ 5.4 ug m~2 during a year-long study at the Qilian Shan
Station (39.50° N, 96.51° E; 4180 ma.s.l.), a remote site on
the northeast edge of the Tibetan Plateau, and their water-
soluble ionic species were dominated by sof; (39%), CO5~
(19%), Ca®* (16%), NOz (10%), and NH; (6 %). Their
study suggests that anthropogenic aerosol and natural min-
eral dust from the Gobi desert together contribute to the par-
ticle loading in this remote air. Li et al. (2007) also found an-
thropogenic ions from residential combustion emissions in
precipitation samples at Nam Co station of the central TP.
In addition, long-range transport of pollutants from eastern
and northwestern China and northern India can contribute
black carbon and other air pollutants to the TP region (Cao
et al., 2010; Wang et al., 2010; Engling et al., 2011; Kopacz
et al., 2011; Lu et al., 2012; Xu et al., 2013; Zhao et al.,
2013; Cong et al., 2015; Duo et al., 2015). Although anthro-
pogenic sources make but a minor contribution to the back-
ground TP atmosphere, these anthropogenic aerosols signifi-
cantly enhanced aerosol optical properties in the central and
northeastern TP in summer (Cong et al., 2009b; Che et al.,
2011; Xia et al., 2011). Therefore, study of the composition
and sources of aerosol particles in the TP is necessary to un-
derstand their effects on the optical, CCN, or IN activity.
The TP has various geographic and natural environmental
ecosystems such as mountains, lake basins, deserts, forests,
and grasslands. Previous sampling sites have included moun-
tain forests, lake basins, and urban areas in the TP (Li et al.,
2007; Che et al., 2011; Engling et al., 2011; J. J. Li et al.,
2013; Xu et al., 2014). Grassland is one of the largest land-
scapes in the TP. There are only a few herdsmen and farmers
living in the vast grasslands of the northern TP. Air pollutants
from anthropogenic and natural sources can be easily trans-
ported over low bushes in the grasslands under high wind
speed in north TP (Fig. S1 in the Supplement). However, fine
aerosols in the troposphere have not been studied over the
vast grassland in the northern TP. In this study, we collected
samples at a national station of background atmospheric
monitoring (NSBAM) on the top of Moshidaban Mountain of
Menyuan county in Qinghai province (37° 35.370’ N, 101°
17.329' E; elevation: 3295 m), which is within the northern
part of the Qinghai-Tibet Plateau (QTP) (Fig. 1). The NS-
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Figure 1. FLEXPART retroplume simulations during
10 September-15 October. Topographical map showing the
sampling location and surrounding regions in the Tibetan Plateau.
Xining is the capital city of Qinghai province. Menyuan represents
sampling site. The black line shows the major back trajectories
of air mass during 10 September—15 October 2013 based on the
spatial distribution of the air mass. The main air mass mainly
passed through rural areas, grasslands, and desert.

BAM is 180 km north of Qinghai Lake (J. J. Li et al., 2013)
and 160 km from Waliguan station (Che et al., 2011). Only a
few herdsmen live in the grassland, but many agricultural ac-
tivities (e.g., growing hull-less barley and rape) mainly occur
around Qinghai Lake and Menyuan county.

Although many atmospheric scientists have commented
on the probable aerosol impacts on climate and monsoon
(Lau et al., 2006), atmospheric observations are still very
limited because of the unique geographic and natural envi-
ronment, electric supply problems, high maintenance costs
for instruments, and lack of skilled operators. Because of
the immensity of the TP, these previous studies, which are
quite scattered and in diverse locations, are insufficient to
adequately characterize the aerosols throughout this vast re-
gion. In addition, the mixing state of individual particles has
not been examined, and only a few studies of particle types
and soot have been conducted through electron microcopy
(D. Zhang et al., 2001; Cong et al., 2009a). Understand-
ing the mixing state of individual particles sheds light on
their source, aging processes, and optical and hygroscopic
properties (Posfai and Buseck, 2010; Li et al., 2015). In
the present study, high-resolution transmission electron mi-
croscopy (TEM) is employed to study the mixing state and
composition of individual submicron particles with diame-
ters <1um. The pollution levels have been evaluated and
identified through continuous gaseous and particulate instru-
ments at the sampling site. The anthropogenic sources were
further identified based on particle types in the QTP.
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2 Experimental methods
2.1 Aerosol sampling

