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a b s t r a c t

Air pollution is a grand challenge of our time due to its multitude of adverse impacts on environment and
society, with the scale of impacts more severe in developing countries, including China. Thus, China has
initiated and implemented strict air pollution control measures over last several years to reduce impacts
of air pollution. Monitoring data from Jan 2015 to Dec 2019 on six criteria air pollutants (SO2, NO2, CO, O3,
PM2.5, and PM10) at eight sites in southwestern China were investigated to understand the situation and
analyze the impacts of transboundary air pollutants in this region. In terms of seasonal variation, the
maximum concentrations of air pollutants at these sites were observed in winter or spring season
depending on individual site. For diurnal variation, surface ozone peaked in the afternoon while the other
pollutants had a bimodal pattern with peaks in the morning and late afternoon. There was limited trans-
port of domestic emissions of air pollutants in China to these sites. Local emissions enhanced the concen-
trations of air pollutants during some pollution events. Mostly, the transboundary transport of air
pollution from South Asia and Southeast Asia was associated with high concentrations of most air pollu-
tants observed in southwestern China. Since air pollutants can be transported to southwestern China over
long distances from the source regions, it is necessary to conduct more research to properly attribute and
quantify transboundary transport of air pollutants, which will provide more solid scientific guidance for
air pollution management in southwestern China.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Air pollutants adversely affect human health, agricultural pro-
ductivity, the climate system, snow fields and glaciers, and hydro-
logical cycle, and thus they are getting more attention recently
(Chan and Yao, 2008; Kan et al., 2012; Guan et al., 2016; Song
et al., 2017; Zhang et al., 2017). Emissions of air pollutants from
one country can affect countries and ocean basin downwind. Mas-
sive outflow of emissions of air pollutions from China has been
reported to results in high concentrations of air pollutants down-
wind, for example over remote islands in Japan (Oki Island and
Okinawa Island) (Murano et al., 2000), during the high-PM10 epi-
sode in Seoul, Korea (Oh et al., 2015). Verstraeten et al. (2015)
attributed that transport of ozone and its precursors from China
has offset about 43% of emissions reduction in free-tropospheric
ozone over the western United States that was expected between
2005 and 2010. As the second-largest economy and the largest
developing country in the world, China has experienced rapid eco-
nomic and social development in the past decades and has become
one of the largest emitters of air pollutants. However, China also
receives regional air pollutants transported from across its boarder.
Li et al. (2016) reported, based on the isotopic analysis of carbon
(d13C), a significant influence of black carbon (BC) from South Asia
to the Tibetan Plateau in China. Yin et al. (2018) found that high
concentrations of total gaseous mercury observed at the back-
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ground site in the inland Tibetan Plateau were associated with the
air masses transported from South Asia. Kang et al. (2019)
reviewed a number of previous studies on the transport of air pol-
lutants from South Asia to the Tibetan Plateau, and concluded that
the emissions of various air pollutants, including particulate mat-
ter (e.g., Cong et al., 2015; Lüthi et al., 2015; Li et al., 2016; Yang
et al., 2019) and gaseous species (e.g., Sheng et al., 2013; Yin
et al., 2018) from South Asia can be transported to the Tibetan Pla-
teau crossing the Himalayas.

South Asia and Southeast Asia are densely populated regions
with rapidly growing economies and suffer from heavy air pollu-
tion (Shi et al., 2018; Saikawa et al., 2019). Southwestern China
shares borders with several South Asianand Southeast Asian coun-
tries. Air pollutants transported across the border from these
neighboring countries to southwestern China is expected to com-
prise a significant portion of the regionally transported pollutants.
In recent decades, China has reduced the sources of air pollutants
significantly using measures from both central and local govern-
ments (Wang and Hao, 2012; Zhang et al., 2012) and air quality
is improving nationwide (Wang et al., 2016; Zhao et al., 2018;
Yin et al., 2019). While the domestic emissions are being con-
trolled, transboundary transport of air pollutants to China and its
impacts deserve more attention, especially from South Asia and
Southeast Asia.

Many previous studies focused on the air quality at sites in east-
ern China (e.g., Wang et al., 2014; Ma et al., 2016; Zhao et al.,
2016). The research on air pollutants in southwestern China is lim-
ited, and there are very few studies about transboundary transport
of air pollutants to this region of China (Cheng et al., 2019). Yunnan
Province (hereinafter Yunnan) is one of the developing provinces in
southwestern China, with fewer heavily polluting industries and
thus relatively lower emission of air pollutants than those in east-
ern China. To assess the impact of air pollutants transported across
the border from South Asia and Southeast Asia on air quality in
Fig. 1. Location of eight sites in Yunnan Province (Shangri-La, Lushui, Baoshan, Mangshi
with neighboring countries Myanmar, Laos, and Vietnam.
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southwestern China, we investigated temporal and spatial charac-
teristics of gaseous and particulate air pollutants observed during
2015–2019 at eight sites in Yunnan located near the border
between China and the neighboring countries in South Asia and
Southeast Asia. The potential source regions and transboundary
transport of air pollutants were analyzed by using the HYSPLIT
(HYbrid Single-Particle Lagrangian Integrated Trajectory) model
simulations, CWT (Concentration Weighted Trajectory), and avail-
able emission inventories. This study utilized for the first time a
limited set of ground based observational data from southwestern
China and those observations were interpreted using other avail-
able data, including outputs of model simulations (flowchart of
process and method is shown in Supplementary Data, Fig. S1).
The key focus was to document and attribute the transboundary
transport of air pollutants in this less-studied region (the south-
western China) so that it would instigate more attention and fur-
ther research on this serious environmental problem.
2. Materials and methods

