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sources of size-separated aerosols in Lhasa, which is located on the Tibetan Plateau (TP), six
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−
sizes of aerosol samples were collected in Lhasa in 2014. Ca2+, NH+4, NO−3, SO2−
4 and Cl were
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the dominant ions. The ratio of cation equivalents (CE) to anion equivalents (AE) for each
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particle size segment indicated that the atmospheric aerosols in Lhasa were alkaline. SO2−
4
and NO−3 could be neutralized by Ca2+, but could not be neutralized by NH+4, according to

Keywords:

2+
−
2−
the [NH+4]/[NO−3 + SO2−
4 ] and [Ca ]/[NO3 + SO4 ] ratios. Mobile sources were dominant in

Atmospheric aerosols

PM0.95–1.5, PM1.5–3 and PM3–7.2, while stationary sources were dominant in the other three

Water-soluble ions (WSIs)

size fractions according to the [NO−3]/[SO2−
4 ] ratios. The particle size distribution of all water-

Size distribution

soluble ions during monsoon and non-monsoon periods was characterized by a bimodal

Principal component analysis (PCA)

distribution due to the different sources and formation mechanisms, and it was revealed

Backward trajectory

that different ions had different sources in different seasons and different particle size
segments by combining particle size distribution with correlation analysis. Source analysis
of aerosols in Lhasa was performed using the Principal component analysis (PCA) for the
first time, which revealed that combustion sources, motor vehicle exhaust, photochemical
reaction sources and various types of dust were the main sources of Lhasa aerosols.
Furthermore, Lhasa's air quality was also affected by long-distance transmission, expressed
as pollutants from South Asia and West Asia, which were transmitted to Lhasa according to
backward trajectory analysis.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Atmospheric aerosols, the size of which range from several
nanometers to hundreds of micrometers, have a significant

impact on global climate, air quality, visibility and human
health; these effects depend on the composition, concentration and particle size of aerosols (Chow et al., 2008; Seinfeld
and Pandis, 2006). Furthermore, there are different sizes of
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aerosols, which as cloud condensation nuclei or ice nuclei
can also change the cloud-precipitation properties (Seinfeld
and Pandis, 2006). Water-soluble ions (WSIs) are important
chemical components of atmospheric aerosols. The components of water-soluble ions mainly include K+, Ca2+, Na+, Mg2+,
−
+
2−
−
+
F−, Cl−, SO2−
4 , NO3 and NH4, with SO4 , NO3 and NH4 comprising
the highest contents (Bates et al., 1992; Zhang et al., 2011).
−
SO2−
4 and NO3 are the main acid-producing substances in the
atmosphere, which can cause acid rain and damage to the
ecosystem (Kim et al., 2007; Peters et al., 2000). In addition,
and NO−3 also very easily absorb scattered sunlight
SO2−
4
because they have a relatively high extinction coefficient,
resulting in a decrease in visibility (Reddy and Venkataraman,
2000; Zhang et al., 2002).
The Tibetan Plateau (TP) is the highest (average altitude of
4000 m above sea level) and largest plateau in the world,
which has long been regarded as an important ecological
security barrier for China and even Asia, as a whole (Loewen
et al., 2007). Correspondingly, Lhasa is a metropolis which is
located in a narrow canyon in the southern part of the TP
(Fig. 1). However, the opening of the Qinghai-Tibet Railway in

2006 precipitated the rapid development of local tourism (Li
et al., 2016), and Lhasa's car ownership has increased more
than 10 times in 10 years (from less than 10,000 in 1998 to
more than 150,000 in 2012), according to statistics (Ran et al.,
2014), resulting in an increase in vehicle exhaust emissions.
Moreover, as a famous holy place of Tibetan Buddhism,
biomass burning caused by religious activities (e.g., burning
of cypress branches in Weisang) in Lhasa is also an important
factor affecting the atmospheric environment (Li et al., 2008;
Tao et al., 2011). In rural areas, more yak dung is used (Duo
et al., 2015). There have been some studies on background
areas of the TP, such as Mt. Yulong (Zhang et al., 2018),
Qinghai Lake (Zhang et al., 2014), Nam Co (Wan et al., 2015),
Mt. Qilian (Xu et al., 2015) and the Tengchong Mountain site
(Sang et al., 2013). Moreover, some studies on atmospheric
aerosols in Lhasa have been reported recently. Cui et al. (2018)
reported physicochemical characteristics of aerosol particles
collected from the Jokhang Temple, located in Lhasa, and the
implications for human exposure, and noted that the aerosol
size showed a bimodal distribution (0.4–0.7 μm in fine
particles and 4.7–5.8 μm in coarse particles). Wan et al. (2016)
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Fig. 1 – (a) Topographic distribution in the latitude direction, (b) topographic distribution in the longitude direction and (c)
locations of the sampling sites and typical emission sources on the Google Earth map.
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reported the particle size distribution of inorganic ions and
carbonaceous components in atmospheric particulates in
Lhasa, and noted that all compounds except Na+ showed
two maxima at 0–0.65 and 4.7–9.0 μm, due to different sources
and formation processes.
So far, the concentration level, emission source, and the
potential transportation way of WSIs in Lhasa remain poorly
constrained. In this study, we will analyze the WSIs in sizesegregated aerosols in Lhasa from the following aspects: (1)
understanding the physical and chemical characteristics by
analyzing the concentration of WSIs and the related ratios. (2)
analyzing seasonal particle size distribution characteristics of
WSIs combined with correlation analysis. (3) improving our
knowledge of seasonal sources of components in PM3 and
PM3–10 by combining Principal component analysis (PCA) and
backward trajectory analysis.

1. Methodology
1.1. Sampling
To analyze the source of WSIs in size-segregated aerosols
from August to September (monsoon) and November to
December (non-monsoon) in 2014 (as detailed in Table S1),
six-size fractions (< 0.49, 0.49–0.95 0.95–1.5, 1.5–3.0, 3.0–7.2 and
> 7.2 μm) of aerosols samples were collected at the Tibet
Autonomous Region Meteorological Bureau (29°39′N, 91°08′E,
altitude: 3679 m) using six-stage cascade impactors (M 235,
STAPLEX Inc. make, New York, USA) at a calibrated flow of
1.13 m3/min. There is a coal-fired power plant 5 km to west of
the sampling point (Fig. 1c). Meanwhile, several cement plants
are close to the sampling site, eight of which are approximately 10 km to west of the sampling point (not shown in
Fig. 1c) and one approximately 3 km to the north of the
sampling point (Fig. 1c). In addition, Lhasa is a famous city for
tourism and leads to significant seasonal variation in traffic
and religious activities (Cong et al., 2011; Huang et al., 2013).
According to our investigation, there are a certain number of
Tibetan temples approximately 2 km and bus stations approximately 6 km from the sampling point (Fig. 1c). Therefore,
typical meteorological data can be used to further analyze the
source of pollution in this study.
Quartz filters were wrapped with aluminum foil and precombusted at 900°C, before sampling for 3 hr (Cao et al., 2011).
Field blanks were collected prior to sampling, and filters were
mounted on the filter holder for 10 min with no air flow.
When the measurement had been completed, the samples
were placed in a sealed plastic bag and stored at − 20°C prior to
analysis. Eventually, 84 size-segregated samples (i.e., 14 sets)
were successfully obtained.

