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• Aerosol particles at urban and glacier
sites in southeastern Tibet were
analysed.

• Soot aggregates at the glacier site were
from biomass burning in the plateau.

• Physically or chemically processed age-
ing of the aggregates were rarely con-
firmed.

• Locally-emitted soot may affect glaciers
differently than those from South Asia.
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Many studies indicate that the atmospheric environment over the southern part of the Tibetan Plateau is influ-
enced by aged biomass burning particles that are transported over long distances from South Asia. However,
our knowledge of the particles emitted locally (within the plateau region) is poor. We collected aerosol particles
at four urban sites and one remote glacier site during a scientific expedition to the southeastern Tibetan Plateau in
spring 2010. Weather and backward trajectory analyses indicated that the particles we collected were more
likely dominated by particles emitted within the plateau. The particles were examined using an electron micro-
scope and identified according to their sizes, shapes and elemental compositions. At three urban sites where the
anthropogenic particles were produced mainly by the burning of firewood, soot aggregates were in themajority
andmade up N40% of the particles by number. At Lhasa, the largest city on the Tibetan Plateau, tar balls andmin-
eral particles were also frequently observed because of the use of coal and natural gas, in addition to biofuel. In
contrast, at the glacier site, large numbers of chain-like soot aggregates (~25% by number) were noted. Themor-
phologies of these aggregates were similar to those of freshly emitted ones at the urban sites; moreover, physi-
cally or chemically processed ageing was rarely confirmed. These limited observations suggest that the biomass
burning particles age slowly in the cold, dry plateau air. Anthropogenic particles emitted locally within the ele-
vated plateau region may thus affect the environment within glaciated areas in Tibet differently than anthropo-
genic particles transported from South Asia.
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1. Introduction
Atmospheric aerosols derived fromnatural and anthropogenic emis-
sion sources exert an important influence on regional and global climate
change both directly, via the scattering and absorption of atmospheric
radiation, and through acting as condensation nuclei in the formation
of cloud droplets (Buseck and Pósfai, 1999; Kaufman et al., 2002;
Akimoto, 2003). In remote glacier areas, the deposition of light-absorb-
ing aerosol components on snow and ice reduces the albedo of these
bright surfaces because the dark aerosols enhance the absorption of
solar radiation; thus, this deposition accelerates the melting of glaciers
and sea ice (Hansen and Nazarenko, 2004; Ramanathan and Feng,
2009; B. Xu et al., 2009; Kopacz et al., 2011; Y. Li et al., 2016; X. Li et
al., 2017).

The Himalayas and the Tibetan Plateau are often referred as Earth's
“Third Pole” because they contain the world's largest volume of persis-
tent ice outside the Arctic and Antarctica. This area is also called the
“Water Tower of Asia” because it contains the headwater areas of sev-
eral of the major rivers of Asia. The Tibetan Plateau is a high-elevation
region in Central Asia. Its average elevation exceeds 4000 m a.s.l., and
its area exceeds 2.5 million km2. Because of the low density of the air
and the strong surface heating within this region, dry thermal updrafts
trigger deep convection over the plateau and drive the Asian monsoon
system; these processes lead to the large-scale convergence of air
masses from the surrounding areas, including South Asia (Yanai et al.,
1992; Liu and Yin, 2002; Lau et al., 2006). Recent observations and
model studies suggest that this region is a key element of the energy
cycle that makes up part of the Earth's climate system, owing to the
role of this area in the large-scale circulation patterns that connect the
Indian Ocean, the Asian continent and the northwestern Pacific
(Zhang et al., 2001; Lau et al., 2006; B.Q. Xu et al., 2009; Kang et al.,
2010; Lau et al., 2010).