Aerosol particles were collected onto copper TEM grids
coated with carbon film (carbon type B, 300-mesh copper,
Tianld Co., China) by a two-stage impactor with a 1 mm di-
ameter jet nozzle and a 0.5 mm diameter jet nozzle and an air
flow of 1.0 L min~1. Both stages have a 50 % collection ef-
ficiency, the first at 0.80 um and the second at 0.20 um, with
an atmospheric pressure of 69 kPa, a temperature of 283.5K,
and an assumed particle density of 2 gcm~3. Sampling times
varied from 30s to 15min, depending on particle loading.
After collection, each sample was placed in a sealed, dry
plastic tube and stored in a desiccator at 25°C and 20 +3 %
RH to minimize exposure to ambient air and preserve it for
analysis. Altogether, 70 individual samples were collected at
the NABAM with the elevation at 3295 m, of which we ana-
lyzed the fine particles collected on only the second stage.

2.2 Individual particle analysis

Twenty-one aerosol particle samples collected on TEM grids
were analyzed with a JEOL JEM-2100 TEM operated at
200 kV. The details about the aerosol collection were marked
in Fig. 2. Elemental composition was determined semi-
quantitatively by using an energy-dispersive X-ray spectrom-
eter (EDS) that can detect elements heavier than C. Cu was
excluded from the analyses because the TEM grids are made
of Cu. The distribution of aerosol particles on TEM grids
was not uniform, with coarser particles occurring near the
center and finer particles occurring on the periphery. There-
fore, to ensure that the analyzed particles were representa-
tive, five areas were chosen from the center and periphery of
the sampling spot on each grid. Every particle in the selected
area was analyzed. EDS spectra were collected for 155 in or-
der to minimize radiation exposure and potential beam dam-
age. To better understand the properties of internally mixed
aerosol particles, we also analyzed the composition of dif-
ferent components of individual particles, such as coatings,
inclusions, and aggregations. The sampling was controlled
to avoid coagulation on the substrate during sampling. The
projected areas of individual particles were determined us-
ing iITEM software (Olympus Soft Imaging Solutions GmbH,
Germany), the standard image analysis platform for electron
microscopy. Altogether, 4218 particles in these samples were
measured for statistical analyses.

2.3 Particle size measurement

Atomic force microscopy (AFM) with a tapping mode was
used to analyze aerosol particles under ambient conditions.
For AFM, a digital Nanoscope Illa instrument can detect the
three-dimensional morphology of particles. The AFM set-
tings contain imaging forces between 1 and 1.5 nN, scanning
rates between 0.5 and 0.8 Hz, and scanning range sizes at
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10 um with a resolution of 512 pixels per length. After the
AFM analysis, composition of the same particles was con-
firmed by TEM, with 194 fine aerosol particles analyzed by
this method. The NanoScope analysis software can automati-
cally obtain bearing area (A) and bearing volume (V) of each
analyzed particle according to the following formula:

d\? 2 /
A=mrl=nx(= =—nd —d= 4—A, 1)
2 4 T

4 5 4 nD3:nD3_>D:3/6_V ©
71:1

V= 37rr =3 X 3 5
where d is the equivalent circle diameter (ECD) and D is
the equivalent volume diameter (EVD). By plotting the ECD
against the EVD (Fig. 3), we also obtain the relationship be-
tween them as EVD =0.64 ECD. As a result, ECD (d) of
individual aerosol particles measured from the iTEM soft-
ware can be further converted into EVD (D) based on this
relationship. In this study, we only considered fine aerosol
particles with equivalent volume diameter smaller than 1 um,
where the correlation between the ECD and EVD is espe-
cially good (Fig. 3).