1.2. WSIs analysis
The samples that had been weighed to constant weight were
cut into a certain area of quartz filter for analysis and then
placed in a 10 mL colorimetric tube, to which 10 mL of
ultrapure water was added. An ultrasonic machine was used
for shaking the 10 mL colorimetric tube containing samples
for 30 min. The samples were transferred to a 50 mL
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colorimetric tube, through a 0.45 μm micropore filter. During
the transfer process, the filter membrane and the colorimetric
tube were immersed several times (6–7 times), and then the
volume was divided into two portions for analysis. The WSIs
+
+
2+
+
and Ca2+) were measured
(Cl−, NO−3, SO2−
4 , Na , NH4, K , Mg
using an ion chromatograph (ICS-2100, DIONEX, USA), which
consisted of a separation column (Dionex Ionpac AS 14 for
anions and CS 16 for cations), a guard column (Dionex Ionpac
AG 14 for anions and CG 16 for cations) and a self-regenerating
suppressed conductivity detector (Dionex Ionpac ASRS 300,
4 mm for anions and ASRS ULTRA II, 4 mm for cations). The
+
+
2+
+
detection limits of Cl−, NO−3, SO2−
and Ca2+
4 , Na , NH4, K , Mg
were 0.001, 0.002, 0.004, 0.001, 0.001, 0.001, 0.001 and 0.004 μg/m3,
respectively. The standard curve was well linear because the
fitting degree (R2) of the standard curve was 0.999. After every 10
samples, a random replicate check was performed and the
relative standard deviation (RSD) of each ion was less than 5%
for reproducibility test. The test results of standard material
(GSBZ 50008-88, 200835) showed that the recoveries ranged
from 91.8% to 95.9%, and the coefficient variation of recovery
was between 2.21% and 3.04%. The averaged concentrations of
+
+
2+
and Ca2+ in field blank sample were
Cl−, NO−3, SO2−
4 , Na , K , Mg
0.002, 0.005, 0.006, 0.001, 0.001, 0.002, 0.006 μg/m3, respectively,
while NH+4 were undetectable in these samples.

1.3. Principal Component Analysis (PCA)
PCA is commonly used in environmental research and is a
multivariate statistical method (Han et al., 2006). The main
idea of PCA is dimension reduction, in which several factors
that play a major role can be extracted from complex variables
in the mass concentration data of the components in the
aerosol (Hopke et al., 1976). In short, the advantage of PCA is
that information on specific pollution sources is not needed,
and it is widely used in the source analysis of atmospheric
particulate matter.
In this study, meteorological factors (Figs. S1 and S2) such
as wind speed (WS), humidity (RH) and temperature (TEMP),
as well as gaseous pollutants (SO2, NO2, CO and O3), the sulfur
oxidation ratio (SOR) and nitrogen oxidation ratio (NOR) were
used as auxiliary source markers to obtain the results of the
PCA by using SPSS (version 17.0), which can be helpful for
understanding the sources of WSIs in PM3 and PM3–10 during
monsoon and non-monsoon periods. Furthermore, it has
reported that emissions from coal-fired and motor vehicle
exhaust are mainly found in fine particles (Yang et al., 2017);
thus SO2, NO2 and CO were not used as auxiliary source
markers in PM3–10.

1.4. Backward trajectory with fire count information
TrajStat, a plugin of MeteoInfo software, is used to analyze
the source of airflow, based on geographical information
system (GIS) techniques. The main functions of TrajStat
include the calculation of the airflow trajectory (using the
HYSLPIT model) and cluster analysis. Furthermore, another
important function of TrajStat is combining atmospheric
composition data to determine the source region of the
atmospheric components of the study site and the contribution of the source (Wang et al., 2009).
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In this study, the backward trajectory analysis with fire
count information (Global Data Assimilation System data) in
Lhasa during monsoon and non-monsoon periods was
performed by TrajStat using the HYSLPIT model. The end
location was set as the sampling site in Lhasa (29.65°N,
91.13°E), running for 72 hr, with heights of 100, 500 and
1000 m above ground level, and the termination time was
00:00, 06:00, 12:00 and 18:00 UTC.

2. Results and discussion
2.1. PM3 and PM10 concentrations
Fig. S3 (a) shows the result of comparing the online PM2.5 mass
concentration monitored by TEOM with gravimetric PM3 mass
concentration over the entire sampling period, which showed
a significant correlation between them (R2 = 0.83, P < 0.01).
Therefore, the diameter of 3 μm was defined as the cutting
point to split the fine and coarse particles in this study.
Table 1 shows the concentration of size-segregated aerosols during the sampling period. The mean concentrations of
PM3 and PM10 during the sampling period were 35.32 ± 14.91
and 53.44 ± 24.51 μg/m3, which was similar to the work of Duo
et al. (2018) and Li et al. (2016) about Lhasa. The mean PM3
concentration was close to Grade (I) of NAAQS in China (35 μg/
m3, PM2.5), and the average PM10 concentration was lower
than Grade (II) of NAAQS in China (150 μg/m3). Fig. S3 (b) and
(c) shows the results of PM2.5 and PM10 in other areas.
Compared to other cities in Asia (Kong et al., 2016; Shahid
et al., 2016; Saxena et al., 2016), the result of Lhasa in this
study was significantly lower, indicating that the air quality of
Lhasa as a plateau city was relatively clean. Furthermore, PM3
and PM10 concentrations of European cities (Mohammed et al.,
2017; Tolis et al., 2015) were similar to Lhasa. However, PM2.5
concentrations in background regions over the TP (Xu et al.,
2015; Zhang et al., 2014) were relatively lower than those in
Lhasa, indicating that the air quality of Lhasa is also
threatened as the urbanization process progresses.