Substantial evidence that the Himalayas and the Tibetan Plateau are
constantly exposed to polluted air masses sourced from regions outside
of the plateau, including South Asia, central Asia and East Asia, has been
provided by studies based on chemical characterizations, satellite obser-
vations and numerical simulations (Loewen et al., 2007; Cao et al., 2010;
Kopacz et al., 2011; Xia et al., 2011; Lu et al., 2012; S. Zhao et al., 2013; Z.
Zhao et al., 2013; Cong et al., 2015; Kang et al., 2016; Lüthi et al., 2015;
Fan et al., 2016; Zhu et al., 2016, 2017). Bulk analyses of chemical com-
ponents (carbonaceous species, water-soluble inorganic ions, andmajor
elements), including in situ measurements of black carbon, and filter-
based measurements of elemental carbon and soot have also been car-
ried out on the particulate matter in the plateau air (Cao et al., 2010;
Engling et al., 2011; Zhang et al., 2012; Z. Zhao et al., 2013). These stud-
ies indicate that air pollutants from Bangladesh and eastern and north-
eastern India may travel along Himalayan valleys under certain
meteorological conditions, thus reaching the southeastern part of the
Tibetan Plateau; this movement of polluted air masses is called the “di-
rect channel” (Bonasoni et al., 2010) or “leaking wall” (Cao et al., 2010)
behaviour. However, a few recent studies, which have been conducted
mainly in the central portion of the Tibetan Plateau and along thewest-
ern Himalayas, have noted the possible significance of aerosol sources
on the plateau (Li et al., 2008; Chen et al., 2015; C. Li et al., 2016; H. Li
et al., 2017; Zhang et al., 2017). Unfortunately, very limited data are
available on the physical and chemical properties of aerosol particles
generated locally or regionally on the plateau. This lack of data is espe-
cially pronounced in the regions north of the eastern Himalayas, i.e., the
southeastern part of the Tibetan Plateau, and it hinders additional and
more detailed studies on the influence of locally emitted anthropogenic
particles on the atmospheric and cryospheric environment.

For this study, aerosol particleswere collected at four urban sites and
one remote glacier site in the southeastern Tibetan Plateau during a sci-
entific expedition. The morphologies of individual particles and their
size distributions were determined using a scanning electron micro-
scope. The elements contained in the particles were identified with an
energy dispersive X-ray spectrometer attached to the electron micro-
scope (SEM/EDX). Here, the origin and the ageing of the particles are
discussed, focusing on the particles at the glacier site.
2. Methodology

2.1. Sample collection

The sample collection was carried out during a scientific expedition
that extended from 12 to 18 April 2010 and was conducted along the
G318 highway, the longest national highway in China, which passes
through the southeastern portion of the Tibetan Plateau. The sampling
sites included four urban sites at Lhasa, Nyingchi, Bomê and Rawu,
and one glacier site at the remote Renlongba Glacier (Fig. 1).

Lhasa, the administrative capital of the Tibet Autonomous Region, is
the biggest city on the plateau, and it has an urban population of ap-
proximately 200,000. Lhasa lies in the centre of the plateau, and its ele-
vation is 3650 m. The highest mountain in the area surrounding Lhasa
has an elevation of approximately 5500m a.s.l. Sources of air pollutants
in Lhasa include limited industrial facilities; the consumption of biofuel
(dried yak dung) for household energy; the burning of coal, natural gas,
and liquefied petroleumgas; and the burning of incense for religious ac-
tivities. Nyingchi, which is also known as Linzhi, is a prefecture-level
city located in the southeastern portion of the plateau. Its urban popula-
tion is approximately 35,000. The city is surrounded by large forests,
and the major energy source is firewood. Bomê, also known as Bome,
is an agricultural county in Nyingchi Prefecture. Its urban population is
approximately 8900 and it is surrounded by forests and mountains.
Rawu, also known as Ranwu, is a small town in Baxoi countywith a pop-
ulation of b2900. Similar to Nyingchi, the primary energy source in
BomêandRawu isfirewood. RenlongbaGlacier is located in anuninhab-
ited area approximately 60 km east of Rawu and 50 km from the G318
highway. Theweather during the expeditionwasfine, and sunny condi-
tions occurred on all of the days on which samples were collected.

The Tibet Autonomous Region contains 5 prefecture-level cities, in-
cluding Lhasa and Nyingchi; 73 county-level cities, including Bomê;
and 694 township-level towns, including Rawu (Yearbook, 2016). Do-
mestic biomass burning is the primary source of energy in the region
as a whole, and it accounted for nearly 70% of the energy produced in
this region in 2003. Animal waste, firewood, and straw made up 53%,
37%, and 10% of the biomass burned, respectively (Yang et al., 2008;
Wang, 2009). With respect to the potential availability of energy, for-
estry residues are abundant in Tibet, but agricultural residues are rare
(Liu and Shen, 2007; Gao et al., 2016). N90% of the forests in Tibet are
widely distributed on the southeastern Tibetan Plateau and the north-
ern slope of the Himalayas (Peng et al., 2012; Zhang et al., 2013). Fire-
wood serves nearly all heating and cooking needs in the region (Wei
et al., 2004). Animal waste, i.e., yak dung, is the predominant energy
source in the pastoral and agro-pastoral regions of the central Tibetan
Plateau, including Lhasa (Wang, 2009; Chen et al., 2015). Two of the
five prefecture-level cities in central Tibet, including Lhasa, display sim-
ilar energy consumption structures, and the energy consumption struc-
tures of the other three cities in eastern and southeastern Tibet,
including Nyingchi, are similar.