2.4 FLEXPART particle dispersion model

Air mass history was determined using the Lagrangian parti-
cle dispersion model FLEXPART (version 9.02; Stohl et al.,
1998). FLEXPART simulates the release of thousands of pas-
sive tracer air parcels at the specific location, advecting them
backwards in time, providing a representation of the spatial
distribution of the air mass at an upwind time referred to as a
“retroplume”. FLEXPART was driven with 6 h meteorology
data from NCEP Climate Forecast System version 2 (NCEP-
CFSv2), including land cover, temperature, relative humidity,
and three-dimensional wind, in 37 levels with a resolution of
0.5° x 0.5°. In this study, the modeling periods were 72 h for
each simulation, and four simulations were performed each
day (beginning at 00:00, 06:00, 12:00, and 18:00, respec-
tively) from 00:00 UTC on 10 September 2013 to 00:00 UTC
on 16 October 2013. All simulations contained 10 000 parti-
cles released at the beginning over an altitude range of 3395
to 3995 ma.s.l, and the model outputs were recorded every
3h. The output data of each simulation were combined to
make Fig. 1.

2.5 PMpy 5, trace gases, BC, and meteorological
measurements

A Thermo TEOM 1405 continually measured the PM2 5
and PMqg particulate mass concentrations in 1h averages.
Gaseous air pollutants were measured continuously from
1 September to 15 October 2013: O3 by a UV photomet-
ric analyzer (Teledyne Instruments, model 400EU), SO, by
a pulsed UV fluorescence analyzer (model 100EU), CO
by a non-dispersive infrared analyzer (model 300EU), and
NO and NO, by a commercial chemiluminescence analyzer

Atmos. Chem. Phys., 15, 13365-13376, 2015
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Eight samples in PM2.5 > 30 pg m-3

Nine samples in PM2.5 between 10-30 pg m -3
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Figure 2. Time-series concentration of air pollutants (i.e., CO, NO,, SO,, BC, and PM5 5) during 11 September—15 October 2013. The
sampling time is marked by grey (PM2 5 >30pug m=3), pink (PMy 5 between 10 and 30 ug m~3), and blue columns (PM35 < 10ug m3).
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Figure 3. Correction of equivalent circle diameters (ECD) vs.
equivalent volume diameter (EVD) of 194 aerosol particles.

(model 200EU), with the concentrations being recorded in
5min averages. BC concentrations were measured by an
Aethalometer and were recorded in 1h averages. In addi-
tion, the non-refractory submicron aerosol species, includ-
ing organics, sulfate, nitrate, ammonium, and chloride, were
measured in situ by an Aerodyne aerosol chemical specia-
tion monitor (ACSM) (Du et al., 2015). Wind direction, wind
speed, relative humidity (RH), and temperature were mea-
sured and recorded in 1 h averages. The time-series meteo-
rological data, shown in Fig. S1, and the PM3 5 and gaseous
concentrations were provided by the NSBAM.

The average CO mixing ratio is 44.78 ppb at the NSBAM,
much lower than the 149 ppb at Waliguan in the summer of
2006, which is the site of the observation station of the World
Meteorological Organization’s (WMO) Global Atmospheric
Watch (GAW) (Xue et al., 2011). This contrast shows that
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the NSBAM adequately represents background conditions in
the expansive grasslands of the northern TP. Time-series con-
centration variations of six pollutants (i.e., PM25, BC, SO,
NO,, CO, and O3) show that their highest concentrations oc-
curred from 15 to 25 September 2013, and from 11 to 15 Oc-
tober 2013 (Fig. 2). Therefore, we considered these two peri-
ods as typical high-pollution events. Table 1 shows that five
pollutants’ concentrations (i.e., PM2 5, BC, SOz, NO,, and
CO) were higher during these pollution events than in the
intervening cleaner period; there was little difference in O3
concentration among these periods. When the combustion-
tracing CO and NO, concentrations increase, O3 mixing ra-
tios generally decrease in the QTP due to photochemical
consumption (Xue et al., 2011). The primary BC concen-
trations during the two pollution events were 17 and 81 %
higher than the intervening cleaner period, respectively (Ta-
ble 1). PM, 5 concentration at 17.06 ug m—2 at the NSBAM
is slightly lower than the 21.5 ugm~2 in the cleaner Qinghai
Lake area in the summer of 2010 (J. J. Li et al., 2013). The air
mass back trajectories during the sampling period commonly
came from the northwestern TP and crossed the Qinghai
Lake area into the northern TP (Fig. 1). The air masses dur-
ing the pollution events adequately represented highly aged
and processed long-range transported ambient aerosols in the
TP. Figure 2 further displays aerosol collection time under
three different PM, 5 levels, i.e., PMo5 > 30 ugm—3, PM, 5
between 10 and 30 ugm~—3, and PM, 5 < 10 ug m—2, which
represent high pollution level, medium pollution level, and a
clean period.