2.2. WSIs analysis
2.2.1. Mean fractional contributions of ionic species to the total
ionic components
Fig. 2 shows pie diagrams of the mean fractional contributions
of the ionic species to the total ionic components in sizesegregated aerosols during the sampling period. As shown in
−
Table S2, Ca2+, NH+4, NO−3, SO2−
4 and Cl are dominant ions,
and their mean fractional contributions to the total ionic

components vary with respect to particle size. Ca2+ ions are
dominant in all size-segregated aerosols. In fine particles, the
contribution of Ca2+ is generally greater than 30%. A similar
result was also reported in the previous work by Wan et al.
(2016). According to Duo et al. (2015), irregular Ca-rich
particles (i.e., calcite, CaCO3) less than 1 μm could account
for more than 30% of Lhasa aerosols. In this study, Ca2+
contributed 64.49% in PM3–7.2 and 68.1% in PM7.2–10, which
indicated that mineral dust and industrial smoke dust
from cement plants around the sampling site have a great
is the second
influence in Lhasa (Duo et al., 2015). SO2−
4
dominant ion in PM0.49 (17.34%), PM0.49–0.95 (18.44%) and
PM7.2–10 (12.56%), whereas NO−3 ions are dominant in the
other three size fractions. The highest contribution of Cl− is in
PM0.49 (13.65%), followed by PM1.5–3 (12.87%), and the highest
contribution of NH+4 is in PM0.49 (7.42%). In general, SO2−
4 and
NO−3 are the dominant anions, followed by Cl−; while, Ca2+ is
the dominant cation, followed by NH+4 and Na+.

2.2.2. Ionic balance and ratios among ions
2.2.2.1. CE/AE. A strong correlation (R2 = 0.81, P < .01)
(Fig. 3a) between cation and anion equivalents was found for
all samples in PM3, as well as in PM10 (R2 = 0.79, P < .01)
(Fig. 3b). This indicated that the ions of both PM3 and PM10
measured in this study were actually the most abundant ions
on the filters. The size distribution in Fig. 3 is based on the
impactor size, and the line connecting values is for visual
reference and does not represent a normal distribution. Ion
balance calculations are helpful for studying the acid–base
balance of PM. The anionic and cationic charge concentrations for each sample were calculated as follows:

CE nmol=m3 ¼ Naþ =23 þ NH4 þ =18 þ Kþ =39 þ Mg2þ =12
þ Ca2þ =20

ð1Þ


AE nmol=m3 ¼ Cl− =35:5 þ NO3 − =62 þ SO4 2− =48

ð2Þ

where, Na+/23, NH+4/18, K+/39, Mg2+/12, Ca2+/20, Cl−/35.5, NO−3/
3
62 and SO2−
4 /48 (nmol/ m ) are the equivalent concentrations
of Na+, NH+4, K+, Mg2+, Ca2+, Cl−, NO−3 and SO2−
4 , respectively; CE
and AE are cation equivalents and anion equivalents,
respectively.
For PM3 and PM10 samples in Lhasa, the ratio of CE/AE values
in this study were 3.14 (range: 1.72–4.12) and 4.06 (range: 2.68–
5.15), which was close to the previous work about Lhasa by Wan
et al. (2016). Furthermore, the ratios of cation to anion equivalents were higher than the ratios calculated at Zhuzhang and
Lulang, Tibet (Qu et al., 2008; Zhao et al., 2013), and this suggested
that aerosols collected in Lhasa were more alkaline than the

Table 1 – Aerosol mass concentrations (μg/m3) of particles distributed through different Dp (μm) intervals during the
sampling period.
Diameter (μm)

Monsoon
Non-monsoon
Sampling period

< 0.49

0.49–0.95

0.95–1.5

1.5–3

3–7.2

7.2–10

19.18 ± 6.65(49%)
32.02 ± 11.48(47%)
25.60 ± 11.21(48%)

2.18 ± 0.85(6%)
2.57 ± 0.71(4%)
2.37 ± 0.78(4%)

2.52 ± 0.97(6%)
2.40 ± 0.60(4%)
2.46 ± 0.78(5%)

2.78 ± 1.10(7%)
6.98 ± 4.13(10%)
4.88 ± 3.63(9%)

5.67 ± 2.08(14%)
9.54 ± 6.13(14%)
7.60 ± 4.83(14%)

7.03 ± 2.17(18%)
14.02 ± 8.62(21%)
10.52 ± 7.04(20%)
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Fig. 2 – Mean fractional contributions of ionic species to the total ionic components in size-segregated aerosols during the
sampling period.

other two sites. Both of the ratios of CE/AE in size-segregated
aerosols were greater than 1 during the sampling period (Fig. 3c),
suggesting a significant anion deficiency in aerosol particles
for all particle size segments, due to a significant amount of CO2−
3
or HCO−3 present in the Lhasa aerosol particles (Wan et al., 2016). It
is worth noting that organic acids might also be one of the
possible reasons for the ionic misbalance, according to the
study of Wan et al. (2016).
−
2−
2+
2.2.2.2. [NH+4 ]/[NO−3 + SO2−
4 ] and [Ca ]/[NO3 + SO4 ].

NH3 is
the only alkaline gas in the atmosphere that can neutralize
most of the particulate nitric acid and sulfuric acid in the

atmosphere to form NH4NO3, (NH4)2SO4 or NH4HSO4. However, the equivalent ratio of [NH+4]/[NO−3 + SO2−
4 ] values in
aerosol particles of all particle size segments were lower
than 1 (Fig. 4a), indicating that NH+4 could not completely
neutralize NO−3 and SO2−
4 , and the formed sulfate was acidic
such as NH4HSO4 (Rengarajan et al., 2011). Ca2+ is also the
dominant alkaline ion that neutralizes acidic particles in
the atmosphere. The equivalent ratio of [Ca2+]/[NO−3 + SO2−
4 ]
values in aerosol particles of all particle size segments were
more than 1 (Fig. 4a), indicating that Ca2+ was sufficient to
and NO−3 formed from the secondary
neutralize all SO2−
4
transformation of SO2 and NO2. Specifically, the equivalent

Fig. 3 – Linear regression plots between the sum of cation equivalents (neq) and anion equivalents (neq) in (a) PM3 and (b) PM10,
(c): the ratio of CE/AE values in size-segregated aerosols during the sampling period.
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Fig. 4 – (a) Equivalent ratios of major water-soluble ions, (b) mean [NO−3]/[SO2−
4 ] mass ratios of size-segregated aerosols during
monsoon and non-monsoon periods and (c) average SOR and NOR values of size-segregated aerosols in Lhasa during the entire
sampling period.

ratio of Ca2+/NO−3 + SO24 values were 7.22 and 8.21 in PM3–7.2
and PM7.2–10, which may be associated with higher dust
loading. In addition, it should be noted that the equivalent
2+
−
2−
ratio of [NH+4 ]/[NO−3 + SO2−
4 ] ([Ca ]/[NO3 + SO4 ]) values can
only be used as an indicator to reflect the balance between
NH+4 (Ca2+) and (NO−3 + SO2−
4 ), but not the acidity and
alkalinity of the whole aerosol particles.