At each site, a mini-volume portable sampler (Airmetrics, Eugene,
OR, USA) was used to collect the suspended particles and to deposit
them onto 47-mmpolycarbonate filters (Nuclepore, Whatman Interna-
tional Ltd., Maidstone, UK)with 0.2-μmpores. The operatingflow rate of
the sampler was 5 L min−1. At the four urban sites, sampling activities
were carried out on the roofs of hotels (approximately 5–15 m above
ground level) for 3 h each. These sampling sites were surrounded by
residences and roads. At the glacier site, the sampler was placed 1.5 m
above the ground, and the sampling time was 5 h. After sampling,
the filters were sealed in plastic cassettes and stored in a refrigerator
at 4 °C until analysis. Air temperature and relative humidity were
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Fig. 1. Illustration of the sampling sites along the expedition route within the southeastern portion of the Tibetan Plateau. The elevation and administrative level of each site are shown in
the boxes.
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recorded by a portable Q-Trak Plus IAQ monitor (Model 7565, TSI Inc.,
Shoreview, MN, USA).

2.2. Sample analysis

Small rectangular sections (approximately 10 × 10 mm) were cut
from the filters. The cut sections were fixed on stubs and coated with
gold under vacuum. A scanning electron microscope (JEOL JSM-6460)
was used to investigate and photograph the particles (Hu et al., 2009,
2011). The operating voltage was 20 kV. For each sample, 10 secondary
electron images (SEI) were acquired with magnifications of 1000–
30,000, depending on the sizes of the particles shown in the individual
images.

The diameter of each individual particle was calculated as the aver-
age of the longest dimension and its orthogonal width; these dimen-
sions were determined from the SEI images using IMAGE PRO PLUS
(IPP) 5.0 software (Media Cybernetics, Inc., Silver Spring, MD, USA)
(Hu et al., 2009, 2011). The aspect ratio (length/width) of a particle is
defined as the ratio of its longest dimension to its orthogonal width,
and this quantity was used to examine the compactness of the particles.
Since it is difficult to estimate the losses of particles through the pores of
the filters during sample collection, the particles smaller than 0.2 μm in
each image were excluded from the size examination. In addition, scan-
ning electron microscopes are not good at identifying organic particles,
which usually causes an underestimate of organic particles.

The elemental compositions of the individual particles in each sam-
ple were analysed using a NORAN SYSTEM SIX Si-Li EDX detector with
an ultra-thin window (Thermo Electron Corporation, Waltham, MA,
USA), which was attached to the electron microscope (Hu et al., 2009,
2011). The EDX counting time for one particle was 30 s live time. To ob-
tain statistical results, at least 300 particlesweremeasured in each sam-
ple. X-ray peak intensities for each elementwere converted into weight
fractions using the EDX software, which performs atomic number, ab-
sorption and fluorescence (ZAF) corrections.

In this study, backward air mass trajectories were applied to exam-
ine the possible source regions and transport pathways of aerosols at
the Renlongba Glacier site. Three-day backward trajectories that
began500 mabove the surface of the glacier during the sampling period
(from 3:00 to 8:00 UTC on 18 April 2010) were calculated using the
TrajStat software package (Wang et al., 2009), which is based on the
HYSPLIT4model developed by NOAA. The Global Data Assimilation Sys-
tem (GDAS) meteorological archive from NOAA was used to generate
the trajectories. Wind fields at 500 hPa during the sampling period
were from https://www.esrl.noaa.gov/psd/. Data from the European
Centre for Medium-Range Weather Forecasts (ECMWF) showed that
the planetary boundary layer height at the glacier site was 320–360 m
when the samples were collected.
3. Results and discussion

3.1. Particle categories and number fractions

According to their morphologies and elemental compositions, the
particles were categorized into six groups: soot aggregates, tar balls,
soil dust particles, S-containing particles, coal fly ash, and biogenic par-
ticles (Fig. 2). The percentages of some types of particles might have
been somewhat overestimated because of the low efficiency of the elec-
tron microscope in detecting small organic particles.