www.atmos-chem-phys.net/15/13365/2015/
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Table 1. Concentrations of six air pollutants during the sampling period, two pollution periods, and a clean period.

Pollutants All data | Polluted period1 |  Polluted period2 | Clean period
mean + S_D n mean + S_D n mean + S_D n mean + S_D n
max, min max, min max, min max, min
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Full data period: 10 September—15 October 2013; polluted period 1: 18-25 September 2013; polluted period 2: 11-15 October 2013

3 Results

3.1 Major fine aerosol particles and mixing states

Based on elemental composition and morphology, aerosol
particles were classified into six major categories: mineral
dust, K-Na—Cl, fly ash, secondary inorganic aerosol (SIA)
containing ammoniated sulfates and nitrates, organics, and
soot (i.e., BC) (Figs. 4-5). For example, mineral dust par-
ticles normally display irregular shapes and fly ash particles
are spherical, although they both have similar elemental com-
position, such as Si and Al. A detailed particle classification
scheme is described in our previous studies (Li et al., 2014b,
2015). The nanometer-sized metal particles which have been
frequently detected in ambient aerosols in East China (W. Li
et al., 2013a, b) were absent in the Qinghai-Tibet plateau.
Mixing properties among the six types of particles were char-
acterized in detail. TEM observations indicate that SIA and
organics coexisted in individual fine particles and that or-
ganic carbon (OC) coated (e.g., Figs. 4d and 5a), or homo-
geneously mixed (e.g., Fig. 6) with, these SIA particles. In
other words, OC occurred on surfaces of the SIA particles. In
addition, we found that many SIA-OC particles had visible
inclusions such as mineral dust, fly ash, OC, and soot par-
ticles. Identification of the refractory inclusions in internally
mixed particles enables one to trace particle sources and their
history in the aging air mass. Their mixing properties con-
sist mostly of SIA—soot-OC (e.g., Fig. 4c), SIA-fly ash-soot
(e.g., Fig. 5d), SIA-fly ash-OC (visible) (e.g., Fig. 5d), SIA-
fly ash (e.g., Fig. 5¢), and SIA—-mineral dust and SIA-visible
OC (e.g., Fig. 5a). Therefore, SIA and OC in aerosol particles
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Figure 4. TEM images of a (a—b) K-Na—Cl particle with organic
coating on 22 September and 13 October. (c) SIA-soot with organic
coating on 22 September. (d) SIA with organic coating on 11 Octo-
ber. EDS spectra show elemental compositions of each particle type
in each TEM image.
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Figure 6. TEM image of individual particles collected in the clean
period with PM5, 5 mass concentration less than 10 ug m~3. SIA
particles tend to homogeneously mix with organics.

500 nm

in the Qinghai-Tibet Plateau were the two most important
factors for the mixing state of primary particles.

3.2 Size distribution of aerosol particles

In this section, we describe the size distribution of individual
particles with their diameters from 40 nm to 1 pm at differ-
ent pollution levels. The 684 particles collected during clean
periods show a median diameter of 230 nm. Figure 7a shows
that the size distribution of particles without inclusions de-
termines ambient particle size.