[NO−3]/[SO2−
4 ].

2.2.2.3.
As an indicator of the relative importance of stationary vs. mobile sources of sulfur and nitrogen in
the atmosphere, the mass ratio of [NO−3]/[SO2−
4 ] has been
widely used. If the mass ratio of [NO−3]/[SO2−
4 ] is more than 1,
this indicates that the contribution of mobile sources is
dominant, otherwise the contribution of stationary sources is
dominant (Wan et al., 2016). The mass ratios of [NO−3]/[SO2−
4 ] in
PM3 and PM10 during the entire sampling period were 0.92 ±
0.31 and 0.93 ± 0.25, respectively (Fig. 4a), indicating the
general predominance of stationary sources over mobile
sources of pollutants. Furthermore, the average mass ratio of
[NO−3]/[SO2−
4 ] also showed a difference between aerosols of
different particle size segments (Fig. 4a). In PM0.95–1.5, PM1.5–3
and PM3–7.2, the mass ratios of [NO−3]/[SO2−
4 ] were more than 1,
indicating that mobile sources such as motor vehicle exhaust
emissions were dominant. In contrast, the mass ratios of
[NO−3]/[SO2−
4 ] were less than 1 in the other three size fractions,
indicating stationary sources such as emissions of coal
burning and biomass burning. In addition, mean mass ratios
of [NO−3]/[SO2−
4 ] during monsoons were generally higher than
those during non-monsoon periods (Fig. 4b), probably due to
more emissions from motor vehicle exhaust related to the
increase in tourism during monsoons compared to nonmonsoon periods at Lhasa (Cong et al., 2011; Ran et al.,
2014). However, high temperature is conducive to the formation of sulfate and nitrate in aerosol, but the nitrate is
unstable and converted to gaseous nitric acid under high
temperatures (Li et al., 2013a; Querol et al., 1998), resulting in
a mean [NO−3]/[SO2−
4 ] ratio in PM0.49 that was lower during
monsoons than during non-monsoon periods.
2.2.2.4. SOR NOR.

For evaluating the extent of oxidation of
SO2 and NO2, SOR and NOR are commonly used (Long et al.,

2014). If the average SOR and NOR are greater than 0.1, this
indicates that a strong secondary formation from SO2 to SO2−
4
and from NO2 to NO−3 occurred in aerosol particles in the
atmosphere (Ohta and Okita, 1990). The ratio of SOR and NOR
values were determined as follows (where n is molar
concentration) (Behera and Sharma, 2010):
SOR ¼ nSO4 2‐ = nSO4 2‐ þ nSO2



NOR ¼ nNO3 ‐ =ðnNO3 − þ nNO2 Þ

ð3Þ
ð4Þ

The mean SOR values of PM3 and PM10 in this study were
0.06 (range: 0.03–0.09) and 0.08 (range: 0.04–0.12), while the
NOR values were 0.016 (range: 0.005–0.033) and 0.023 (range:
0.008–0.039), which were much lower than the values determined in Beijing (Han et al., 2015), Shanghai (Zhou et al., 2016)
and Chongqing (Wang et al., 2018). This indicates that there is
a weak photochemical reaction from SO2 to SO2−
4 and from
NO2 to NO−3 in the atmosphere in Lhasa. In addition, the
average SOR and NOR values showed differences between
aerosols of different particle size segments (Fig. 4c). The mean
SOR values showed two maxima at PM0.49 and PM1.5–3, which
may be associated with coal burning and biomass burning.
The mean NOR values showed one maximum at PM0.49, which
is probably due to motor vehicle exhaust emissions, and
another maximum at PM3–7.2, which is the same as the result
observed in the study of Long et al. (2014). It is known that
nitrate in fine particles can be formed in the homogeneous
chemical conversion of NOx to HNO3 and will react with NH3
to form NH4NO3 (Zhang et al., 2008). However, the balance of
NH4NO3 and gaseous HNO3 in the atmosphere is reversible.
Part of the released HNO3 can be absorbed by the coarsegrained soil particles (Wolff, 1984). These chemical processes
could be the reason for the accumulation of nitrates in PM3–7.2.

2.2.3. Size distribution of WSIs combined with correlation
analysis
2.2.3.1. Size distribution of entire sampling period. The
dependence of soluble ion concentrations on aerosol sizes
and the variations in percentage contributions of each ion to
∑ WSIs could be indicative of their different sources and
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particle formation mechanisms (Tao et al., 2014; Xia and Gao,
2010), so it is necessary to analyze the particle size distribution of water-soluble ions in aerosols. The size distribution of
WSIs during the entire sampling period in this study is given
in Fig. 5. Cl−, K+, NH+4 and Na+ showed similar maxima at < 0.49
and 3–7.2 μm, indicating they were probably from common
sources. Ca2+ and Mg2+ were primarily concentrated in the fine
mode of < 0.49 μm and the coarse mode from 3 to 10 μm, and
the correlation between Ca2+ and Mg2+ in all particle sizes was
significant (Table S3–S14), indicating that they were probably
from common sources such as various types of dust in the
form of fine and coarse materials or transported together
−
(Yadav et al., 2016). The size distribution of SO2−
4 and NO3 was
2−
similar; SO4 exhibits two maxima at < 0.49 and 1.5–3 μm,
while the maxima of NO3- were < 0.49 and 1.5–7.2 μm. It is
worth noting that the variation in particle size distribution of
−
SO2−
4 and NO3 was similar to that of average SOR and NOR
values of size-segregated aerosols in Fig. 4c, and the correlaand SOR and NO−3 and NOR were
tions between SO2−
4
significant positive correlations for all particle sizes (Tables
S3–S14), indicating the existence of photochemical reactions
of NO2 and SO2.

2.2.3.2. Seasonal particle size distribution. As shown in Fig. 6,
the size distribution of WSIs in Lhasa showed seasonal
changes during monsoon and non-monsoon periods, which
can help explain the differences in pollution sources in
different seasons.
2.2.3.3. SO2−
4 .