Both soot aggregates and tar balls contain large amounts of carbon
(C), and these particles were identified based on their morphologies.
Soot aggregates were the most frequently observed particle type, and
they were distinguished from the other types by their distinctive
chain-like or cluster-like morphologies. Each of the aggregates was
composed of tens to hundreds of spherules, which were approximately
20 to 100 nm in size. Most of the soot aggregates were smaller than 0.5
μm in size. In these particles, C dominated, and the contents of oxygen
(O)were small. Such particles frequently result from fossil fuel combus-
tion and biomass burning (Novakov et al., 1997). Wildfires rarely occur
on the elevated areas of the plateau, and no wildfires were reported
during the expedition. Therefore, the soot particles we observed were
produced by anthropogenic burning activities.

The tar balls were spherical particles that were usually smaller than
1 μm and were rarely agglomerated with other types of particles. Their
elemental compositions were characterized by abundant C and minor
amounts of O; trace amounts of potassium (K), chlorine (Cl) and sulfur
(S) were found in some (but not all) of these particles. Tar balls are usu-
ally produced by biomass burning and fossil fuel combustion, especially

https://www.esrl.noaa.gov/psd
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Fig. 2. Sample microscope images of particles from the six groups: (a) soot aggregates, (b) tar balls, (c) soil dust, (d) fly ash, (e) S-containing particles, and (f) biogenic particles.
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through smouldering combustion (Li et al., 2003; Chakrabarty et al.,
2006).

The identification of soil dust particles, fly ash, and S-containing par-
ticles was based on their predominantly inorganic elemental composi-
tions; C, N and O were excluded to avoid interference from the filters
(Okada and Kai, 2004). Sulfur-free particles with irregular shapes that
were abundant in silicon (Si), aluminium (Al) and/or iron (Fe) were
identified as soil dust particles, which are composed of aluminosilicates,
silicates or Fe oxides. Fly ash particleswere generallymicron-size spher-
ulites, and their compositions were similar to those of the soil dust par-
ticles; they were enriched in Al and Si, and they either did or did not
contain relatively minor amounts of sodium (Na), magnesium (Mg),
calcium (Ca), magnesium (Mn) and Fe.

Particles with weight percentages of elemental S exceeding 5%were
classified as S-containing particles. They frequently occurred as aggre-
gates or particles adhering to other particles, including soil dust and
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fly ash particles. Similar to soot particles, S-containing particles are usu-
ally generated by the anthropogenic combustion of S-containing fuel or
vegetation; the S in these particles generally occurs in sulfate com-
pounds. In addition to the particles described above, some biogenic par-
ticles were identified. These particles included pollen and spores that
displayed clearly regular surfaces or symmetrical shapes, and their
EDX spectra reflected enrichment in elemental C.

Based on the numbers of particles observed, soot aggregates, tar
balls and soil dust particles were the most frequently observed types.
Together, these types made up approximately 90% or more of the parti-
cles. The relative number percentages of the major particle types indi-
cate that anthropogenic aerosols were abundant in the sampled urban
air (Fig. 3). Soot and tar balls represented 73%, 80%, 85%, and 66% of
the particles collected in Lhasa, Nyingchi, Bomê, and Rawu, respectively.
These carbonaceous aerosols, i.e., soot aggregates and tar balls, collected
at the urban sites were produced by local fossil fuel combustion and
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biomass burning for heating, cooking and religious activities. Compared
to the high abundance of carbonaceous particles, a small number of soil
dust particles were noted in the urban samples. The number fractions of
these particles were 6% at Bomê and 33% at Rawu. These particles were
suspended in the roadside air by local circulation and traffic. Fly ash par-
ticles were observed only at Lhasa, where their abundance was 2%,
reflecting their origin as a byproduct of coal combustion. Emissions
from combustion of multiple fuels including biomass, coal and natural
gas were also indicated by the high abundance of S-containing particles
in the samples collected in Lhasa (8% by number); this abundance is one
to six times greater than the corresponding values measured in the
other cities. Biogenic particles were frequently detected in Nyingchi
and Bomê, consistent with the flourishing forests near these two cities.
The aerosols at the glacier site were characterized by soil dust particles
(72%), followed by soot aggregates (25%), and a small number (approx-
imately 3%) of tar balls, S-containing particles and biogenic particles.