In total, 1214 particles during high pollution levels have
a median diameter of 260 nm (Fig. 7b). Particles with inclu-
sions and particles without inclusions have median diame-
ters of 300 and 230 nm, respectively. Figure 7b shows that
particles with and without inclusions jointly determine the
particle size distribution during high pollution levels. We no-
ticed that the size distribution of inclusions in SIA displays
a median diameter of 150 nm. A similar pattern of the size
distribution of 2355 particles occurred at medium pollution
levels (Fig. 7c). The median diameters of total individual par-
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ticles, particles with inclusions, particle without inclusions,
and inclusions are 290, 340, 250, and 150 nm, respectively.
Therefore, the inclusions (e.g., mineral, fly ash, soot, and
spherical OC particles) significantly enhanced particle sizes
in the background air once they were internally mixed with
sulfates.

4 Discussion
4.1 Identification of the pollution events

TEM observations show that individual particle types dis-
play large differences under three different PMy 5 levels:
>30pugm~2 (high pollution level), 10-30 pgm—23 (medium
pollution level), and <10ugm=3 (clean period) (Fig. 3).
Aerosol particles collected in clean periods mainly contained
SIA and OC. Figure 6 shows that individual SIA particles
were commonly coated with OC. The ACSM measurement
consistently showed that SO~ and OC were the main com-
ponents in PM1, accounting for 33—36 and 34-48 % in mass
at the sampling site, respectively (Du et al., 2015). Figure 8
presents the composition of all the analyzed individual par-
ticles at the three pollution levels. In the clean period, we
found only a few anthropogenic particles such as fly ash,
soot, or their mixed particles, with their contributions being
less than 10 % (Fig. 8a).

The increase in KCI and soot particles is suggestive of
an intense biomass burning event at the background site (Li
et al., 2003). In this study, abundant K-Na—Cl particles and
soot-containing particles (e.g., Fig. 4) only occurred in pol-
lution periods 1 and 2, which have been indicated as biomass
burning (Du et al., 2015). Because the K-Na—Cl particles as-
sociated with OC occurred only in the short pollution pe-
riods and are smaller than typical sea-salt or soil particles
(mostly > 1 um), it is unlikely that they originated from nat-

www.atmos-chem-phys.net/15/13365/2015/
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ural sources such as saline Qinghai Lake and desert. Our
field experimental investigations showed that a few farmers
burned cole flowers and highland barley during the autumn
harvest season, which are main season crops in the QTP.
In addition, the burning of yak dung for residential heating
likely caused the high PM, 5 on 11-15 October (Du et al.,
2015).

The distribution of different particle types at the medium
pollution level is similar to that of the high pollution level,
except for the absence of K-Na-Cl particles. Figure 8c
shows that a large amount of fly-ash-containing particles
occurred at the medium pollution level. Fly ash is gener-
ally considered as a reliable fingerprint of coal combustion
in residential cooking, power plants, and industrial activi-
ties (Li and Shao, 2009). The fly-ash-containing particles in-
crease from 11.40% at the high pollution level to 21.73%
at the medium one, but soot-containing particles decrease
from 38.40 to 25.87 %. This result indicates that coal com-
bustion emissions in the QTP significantly affected the back-
ground air quality. Compared to individual particles in pol-
luted East China, absence of nanometer-sized metal particles
in the QTP suggests that there are no large heavy-metal-
related industrial emissions in the area from the air mass
back trajectories (Fig. 1). The China Energy Statistical Year-
book of 2013 shows that coal combustion occurs in power
plants (48.5 %), heavy industries (36.4 %), and house cook-
ing/heating in rural areas (8.6 %) in Qinghai province, partic-
ularly near the large cities such as Xining (Wen et al., 2013).
Although we did not find any K-Na—Cl particle in the sam-
ples at the medium pollution level, 50 % of SIA (OC coat-
ing) and SIA-soot particles containing minor amounts of K
(Fig. 4c—d) frequently occurred in the samples. During long-
range transport, once coagulation and condensation of am-
moniated sulfates and sulfuric acid in biomass burning parti-
cles increase, K-rich particles may transform into sulfur-rich
particles with certain amounts of K (Li et al., 2014b). There-
fore, SIA particles containing minor amounts of K suggest
that biomass burning emissions likely contributed to the QTP
aerosols on a more or less constant basis. A similar result
has been obtained through the analysis of organic species in
PM_ 5 at Qinghai Lake (J. J. Li et al., 2013). Therefore, we
conclude that emissions from biomass burning and from coal
combustion significantly contribute to the formation of an-
thropogenic fine particles in the atmosphere over the QTP.