SO2−
4 showed two maxima at < 0.49 and 3–
7.2 μm during monsoons, while three maxima were evident at
< 0.49, 1.5–3 and > 7.2 μm during non-monsoon periods. SO2−
4
ions are mainly formed by photochemical oxidation of SO2 in
the gas phase or liquid phase (Saxena et al., 2016). It has been
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reported that humidity (RH), temperature (TEMP) and high pH
values are the main factors affecting the SO2 to SO2−
4 reaction
process (Kadowaki, 1986; Seinfeld and Pandis, 2006; Zhou
et al., 2018). Therefore, the positive correlation between SOR
and TEMP (RH), and the high CE/AE values, which are
associated with high pH values in almost all particle sizes
may provide some insight into the manner in which SO2−
4
particles are formed (Tables S3–S14, Fig. 3c). The peak of SO2−
4
at < 0.49 μm during both monsoon and non-monsoon periods
is probably due to emissions from coal-fired power plants and
combustion of volatile sulfides in cement production raw
materials around the sampling site (Huang et al., 2013; Wan
et al., 2016; Yang et al., 2017), which is consistent with the
+
2−
result of the [NO−3]/[SO2−
4 ] ratio in PM0.49. NH4 and SO4 are the
main water-soluble ions in the emission of cow dung burning,
which is one of the important biomass fuels used by Tibetan
people for heating and cooking (Yang et al., 2017). In this
study, the significant correlation between NH+4 and SO2−
4 was
only present in PM1.5–3 during non-monsoon periods (r =
0.785, P < .05) (Table S10), and NH+4 also showed one maximum
at 1.5–3 μm during non-monsoon periods. Therefore, the
+
reason why SO2−
4 and NH4 exhibited a maximum at 1.5–3 μm
was the emission of cow dung burning during non-monsoon
periods. It is worth noting that the higher concentration of
SO2−
4 in the fine mode during non-monsoon periods may due
to more coal and biomass burning compared to during
monsoons. Furthermore, the correlation between Ca2+ (Mg2+)
was significant in the coarse mode during the
and SO2−
4
sampling period. A probable reason is the heterogeneous
reactions between Ca2+ (Mg2+), which are associated with soil
2−
in coarse
dust and SO2−
4 , causing the enrichment of SO4
particles (Li et al., 2013a). This is consistent with the result of
the [Ca2+]/[NO−3 + SO2−
4 ] ratio in PM3–7.2 and PM7.2–10. Another
reason is gypsum (CaSO4), which is one of the important raw

Fig. 5 – Size distribution of WSIs during the entire sampling period.
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Fig. 6 – Size distribution of WSIs during monsoon and non-monsoon periods.

materials used in cement burning (Yang et al., 2017). It is worth
noting that the higher concentration of SO2−
4 in the coarse
mode during non-monsoon periods may be due to less
vegetation and dry river valleys compared to during monsoons,
which could cause more soil dust.

2.2.3.4. NO−3.

NO−3 showed two maxima (< 0.49 and 3–7.2 μm)
during monsoons, and two maxima at < 0.49 and 1.5–3 μm
during non-monsoon periods. It is generally believed that
nitrate ions in fine particles are mainly formed in the
homogenous chemical transformation of NO2 to HNO3 and
will react with NH3 to form NH4NO3 (Zhang et al., 2008), which
has two production pathways: one is formed by the reaction
of NO2 and hydroxy radicals, and the reaction mainly occurs
during the day; on the other hand, NO2 can be oxidized by O3
to form N2O5, and N2O5 is hydrolyzed to form NO−3, which
occurs mainly at night (Dunlea et al., 2007; Pathak et al., 2011).
In this study, the correlation between NOR and RH was higher
than the correlation between NOR and O3 in almost all particle
sizes. It has reported that the night rain coefficients for the
city of Lhasa were 84.5% in summer (June–August) and 82.7%
in autumn (September–October), and the occurrences of night
rain were 1.6 times those of day rain in Lhasa, constituting
62% of the annual occurrences of rain (Liu, 1989). Therefore,
the photochemical oxidation of NO2 occurred mainly at night
in Lhasa (Zhang et al., 2016). NO−3 had a significant correlation
with various ions at < 0.49 μm such as K+ (r = 0.913, P < .01),
NH+4 (r = 0.846, P < .05) and Cl− (r = 0.800, P < .05) (Table S4). K+,
NH+4 and Cl− showed the same maximum with NO−3 at
< 0.49 μm during non-monsoon periods. Wang et al. (2011)
reported that NO−3 can be used as an auxiliary characterization
of typical biomass burning. Therefore, the maximum of NO−3 at
< 0.49 μm may be from biomass burning during non-monsoon

periods. Furthermore, the maximum of NO−3 at < 0.49 μm
during monsoons may due to the increased vehicle exhaust
emissions from tourism activities (Cong et al., 2011; Ran et al.,
2014). NH4NO3 is easily decomposed to form gaseous HNO3 at
high temperature, and the released HNO3 easily undergoes a
heterogeneous reaction on the surface of coarse particles to
form Ca(NO3)2 and Mg(NO3)2 (Li et al., 2013a). These chemical
processes could explain the maximum of NO−3 at 3–7.2 μm
during non-monsoon periods and were also the reason that
the peak of NO−3 at < 0.49 μm during monsoons was lower
compared to that of non-monsoon periods. Moreover, NO−3
ions were only significantly correlated with Mg2+ (r = 0.893,
P < .01) and Ca2+ (r = 0.794, P < .05) at 1.5–3 μm during
monsoon periods (Table S9); it is known that Ca(NO3)2 and
Mg(NO3)2 are all ingredients of agricultural fertilizer. Therefore, this suggests that the peak of NO−3 at 1.5–3 μm during
non-monsoon periods may be related to the use of fertilizers.