The number fractions of major aerosol types were compared with
the results of studies on aerosol particles at high-elevation sites using
individual particle analysis methods (Table 1). The differences between
the urban and remote aerosols were associated with the complexity of
the aerosol particle types in the urban atmosphere and the high number
fraction of soil dust particles at the remote glacier site. Among themain
particle types, the frequently observed groupswere soot aggregates, or-
ganic particles/tar balls, and soil/mineral dust, despite the variations in
particle type identifications and the strategies used in the sampling
and measurements. In previous studies, abundant soot particles were
noted at Qomolangma (Cong et al., 2010), Nam Co (Cong et al., 2009;
Hu et al., 2013), Shangri-La (Hu et al., 2013; Fan et al., 2016), and
Menyuan (Li et al., 2015) and were attributed to long-range transport
from regions outside of the plateau.

The abundance of tar balls varied dramatically with time and loca-
tion. The abundance of tar balls was much lower at the glacier site
than at the sites in the central region and on the eastern edge of the pla-
teau. Tar balls derived from biomass smoke at other sites on the plateau
were reported to fall within the size range of 200–600 nm (Cong et al.,
2009, 2010). In this study, the large tar balls produced by the combus-
tion of from firewood or other biofuels fell in the submicron size range
at the urban sites, likely depending on sources and combustion condi-
tions. Considering the pore size of the Nuclepore filters used in this
study, the absence of fine tar balls might be caused by the poor collec-
tion efficiency of particles smaller than 0.2 μm. In the air of Lhasa, soot
Table 1
Number percentages of individual major particle types at different remote (upper part) and ur

Month/year Site Location Altitude (m) Soot Tar balls

05-06/2005 Qomolangma Central Himalayas 6520 8 3
07-08/2011 Shangri-La Eastern margin of TPb 3580 19 c
07-08/2016 Shangri-La Eastern margin of TP 3580 8 17d

09-10/2013 Menyuan Northern margin of TP 3295 12e –
03-05/2007 Nam Co Central TP 4730 12 5
07-08/2011 Nam Co Central TP 4730 30 26
04/2010 Renlongba Eastern Himalayas 5000 25 1
04/2010 Bomê Eastern Himalayas 2750 63 22
04/2010 Nyingchi Eastern Himalayas 2900 64 16
04/2010 Lhasa Central TP 3650 67 6
08-10/1998,9 Lhasa Central TP 3650 84 –
02/2013 Lhasa Central TP 3667 10 –

a In this table, soil dust includes the aluminosilicate/silica, Ca/Mg carbonate, and Fe/Ti-rich p
b “TP”, Tibetan Plateau.
c Here, the tar ball and fly ash types are included in the “spherical particles” type (29% by nu
d The tar ball and biogenic particle types are combined into the “organic particle” type, and th

by number) reported in this reference.
e In this reference, the particle classification focuses on internal mixing states assessed using

the “K-Na-Cl” type cannot be reported in this table. The data quoted here are based on particle
f The soil dust in this table combines the aluminosilicate/quartz, Ca/Mg carbonate, and Fe/Ti
g The soil dust in this table combines the Si-rich, Ca-rich, Fe-rich, Al-rich, Pb-rich, K-rich, and o

were substantially underestimated in this reference; “-”, no data are available.
particles made up 67% of the particles collected. This result is consistent
with those of previous studies conducted in Lhasa, which also report
that soot particles are the most abundant type of anthropogenic parti-
cles (Zhang et al., 2001). The combustion of coal and biomass fuels
and the vegetation burning as religious activities are still the major
sources of anthropogenic particles in Lhasa. Soot aggregates (8%–30%
by number) related to anthropogenic activities were frequently ob-
served, including at the Renlongba glacier site. Compared to soil dust,
soot particles have relatively low density; thus, their residence times
in the atmosphere are long, and they can be transported over long dis-
tances from their source regions.