4.2 Regional effects of biomass burning and industrial
emissions

Previous studies have proved that trace gases such as SOy,
NO,, and volatile organic compounds (VOCs) from anthro-
pogenic and natural sources had been transported over long
distances in the QTP and were transformed into secondary
aerosol particles (Xue et al., 2011; J. J. Li et al., 2013; Du et
al., 2015; Xu et al., 2015). For example, Du et al. (2015) sug-
gested that oxygenated organic aerosols from anthropogenic
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Figure 8. ldentification of the pollution events based on individ-
ual particle analysis. (a) 684 individual particles (left) and 108 SIA
with inclusion particles (right). (b) 1214 individual particles (left)
and 307 SIA with inclusion particles (right). Eight samples were
collected in PMj 5 larger than 30 pg m—2 induced by biomass burn-
ing emission. (c) 2355 individual particles (left) and 750 SIA with
inclusion particles (right). Nine samples were collected in PM2 5
at the range of 10-30 ugm~3 induced by biomass burning and in-
dustrial emissions. Four samples were collected with PM2 5 smaller
than 10 ug m~3, which indicates clean period.

sources and biomass burning were transported over a long
distance to the sampling site in the QTP. Because of measure-
ment limitations, there has been no research about refractory
aerosol particles (e.g., mineral, fly ash, and soot) in fine par-
ticles and primary organic particles. In contrast, TEM obser-
vations can adequately characterize these refractory particles
internally mixed with SIA based on their unique morphol-
ogy and composition (Figs. 4-5). We identified abundant re-
fractory particles at the three pollution levels at the regional
background site. Therefore, the nanometer-sized refractory
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particles and trace gases from various anthropogenic sources
including biomass burning can together be transported long
distances. The FLEXPART simulation shows that these an-
thropogenic particles mainly originated from biomass burn-
ing between the Qinghai Lake and Menyuan county and
heavy industries and coal-fired power plants in western ar-
eas of Xining (Fig. 1).

4.3 Mixing mechanisms of aged aerosol particles

In this study, an individual particle clearly containing more
than two types of aerosol components (e.g., mineral dust, K-
Na—Cl, fly ash, SIA, organics, and soot) has been defined as
an aged particle. More than 90 % of particles at the back-
ground site were highly aged. SIA particles with OC coat-
ing were the dominant particles and could determine the hy-
groscopic properties of the ambient aerosol particles. OC
coatings on inorganic particles can induce an early deliques-
cence of particle surface compared to that of the pure inor-
ganic compounds (Li et al., 2014a). Recently, Mikhailov et
al. (2015) found that the semi-solid state of the OC coat-
ing can lead to Kkinetic limitations of water uptake and re-
lease during hydration and dehydration cycles in the back-
ground area. OC dominated in fine particles, accounting for
43 % of mass on average, followed by sulfate (28 %) and ni-
trate (1%) (Du et al., 2015). TEM observations further in-
dicated that OC can be heterogeneously and homogeneously
mixed with all the fine SIA particles (Figs. 6, 9-10). This
finding is in agreement with the study of new particle forma-
tion and growth events during the sampling period, in which
oxygenated organics significantly contributed into particle
growth in the QTP (Du et al., 2015). SIA particles with OC
coating (i.e., particle without inclusions in Fig. 7) shift to a
smaller particle size than the total individual particles. Gas
condensation on the existing particles is an important chem-
ical process for formation of SIA with OC coating. There-
fore, OC coating of the aged aerosol particles is likely an im-
portant factor to determine particle hygroscopic growth and
phase transitions in the QTP.