2.2.3.5. K+, Na+, NH+4 and Cl−.

It has been observed that there
are substantial particles at 0.1–0.6 μm containing K+ and Cl−,
according to the individual particle analysis (transmission
electron microscope) on the aerosols from biomass burning (Li
et al., 2003), and these kinds of particles were mixtures of KCl
and NH4Cl. Furthermore, it should also be noted that the
higher concentrations of Cl− in winter were can more likely be
ascribed to substantial biomass burning, rather than sea salts
in Lhasa (Wan et al., 2016). Na+ in the fine mode is probably
from biomass burning emissions (Wang et al., 2013). Moreover, K+ is known as an indicator of biomass burning
emissions and richens emissions of burning leaves, branches
and grass (Ordou and Agranovski, 2017). Cypress branches are
often used by Tibetans for religious sacrifices, heating and
cooking. In this study, the correlation among K+, Na+, NH+4 and
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Cl− at <0.49 μm was significant during non-monsoon period
(Table S4), while there was no significant correlation among
these ions at < 0.49 μm during monsoons period (Table S3).
This suggests that the common peak of K+, Na+, NH+4 and Cl− at
< 0.49 μm may be due to emissions of burning cypress
branches in non-monsoon periods. Moreover, NH+4 only
showed a significant correlation (r = 0.970, P < .01) with NO2
at < 0.49 μm during monsoons (Table S3), which is known as
an indicator of emission from on-road transportation. The
volatilization of traffic (due to catalytic converter-fitted
vehicles) was one of the main sources of NH+4 in the fine
mode over Delhi (Kumar et al., 2014). This suggests that NH+4
was mainly from motor vehicle exhaust emissions at
< 0.49 μm during monsoons. NH+4 ions usually react with
acidic species (H2SO4, HNO3 and HCl) in the gas phase or
liquid phase to form (NH4)2SO4, NH4NO3 and NH4Cl (Kerminen
et al., 2001; Li et al., 2013b; Zhang et al., 2011). (NH4)2SO4 is
preferentially formed and is also the least volatile, whereas
NH4NO3 and NH4Cl easily decompose at high temperatures
(Calvo et al., 2013; Mozurkewich, 1993). These chemical
processes could explain why the peaks at < 0.49 μm for both
NH+4 and Cl− were much lower, while that of SO2−
4 was only
slightly lower during non-monsoon periods compared to
during monsoons. Another possible reason is that there is
more biomass burning during non-monsoon periods than
during monsoons. As mentioned above, during non-monsoon
periods, NH+4 at 1.5–3 μm was from emission of cow dung
combustion; the biomass burning may cause Na+ to be mixed
with some salts (e.g., Halite) and to contribute to bigger Na+
containing particles, ranging between 1.1–2.1 μm (Wan et al.,
2016); Na+ showed a significant correlation with Cl− at 1.5–
3 μm, indicating that the common peak of Na+ and Cl− may be
from biomass burning. During monsoons, Na+ and K+ showed
a maximum at > 7.2 μm corresponding to the same peak as
Ca2+ and Mg2+; and Na+, as well as K+, showed a significant
correlation with Ca2+ and Mg2+ in > 7.2 μm (Table S13),
indicating that K+ and Na+ in the coarse mode can be
attributed to suspended soil particles (Li et al., 2013b; Wan
et al., 2016; Zhang et al., 2011). Furthermore, little accumulation of NH+4 in the coarse particle size was likely due to the
absorption of NH3 species on the suspended soil particles
(Wan et al., 2016).

2.2.3.6. Ca2+ and Mg2+. Irregular Ca-rich particles (i.e.,
calcite, CaCO3) within the size of 1 μm could account for
more than 30% in Lhasa aerosols (Duo et al., 2015). Calcite
(CaCO3) and dolomite (CaMg(CO3)2), which were enriched in
mineral dust could be transported from the Thar Desert to
contribute Ca2+ and Mg2+ in PM0.95 over Delhi (Yadav et al.,
2016). Wan et al. (2016) has reported that mineral dust has a
great influence in Lhasa. Furthermore, Ca2+ as well as Mg2+
could be from natural (geogenic) sources in the form of fine
crustal materials (Yadav et al., 2016). Therefore, the peaks of
Ca2+ and Mg2+ at < 0.49 μm may be due to the influence of
mineral dust and soil dust. The accumulation of Ca2+ and Mg2+
in the coarse mode increases with an increase in particle size
during monsoons, and showed a maximum at > 7.2 μm. Ca2+
and Mg2+ are mainly from soil dust (Arimoto et al., 1996).
Emissions from gypsum, one of the raw materials of cement
production, are another source of Ca2+ (Yang et al., 2017). In
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addition, it has been pointed that the conversion of calcites to
gypsum could be achieved with H2SO4 or (NH4)2SO4 (Wan
et al., 2016). In conclusion, Ca2+ and Mg2+ in the coarse mode
were mainly from soil dust and industrial smoke dust such as
cement. As described above, the heterogeneous reactions of
dust particles, which react with acidic gases (e.g., HNO3 and
H2SO4) may form more Ca2+ and Mg2+ at 3–7.2 μm during
monsoons (Li et al., 2013a).

2.3. Correlation analysis of SO2, NO2, CO and O3
SO2 showed a significant correlation with CO and NO2 in all
particle sizes during non-monsoon periods (Tables S4, S6, S8,
S10, S12, S14), indicating that these primary gases were from
common sources. The main source of SO2 was coal burning for
heating, while SO2 emissions from religious sacrifice and
vehicular exhaust were less abundant during non-monsoon
periods compared to during monsoons (Ran et al., 2014). This
suggests that the emissions from coal burning for heating
were the major common source of these three species during
non-monsoon periods. However, correlations among SO2, CO
and NO2 were poor in all particle sizes during monsoon
periods (Tables S3, S5, S7, S9, S11, S13), indicating emission
sources of SO2 were different from CO and NO2. It is well
known that Lhasa is located in a relatively pristine region with
few industrial sources; the main emission of NO2 was motor
vehicle exhaust due to the sharp increase in tourism during
monsoons (Duo et al., 2018). SO2 may be from biomass
burning and coal burning emissions during monsoons (Duo
et al., 2018), while CO was from the incomplete combustion of
fossil fuels. SO2, NO2 and CO showed varying degrees of
negative correlation with temperature in almost all particle
sizes (Tables S3-S14). One reason was the increased emissions
for heating due to temperature decline during non-monsoon
periods. Another potential reason was topographic inversion.
Lhasa is located in the Lhasa River Valley Plain and is
surrounded by mountains. The temperature on mountain
slopes drops faster than that in the river valley, resulting in
the sinking of the mountain breeze which conducts pollutant
accumulation (Duo et al., 2018). Photochemical reactions of
natural and anthropogenic precursors, and transportation
from other regions are usually considered as determining
factors in the concentration of tropospheric O3 (Dunlea et al.,
2007). O3 showed a significant positive correlation with PM in
almost all particle sizes during monsoon periods (Tables S3,
S5, S7, S9, S11, S13), indicating similar sources of O3 with dust,
which was considered turbulent transport (Ding and Wang,
2006; Ma et al., 2002), and the result was consistent with the
previous study about Lhasa by Duo et al. (2018).