The number fractions of soil dust particles and soot aggregates were
high at the remote glacier. The glacier site is located in a valley, and the
valley breeze blew constantly during our sampling activities. The soil
dust particles were likely derived from exposed surfaces in the sur-
rounding areas. No sources of soot aggregates were present near the
glacier site, suggesting that the aggregates were due to long-distance
transport. The back-trajectory analysis indicated that the air masses ar-
riving at RenlongbaGlacier travelled through the easternHimalayas and
passed near Bomê and Nyingchi (Fig. 4). Thewind field during our sam-
pling period also indicates that the glacier area was under westerly
winds and the air masses arriving at the glacier moved very slowly. An-
thropogenic soot aggregates were abundant in the urban areas along
the transport pathways. The abundance of soot (25%) in the glacier
aerosols was lower than those in the cities (63%–67%) and the small
town (45%). In the April when our expedition was conducted, westerly
winds prevailed in the southeastern Tibetan Plateau and the glacier area
was hardly influenced by air pollutants from South Asia. Therefore, the
aerosol particles we collected were mainly from anthropogenic emis-
sions at the surrounding areas within the plateau.

3.2. Particle size

The relative number fractions of the particles in different size ranges
are shown in Fig. 5. The majority of particles fell within the submicron
size range at both the urban (81%–97% by number) and glacier sites
(70%). In this study, the percentage of submicron-sized particles at the
glacier site was higher than those at Qomolangma (48%) (Cong et al.,
2010) and Shangri-La (33%) (Fan et al., 2016) but lower than that at
Nam Co (N90%) (Hu et al., 2013). Although the peaks of the particle
size distributions at all of these sites fell between 0.2 and 0.3 μm, the
ban (lower part) sites in the Himalayas and on the Tibetan Plateau.

Soil dust Fly ash S-containing Biogenic particles Size (μm) Reference

60a 0 16 12 N0.4 Cong et al., 2010
52 29c – – N0.8 Hu et al., 2013
36 6 31d d N0.2 Fan et al., 2016
5e 3e – – N0.2 Li et al., 2015
75f 0 7 1 N0.5 Cong et al., 2009
44 0 – – N0.8 Hu et al., 2013
72 0 2 0 N0.2 This study
6 0 4 5 N0.2 This study
16 0 2 2 N0.2 This study
17 2 8 0 N0.2 This study
– – – – N0.3 Zhang et al., 2001
90g – – – N0.8 Duo et al., 2015

article types reported in this reference.

mber) reported in this reference.
e S-rich andK-rich types are incorporated into the “complex secondary particles” type (31%

TEM, so themost abundant “secondary inorganic aerosol (SIA)” type (59% by number) and
number percentages measured at high pollution levels (PM2.5 N 30 μgm−3).
-rich particle types reported in this reference.
ther particle types, and it should be noted that the abundances of soot, tar balls, and fly ash



Fig. 4. Three-day backward trajectories (500m above the surface) of aerosols over the Renlongba Glacier site during the 5-hour sampling campaign.

777T. Hu et al. / Science of the Total Environment 628–629 (2018) 772–781
relative values of the peaks differed between the sites. The peak was
lowest at Lhasa (22%), due to the abundance of soil dust, fly ash, and
S-containing particles in the city.
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percentage at the glacier site was 32%. During atmospheric transport,
particle size distributionsmay shift to smaller size ranges because grav-
itational settling preferentially removes large particles, rather than
small particles (Mori et al., 2003).

The aerosols at the glacier site displayed a unimodal size distribu-
tion, similar to those at Bomê and Nyingchi, whereas the distributions
noted at Lhasa and Rawu were bimodal and contained a lower second
peak between 0.6 and 0.8 μm. The occurrence of the finemode particles
at the urban sites indicates that the cities are important regional sources
of carbonaceous particles on the plateau. Also note that soot aggregates
dominated the finemode at sizes smaller than 0.5 μmat all of the urban
sites. Given their small size, those particles would have long residence
times in the atmosphere and could travel to remote areas, such as gla-
ciers and ice caps. Similar fine mode soot particles from urban sources
have frequently been observed at suburban and rural sites in several
previous studies (Hasegawa and Ohta, 2002; Hudson et al., 2004;
Mallet et al., 2004; Johnson et al., 2005; Adachi and Buseck, 2008;
Moffet et al., 2010).