Inclusions within SIA particles increase their size by 36—
42% (Fig. 7). The size distribution of individual particles
shows that particles without inclusions have a median size
of 200-250 nm at the background site. Figure 7 shows that
the number of particles with inclusions increases substan-
tially with diameters above 200 nm. In addition, Figs. 9-10
show that soot, fly ash, and visible OC particles likely ad-
here to the surface of SIA particles, which is different from
many refractory particles embedded within SIA particles in
East China (Li and Shao, 2009; W. J. Li et al., 2011; Li et
al., 2014b). Therefore, the coagulation process between pri-
mary refractory particles and SIA particles with diameters
> 200 nm could be dominant in the atmosphere. The results
are different from the background aerosol particles in Siberia,
where these soot, fly ash, and visible OC particles are absent
(Mikhailov et al., 2015). In particular, the mixing structure
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Figure 9. Individual particles during biomass burning periods with
PM> 5 mass concentration larger than 30 pg m—3. (a) OC and SIA-
s00t—OC coating particles on 12 October. (b) SIA-soot-visible OC
on 19 October. OC in particles 1, 3, 6, 10, 13, and 14 are heteroge-
neously mixed with SIA particles and particles 2, 4, 5, and 8 homo-
geneously mixed with minor SIA.

of soot on the surface of SIA particles is different from pre-
vious studies (Li et al., 2003; Adachi et al., 2010; Li et al.,
2015). Therefore, sulfates cannot act as the lens to enhance
optical absorption of soot particles before individual parti-
cles completely deliquesce in humid air (Ramanathan and
Carmichael, 2008). Light absorption of soot on surfaces of
sulfate particles is 30 % lower than soot centered within sul-
fate particles (Adachi et al., 2010). We found that the num-
ber of soot-containing particles increases during the biomass
burning periods (Fig. 8b—c). Also, Fig. 3 shows that the BC
concentrations exceeded 1.0 pg m—2 during biomass burning
periods, which is 2 times higher than the average value dur-
ing the sampling period. As a result, large numbers of soot
particles from biomass burning in background atmosphere
likely change atmospheric optical absorption and modify op-
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Figure 10. Individual particles collected under PM2 5 mass concen-
tration among 10-30 ug m—3. (a) Mixture of SIA and soot, fly ash
particles collected on 14 September. (b) Mixture of SIA and soot,
fly ash particles collected on 18 September. (c) Mixture of SIA and
fly ash, soot, organics collected on 29 September. (d) Mixture of
SIA and fly ash, soot, organics collected on 10 October. Organics
are heterogeneously mixed with SIA.

tical feedback of ice/snow after their deposition in the QTP
(Che et al., 2011; Ming et al., 2012). The microstructure of
soot particles can improve understanding of the optical prop-
erties of fine aerosol particles and allow for better evaluation
of their climate impacts using climate models.

TEM observations reveal distinct rims on some larger par-
ticles, as the examples shown in Figs. 5a, 5d, 9b, and 10a. Our
previous studies showed that the cloud and fog residues on
the substrate can display distinct rims (Kojima et al., 2004;
W. Lietal., 2011; W. J. Li, 2011). Therefore, these large par-
ticles with distinct rims probably undergo complicated atmo-
spheric transformation such as cloud/fog processing during
their growth. Briefly, our study indicates that aerosol par-
ticles in different size regimes have different atmospheric
chemical or physical processes in the background air over
the QTP.