2.4. Source study
2.4.1. Principal component analysis (PCA)
Tables 2 and 3 show the rotated principle component analysis for
WSIs in PM3 and PM3–10 using SPSS (version 17.0) during monsoon
and non-monsoon periods. First, loadings of WS were almost
negative in both PM3 and PM3–10 during monsoons, indicating
that the contribution of local pollution sources was greater
during monsoon periods. In contrast, loadings of WS were
positive in both PM3 and PM3–10 during non-monsoon periods,

164

J O U RN A L OF E N V I RO N ME N TA L S CI EN CE S 82 (2 0 1 9 ) 1 55–1 6 8

Table 2 – Rotated principal component analysis for WSIs
in PM3 and PM3–10 during monsoons (the high loadings
are shown in bold).
Component

PM3
PC1

−

Cl
NO−3
SO2−
4
NH+4
Na+
K+
Mg2+
Ca2+
SO2
NO2
CO
O3
PM
SOR
NOR
WS
TEMP
RH
Eigenvalue
Variance explained (%)

0.89
0.64
0.63
0.09
0.90
0.88
0.92
0.79
−0.50
−0.06
0.35
0.01
0.03
0.60
0.89
−0.19
0.06
0.64
6.65
36.94

PC2
−0.16
0.58
0.72
0.61
0.04
−0.25
0.28
0.45
−0.81
0.39
−0.71
0.96
0.99
0.78
0.44
0.12
0.11
0.63
6.02
33.48

Table 3 – Rotated principal component analysis for WSIs
in PM3 and PM3–10 during non-monsoon periods (the high
loadings are shown in bold).
Component

PM3–10
PC3
−0.13
0.49
0.25
0.68
−0.18
0.40
0.14
0.14
0.24
0.90
0.54
0.27
−0.09
0.12
0.04
−0.92
−0.94
0.38
4.13
22.93

PC1
0.21
0.91
0.90
0.50
0.33
0.60
0.77
0.82
–
–
–
0.95
0.20
0.90
0.88
−0.07
−0.06
0.86
6.69
46.39

PC2
0.96
0.25
0.42
0.25
0.79
0.73
0.59
0.48
–
–
–
−0.17
0.86
0.41
0.44
−0.27
0.15
0.31
4.30
28.67

PC3
0.07
0.31
0.09
0.72
−0.11
0.26
0.20
0.22
–
–
–
0.13
0.24
0.00
−0.05
−0.96
−0.94
0.18
2.71
18.07

indicating that the contribution of external pollution sources was
greater during non-monsoon periods.

2.4.1.1. Monsoon periods. During monsoons, the three factors in PM3 were extracted as principal components, which
accounted for 93.35% of the total variance. Factor 1 explained
36.94% of the total variance and was loaded with Cl−, NO−3, Na+,
K+, Ma2+, Ca2+ and NOR. As mentioned above, Ca2+ and Mg2+ in
the fine mode were emissions from mineral dust and soil
dust, and Cl−, Na+ and K+ in the fine mode were mainly from
coal burning and biomass burning. Loadings of NO−3 and NOR
were strong, which can be basically confirmed as the
photochemical reaction source of NO2. Therefore, PC1 was
considered as the mixture of photochemical reaction sources
of NO2, mineral dust, soil dust and combustion sources. Factor
2, which could account for 33.48% of the total variance, was
loaded with SO2−
4 and SOR which can be basically confirmed as
the photochemical reaction source of SO2. Factor 3 could
account for 22.93% of the total variance and was strongly
loaded with O3, PM, NH+4 and NO2. The photochemical
reactions of natural and anthropogenic precursors, as well as
transportation from other regions, are often the determining
factors for the concentration of tropospheric O3 (Dunlea et al.,
2007). It has been confirmed that the stratospheric injection
was the main cause of increased O3 concentration in the
previous work on Waliguan, which presented the positive
correlation between O3 concentration and drier air masses
(Ma et al., 2002). As mentioned above, O3 was positively
correlated with PM in the fine mode during monsoons.
Furthermore, the high loadings of NH+4 and NO2 indicated the
impact of emissions of motor vehicle exhaust according to
the above. Therefore, PC3 was considered as the mixture of
the turbulent transport of O3 with dust and the emissions of
motor vehicle exhaust.

−

Cl
NO−3
SO2−
4
NH+4
Na+
K+
Mg2+
Ca2+
SO2
NO2
CO
O3
PM
SOR
NOR
WS
TEMP
RH
Eigenvalue
Variance explained (%)

PM3

PM3–10

PC1

PC2

PC3

PC1

PC2

0.94
0.51
0.26
0.93
0.95
0.97
0.36
0.11
−0.05
−0.13
−0.13
0.43
0.70
0.32
0.54
0.35
−0.20
0.87
6.09
33.85

0.27
0.77
0.78
0.33
0.16
−0.08
0.84
0.92
−0.02
−0.13
−0.08
−0.70
0.51
0.73
0.68
0.71
−0.18
0.28
5.33
29.61

−0.12
−0.08
0.05
−0.03
−0.22
−0.11
−0.04
−0.19
0.99
0.95
0.80
−0.34
0.26
−0.45
−0.40
−0.56
−0.07
−0.24
3.59
19.93

0.39
0.88
0.88
0.38
0.26
0.51
0.76
0.81
–
–
–
−0.56
0.57
0.81
0.86
0.82
−0.21
0.40
6.29
41.93

0.90
0.22
0.33
0.85
0.94
0.83
0.61
0.37
–
–
–
0.61
0.71
0.36
0.32
0.31
−0.16
0.83
5,68
37.84

Correspondingly, the three factors in PM3–10 were extracted
as principal components which accounted for 93.13% of the
2+
2+
total variance. Factor 1 was loaded with NO−3, SO2−
4 , Mg , Ca
−
2−
SOR, NOR and RH. The high loadings of NO3, SO4 , SOR, NOR
and RH suggested the influence of the photochemical reaction
source. As mentioned above, soil dust and industrial smoke dust
from cement raw materials were potential sources of Ca2+ and
Mg2+ in the coarse mode. Therefore, PC1 was regarded as a
mixture of the photochemical reaction source, soil dust and
industrial smoke dust, which accounted for 46.39%. Factor 2 was
loaded with Cl−, Na+ and K+ and Factor 3 was loaded with NH+4,
indicating that PC2 and PC3 had a similar source, which was soil
dust according to the above. Therefore, soil dust accounted for
46.74% of the total variance.