3.3. Transport of soot aggregates

To examine the transport of the soot aggregates, their number frac-
tions according to size at the urban sites and the remote glacier site
were compared (Fig. 6). The mode of the size distribution at the glacier
site was similar to those at the urban sites. One small difference is that,
at the glacier site, more of the particles fell in the small size range; ap-
proximately 87% of the particles were smaller than 0.5 μm. The corre-
sponding percentages at Nyingchi and Bomê were 80% and 76%,
respectively, slightly smaller than that at the glacier site. However, the
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Fig. 6. Relative number fractions of soot aggregate part
corresponding percentages at Lhasa and Rawu were approximately
49%, much lower than that at the glacier site. Note that most of the
soot particles fell in the submicron size range. Even at Lhasa and
Rawu, where soot clusters were present, the percentages of soot aggre-
gates in the size range larger than 1 μm were b9%. Soot particles larger
than 2 μm were rarely observed.

The aspect ratios of the particles were calculated based on their sizes
measured in the electron microscope images in order to investigate the
changes in the shapes of the particles during transport. The aspect ratio
of a particle, which is defined as the ratio of its longest dimension to its
orthogonal width, is an indicator of particle compactness. Large aspect
ratios indicate highly elongated particles (Okada et al., 2001; Adachi et
al., 2010; Niu et al., 2012). The mean and standard deviations of the as-
pect ratios of the soot particles and all of the particles at each site are
listed in Table 2. The aspect ratios of more than half of the soot particles
(e.g., 52% in Lhasa, 68% in Bomê, and 64% on the glacier) were between
1.5–3.0 at all of the sites, indicating that the soot particles were not
highly compact. Furthermore, both the highest soot peak size abun-
dance (Fig. 6) and the largest aspect ratio (Table 2) occurred at the gla-
cier site, indicating that small soot particleswith lowdensities can easily
be transported to glaciers and retain their chain-like structures.

Soot particles may undergo various ageing processes, such as coagu-
lation, condensation and heterogeneous reactions, while travelling in
the air. The ageing processes results in two types of changes in the par-
ticles. One of these types of changes affects the shapes of the particles,
whereas the other involves the occurrence of salts, such as sulfates, in
the particles (Pósfai et al., 2003; Johnson et al., 2005; Adachi and
Buseck, 2008;Moffet et al., 2010). Shapes andmixing statesmay change
significantly within several hourswithin urban environments, given the
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Rawu

Nyingchi

.0

0                     0.5                 1.0                  1.5                  2.0

icles by size at the urban sites and the glacier site.



Table 2
Mean aspect ratios and the standard deviations of the measured aspect ratios.

Aspect ratio Lhasa Nyingchi Bomê Rawu Glacier

All particle types 1.6 ± 0.5 1.6 ± 0.5 1.8 ± 0.8 1.7 ± 0.7 1.7 ± 0.6
Soot 1.5 ± 0.3 1.6 ± 0.4 1.8 ± 0.7 1.7 ± 0.6 1.8 ± 0.6
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presence of other aerosol particles (Johnson et al., 2005; Niu et al.,
2011). In remote areas, long aerosol residence times result in more ex-
tensive processing, leading to more internally mixed soot/sulfate parti-
cles (Hasegawa and Ohta, 2002; Mallet et al., 2004; Niu et al., 2012).

However, the aspect ratios of the freshly emitted soot particles at the
urban sites were not obviously different from those transported to the
remote glacier in this study. Moreover, sulfur was detected in only a
very few soot particles at the glacier site (b1% by number), and this per-
centage was lower than that noted in Lhasa, Nyingchi and Bomê. This
result reflects weak chemical ageing of the particles during their move-
ment to the glacier site. The occurrence of sulfate on particles is mainly
influenced by the abundance of gas-phase SO2 and/or the oxidizing ca-
pacity of the atmosphere (Pósfai et al., 2003). In a case involving strato-
spheric measurements in a biomass burning plume, with little SO2

present and weak mixing with particles outside the plume, no sulfate
was observed on biomass burning particles after long-range transport
(Hudson et al., 2004). Primary particles experience very little chemical
ageing when travelling in dry, cold air at high elevations, as noted in a
previous study (Wu et al., 2012). The Tibetan Plateau is characterized
by high altitudes, limited anthropogenic pollution and relatively low
ozone column amounts (Ren et al., 1997; Dahlback et al., 2007). The
emissions of sulfur dioxide due to anthropogenic activities there have
been the smallest in China since official records began in 2003. Even
in Lhasa, which has the largest urban population of any city on the
plateau, the annual mean concentrations of SO2 and PM10 in 2010
were only 7 μg m−3 and 48 μg m−3, respectively. Furthermore, the
relative humidity of the plateau air is low. Meteorological records
show that the relative humidity during the period in which we col-
lected our observations was 34% at Lhasa, 60% at Nyingchi, 68% at
Bomê, 38% at Rawu, and 36% at the glacier site. Although the influx
of solar radiation is expected to be strong on the plateau, the lack of
precursor gases, oxidants and water vapor do not favour the chemical
ageing of particles in the air. This slow chemical ageing of particles in
the air likely accounts for the abundance of fresh soot particles at the
glacier site.