4.4 Further considerations about fine particles over the
Qinghai-Tibetan Plateau

Emissions from coal combustion and biomass burning con-
tribute fine particles into the background air over the QTP.
Because the complex aerosol particles from different anthro-
pogenic sources intruded into pristine background air, the
suspended aerosols became highly aged. Because of the sen-
sitive feedback of climate in the TP, these aged aerosol par-
ticles in the plateau become particularly interesting. Firstly,
transport and sources of aerosol particles should be evalu-
ated, and, indeed, most studies in the TP have accomplished
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this (Cong et al., 2009a, b; Engling et al., 2011; Lu et al.,
2012; Du et al., 2015; Xu et al., 2015). These studies all
suggested that fine particles from biomass burning and other
anthropogenic sources (cooking and vehicular emissions) of-
ten arrived at the TP through long-range transport. However,
the emissions of coal combustion from power plants or other
industrial sources have a decidedly regional influence. This
has not been reported yet. Our studies provide new evidence
that fly ash particles serve as a reliable fingerprint of coal
combustion at the background site. Following economic de-
velopment in western China, coal combustion has increased,
chiefly for electrical power generation and other industrial
activities (Fig. S2). Secondly, highly aged particles such as
ambient aerosols and CCN in the atmosphere and sediment
in ice/snow can directly or indirectly impact on climate in the
TP (Cong et al., 2009b; You et al., 2010; Che et al., 2011; Lu
et al., 2012; Ming et al., 2012; He et al., 2014; Wang et al.,
2015; Yang et al., 2015). At the background sampling site
the mean BC concentration was 0.54 ug m—3. Interestingly,
we found that most fine soot (BC) particles adhere to individ-
ual SIA particles (Figs. 9-10) in the Qinghai Plateau, while
many soot particles were embedded within SIA in polluted
areas of East China (Li and Shao, 2009; W. J. Li etal., 2011).
The physical properties (e.g., mixing structure and size) of
soot in air and ice/snow should be further studied in detail in
the TP, as this could help to improve current climate mod-
els. Thirdly, fine aerosol particles in the TP mainly contain
OC and sulfates with minor amounts of nitrates. The result is
largely different from fine particles with high nitrate in more
polluted areas (J. J. Li et al., 2013; Du et al., 2015; Xu et
al., 2015). Although regional transport from anthropogenic
sources or biomass burning significantly increases particle
concentrations, mineral dust from surrounding deserts and
organics from plants are still dominant in the TP throughout
the year (X. Y. Zhang et al., 2001; Wang et al., 2010; J. J. Li
etal., 2013; Xu et al., 2014).

5 Conclusions

Time series of six pollutants (PM 5, BC, SO,, NO,, CO,
and O3) were obtained at a national station of background
atmospheric monitoring (NSBAM) on the top of Moshida-
ban Mountain in the northern QTP during 15 September—
15 October 2013. The mean concentrations of PM, 5, BC,
S0,, NO,, CO, and O3 were 17.06 ygm~—23, 0.54 ugm—2,
1.27 ppb, 2.05ppb, 44.78 ppb, and 50.00 ppb, respectively.
TEM was employed to study individual fine particles with
diameters less than 1 um that were classified into six major
particle types: mineral dust, K-Na—Cl, fly ash, secondary in-
organic aerosol (SIA) containing ammoniated sulfates and
nitrates, organics, and soot (i.e., BC). Individual fine parti-
cle types display large differences at three different PMy 5
levels: PM,.5 > 30 ugm~2 (high pollution level), PM, 5 10—
30 pg m—23 (medium pollution level), and < 10 ugm~—2 (clean
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period). Individual fine particles in clean periods mainly con-
tained SIA and organics. The presence of K-Na—Cl coated by
organics and increased soot particles during high pollution
levels suggests an intense biomass burning event near the
background site. Large numbers of fly-ash-containing par-
ticles occurred at the medium pollution level. The fly-ash-
containing particles increased from 11.40 % at the medium
pollution level to 21.73% at the high pollution level, but
soot-containing particles decreased from 38.40 to 25.87 %.
This result indicates that coal combustion emissions in the
QTP significantly affected the background air quality. In ad-
dition, SIA particles containing minor amounts of K suggest
that biomass burning emissions were a constant contributor
to aerosol particles in the QTP. We concluded that the emis-
sions from biomass burning and anthropogenic activities re-
lating to coal consumption contribute anthropogenic particles
into the QTP atmosphere.

Aerosol particles containing an SIA core and OC coating
display smaller median size than the total particles. Gas con-
densation on the particles is an important chemical process
for their formation. The number concentration of particles
with inclusions increased markedly above 200 nm. TEM ob-
servations show that refractory aerosols (e.g., soot, fly ash,
and visible organic particles) likely adhere to the surface
of SIA particles, suggesting physical coagulation could be
dominant in background air. These results notably improve
our understanding of sources and aging processes of long-
range transported aerosols in the QTP. The transport of these
aerosol particles, as well as their hygroscopic and optical
properties and atmospheric chemistry, requires further study
in the TP.
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