2.4.1.2. Non-monsoon periods. During non-monsoon periods, the three factors in PM3 were extracted as principal
components, which accounted for 83.38% of the total variance. Factor 1 explained 33.85% of the total variance and was
loaded with Cl−, NH+4, K+, Na+. As mentioned above, the high
loadings of Cl−, NH+4, K+ and Na+ in the fine mode during nonmonsoon periods were because of emissions from coal
burning and cow dung burning for cooking and heating.
Therefore, PC1 was considered as combustion sources. Factor
2+
2+
2 was loaded with NO−3, SO2−
4 , Ma , Ca , SOR and NOR, which
accounted for 29.61% of the total variance, indicating PC2 was
the mixture of the photochemical reaction source, mineral
dust and soil dust. Factor 3 explained 19.93% of the total
variance and was loaded with CO, SO2 and NO2, suggesting
that the emission from coal burning for heating was the major
common source of these three species during non-monsoon
periods, according to the above.
Correspondingly, the two factors in PM3–10 were extracted
as principal components, which accounted for 79.77% of the
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Fig. 7 – Distributions of fire counts (orange dots) and 72 h backward trajectories at three altitudes of 100, 500 and 1000 m above
ground level (a) during monsoons and (b) non-monsoon periods.

total variance. Factor 1 accounted for 41.93% of the total
2+
2+
variance and was loaded with NO−3, SO2−
4 , Mg , Ca , SOR and
NOR. Therefore, PC1 was regarded as the mixture of the
photochemical reaction source, soil dust and industrial smoke
dust from cement raw materials. Factor 2 was loaded with Cl−,
NH+4, K+ and Na+, which explained 37.84% of the total variance,
indicating that PC2 was influenced by soil dust.

2.4.2. Backward trajectory analysis
Fig. 7 shows the three calculated average values of different
heights, and Fig. S4 shows all backward trajectory data. On the
path of the air mass trajectory, fire counts during nonmonsoon periods (Fig. 7b) were greater compared to during
monsoons (Fig. 7a), indicating more biomass burning during
non-monsoon periods. Moreover, most of the fire counts
during non-monsoon periods were distributed in northern
India, and some were also distributed in several countries of
West Asia. Agricultural residue burning was usually observed
in the northwest and northeast regions of India after harvest,
throughout the entire non-monsoon period (Sharma et al.,
2010). South Asia was one of the major smoke source areas of
TP, due to natural forest fires and anthropogenic burning
(Ram and Sarin, 2010; Zhao et al., 2013). In addition, air masses
during monsoons were generally much shorter than those
during non-monsoon periods, indicating that the air quality of
Lhasa was mainly affected by local emissions during monsoons, while it was more affected by long-range transport
from external sources during non-monsoon periods. This
conclusion was consistent with the corresponding result of
principal component analysis according to the above.
Warm air masses from the Indian Ocean were attracted
to the plateau by the low pressure over the TP during
monsoon periods (Guo et al., 2015). During monsoons

(Fig. 7a), the contribution of air masses of different heights
from the plains of northeast India was the highest, which
explained 81.97% (100 m AGL), 74.18% (500 m AGL) and
69.26% (1000 m AGL), respectively. On the south side of the
TP, air masses at the altitudes of 100, 500 and 1000 m above
ground level accounted for 13.93%, 17.62% and 19.67%,
respectively. Air masses from West Asia contributed the
rest; 8.20% (500 m AGL) and 11.07% (1000 m AGL) were from
Afghanistan and 4.10% (100 m AGL) from Pakistan. The
result during monsoons was similar to the previous work
on the Nam Co lake region, which suggested air masses
were most likely transported from South Asia (Cong et al.,
2013). Correspondingly in this study, air masses arriving at
Lhasa were controlled by the west wind in non-monsoon
periods (Fig. 7b). More than half of air masses originated
from the South Asian subcontinent, such as the Ganges
plain in northern India and Pakistan. In addition, all
altitudes of air masses showed similar long-range trajectories from West Asia, such as originating from Iraq, Saudi
Arabia and Afghanistan. Ample evidence has demonstrated
that the air pollutants (Atmospheric Brown Clouds) over
South Asia could penetrate into the Himalayas and affect
the TP (Cong et al., 2015). Correspondingly in this study, air
mass trajectories during both monsoon and non-monsoon
periods passed through the Himalayas. In addition, the Thar
Desert in India was on the path of the air mass trajectories
during monsoon and non-monsoon periods, indicating that
part of Mg2+ and Ca2+ ions in the particles were from
mineral dust, rich in calcite (CaCO3) and dolomite (CaMg
(CO3)2), which were transported from the Thar Desert to
Lhasa, according to a previous study on India (Yadav et al.,
2016). In conclusion, the air quality in Lhasa was largely
influenced by South Asia and West Asia.
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3. Conclusions
Aerosol sampling and analysis in Lhasa is of particular
importance, especially for size separated aerosols. In this
study, concentrations of PM and inorganic ions in the sizeseparated aerosol were measured. Our major conclusions are
outlined below
−
(1) Ca2+, NH+4, NO−3, SO2−
4 and Cl were dominant ions, and
their mean fractional contributions to the total ionic
components varied with respect to particle size. According to [NO−3]/[SO2−
4 ] ratios, mobile sources were
dominant in PM0.95–1.5, PM1.5–3 and PM3–7.2, while stationary sources were dominant in the other three size
fractions. There is a weak photochemical reaction from
−
SO2 to SO2−
4 and from NO2 to NO3 in the atmosphere in
Lhasa according to SOR and NOR values.
(2) During non-monsoon periods, the peaks of SO2−
4 and
NH+4 at 3–1.5 μm were from the emission of cow dung
burning; the common peaks of NH+4, Na+, Cl−, K+ and NO−3
at < 0.49 μm were from emissions of burning cypress
branches. During monsoons, the common peaks of NH+4
and NO−3 at < 0.49 μm were from vehicle exhaust
emissions. Ca2+ and Mg2+ were from soil dust and
mineral dust in fine mode, while they were from soil
dust and industrial smoke dust in the coarse mode.
(3) Principal component analysis (PCA) indicated that the
air quality in Lhasa during monsoons was mainly
affected by vehicle exhaust emissions and photochemical reactions, while during non-monsoon periods, it
was mainly affected by combustion sources due to
more demands for heating in the fine mode. There was
no obvious seasonal difference in the pollution sources
affecting the air quality of Lhasa, mainly from industrial
smoke dust and soil dust in the coarse mode.
(4) Backward trajectory analysis showed that the air
quality in Lhasa was largely influenced by South Asia
and West Asia, and the air quality of Lhasa during
monsoons was mainly affected by local emissions,
while during non-monsoon periods, it was affected
more by long-range transport from external sources.
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