Measurements made in the central Himalayas (Cong et al., 2010)
and on the eastern edge of the Tibetan Plateau (Fan et al., 2016) have
shown considerable percentages of fine S-containing soot particles.
Those aged soot particles were attributed to long-range transport
from South Asia and Southeast Asia, including pollutants from northern
India (Cong et al., 2010) and northeastern Burma (Fan et al., 2016).
Therefore, the physical and chemical properties of soot particles emitted
and transported from cities and their surroundings on the Tibetan Pla-
teau likely differ strongly from those emitted in areas outside the
plateau.

A recent concern is the influence of soot (black carbon) particles on
the albedos of glaciers and glacier retreat on the Tibetan Plateau. When
deposited on glaciers, soot particles may darken glacier surfaces, in-
creasing the absorption of sunlight and lengthening the melt season
(Hansen and Nazarenko, 2004; B. Xu et al., 2009; B.Q. Xu et al., 2009).
The mixing of soot aerosols with sulfate, nitrate and organic compo-
nents during ageing usually magnifies their solar radiative forcing ef-
fects, causing climate warming, accelerating the melting of ice and
snow (Jacobson, 2001; Schnaiter et al., 2005; Khalizov et al., 2009;
Adachi et al., 2010) and changing the lifetimes of soot particles in the at-
mosphere (Ducret and Cachier, 1992; Sellegri et al., 2003). The fraction
of soot particles mixed with sulfate, nitrate and organic compo-
nents during ageing processes usually increases in both size and
number, determining the magnitude of the solar radiation forcing
(W. Li et al., 2016a, b). The soot particles we observed at the glacier
were still fresh, in strong contrast to those transported to the Ti-
betan Plateau from South Asia. These particles were chain-like in
shape, they were typically smaller than 0.5 μm in size, and they
rarely contained secondary species such as sulfates. To our knowl-
edge, these are the first observations showing that soot particles
can remain in a fresh state with weak ageing while travelling in
the atmosphere over Tibet. We cannot provide a quantitative assess-
ment of the importance of this phenomenon at this stage because of
the limited data that are available. However, quantifying the ageing
process of soot particles that originate on the Tibetan Plateau is wor-
thy of in-depth study because of the predominance of these particles
in the plateau atmosphere and the possibly large difference in age-
ing state compared to particles from outside of the plateau.

4. Conclusion

In this study, we used a SEM to analyse aerosol particles collected at
four urban sites and one remote glacier site in the southeastern portion
of the Tibetan Plateau during an expedition conducted in spring 2010.
The particles in the urban air samples were mainly soot aggregates, tar
balls and S-containing particles that were likely produced mainly by
human activities. At the glacier site, anthropogenic soot aggregates were
frequently detected, in addition to mineral particles from nearby exposed
surfaces. The modal size of the soot aggregates was similar to those of
freshly emitted particles collected in the urban areas. The aspect ratios of
the soot aggregates at the glacier site were close to those at the urban
sites. Sulfurwas detected in only a few (b1% by number) of these particles,
indicating limited chemical ageing during transport that can be attributed
to the lackof precursor gases and the lowhumidity of the air over thehigh-
elevation plateau. These results indicate that the particles did not experi-
ence apparent physical or chemical ageing during their travel to the glacier
site, which contrasts strongly with previous reports of soot particles
transported from South Asia and found on the plateau. Backward trajec-
tory analysis revealed that the air parcels that transported the soot aggre-
gates to the glacier site moved very slowly before arriving at the site,
indicating that the particles very likely originated on the plateau. The age-
ing process of soot particles in the air over the high-elevation plateau is
likely to be very slow, in contrast to other areas. This distinctive phenom-
enon should receive additional attention in studies of the dispersion of an-
thropogenic soot particles and their subsequent effects in the atmosphere
over Tibet.
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