2.1. Measurement sites and air pollutants data

In this study, air pollutants monitored during a 5-year period
(2015–2019) at eight sites (Shangri-La, Lushui, Baoshan, Mangshi,
Lincang, Jinghong, Mengzi, and Wenshan) along the border of Yun-
nan province in southwestern China with neighboring countries
were investigated (Fig. 1). Yunnan is located at the far southeastern
edge of the Tibetan Plateau and has a mild climate, and it is influ-
enced by the continental air masses that carry urban/industrial and
biomass burning emissions from South Asia and Southeast Asia as
well as maritime air masses from both the Pacific Ocean and Indian
Ocean. All these urban sites are located in small cities in China,
with a population <1 million and the gross domestic product
, Lincang, Jinghong, Mengzi, and Wenshan) in southwestern China along the border
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(GDP) <30 billion RMB in 2018 (http://stats.yn.gov.cn/) (Table 1).
These sites in Yunnan are located within 200 km from the nearest
neighboring countries in Southeast Asia (Myanmar, Laos, and Viet-
nam) and South Asia (India).

The surface concentrations of SO2 (sulfur dioxide), NO2 (nitro-
gen dioxide), CO (carbon monoxide), O3 (ozone), PM2.5 and PM10

(particulate matter with an aerodynamic diameter equal to or
<2.5 and 10 lm, respectively) were measured from January 2015
to December 2019 (Supplementary Data, Figs. S2–S9). Hourly mean
concentrations of these six air pollutants were provided by the
China National Environmental Monitoring Center (http://106.37.
208.233:20035/).

The measurement of these six air pollutants was under the con-
trol of the state controlling air sampling sites in China. The
arrangement of sites followed the technical regulation (National
Environmental Protection Standards of the People’s Republic of
China, (HJ 664–2013). Instruments information and monitoring
methods were described in Yin et al. (2019). The specifications
and operation procedures of SO2, NO2, CO and O3 measurements
at these stations followed the national guidelines: Specifications
and Test Procedures for Ambient Air Quality Continuous Auto-
Table 1
Location, population and Gross Domestic Product (GDP) of 8 cities in southwestern China

No. City/Province Latitude (�N) Longitude (�E)

1 Shangri-La 27.82 99.71
2 Lushui 25.97 98.82
3 Baoshan 25.12 99.17
4 Mangshi 24.43 98.58
5 Lincang 23.88 100.09
6 Jinghong 22.01 100.48
7 Mengzi 23.39 103.38
8 Wenshan 23.37 104.24

Fig. 2. Yearly mean concentrations of air pollutants observe

3

mated Monitoring System prescribed in the National Environmen-
tal Protection Standards of the People’s Republic of China: HJ 654–
2013 for SO2, NO2, O3 and CO, and HJ 653–2013 for PM10 and PM2.5.
The inlet of the instrument was 3–20 m above the ground surface,
1 m higher than the roof of the building or the wall. The stations
were located at least 50 m from any obvious stationary pollution
sources. The data quality assurance and controls followed the tech-
nical guidelines on environmental monitoring quality manage-
ment prescribed in the National Environmental Protection
Standards of the People’s Republic of China (HJ 630–2011), and
the data were checked for validity based on the national ambient
air quality standards of the People’s Republic of China (GB 3095–
2012). All data in this study are displayed in China Standard Time
(CST, UTC + 8), and the local solar noon at eight sites in Yunnan is
from 13:15 to 13:38 CST.

2.2. Air mass simulations and concentration weighted trajectory
(CWT)

Back trajectories of air masses reaching the eight individual
sites were calculated using the NOAA (U.S. National Oceanic and
in 2018.

Population (thousand) Gross Domestic Product (GDP, billion RMB)

180 13.147
191 5.751
980 28.526
424 11.193
340 11.544
544 21.964
458 20.825
259 24.708

d at 8 sites in southwestern China during 2015–2019.

http://stats.yn.gov.cn/
http://106.37.208.233%3a20035/
http://106.37.208.233%3a20035/
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Atmospheric Administration) HYSPLIT (HYbrid Single-Particle
Lagrangian Integrated Trajectory) model (Draxler and Rolph,
2003) by TrajStat in MeteoInfo (Wang et al., 2009; Wang, 2014).
HYSPLIT is a lagrangian integrated model that can simulate air par-
cel trajectories to determine the transport path (how far and what
direction) of air masses (Draxler and Rolph, 2003). It is widely used
in studies of air mass transport. TrajStat in MeteoInfo is useful tool
to simulate for HYSPLIT. The NOAA’s gridded meteorological data
from the Global Data Assimilation System (GDAS-1) with 23 verti-
cal levels from 1000 hPa to 20 hPa and a horizontal resolution of 1�
latitude � 1� longitude were used in HYSPLIT model in global
domain. HYSPLIT model was used to simulate the air mass trans-
port as in previous studies (Yin et al., 2018, 2020). Air masses were
calculated for each year from 2015 to 2019, and similar results (e.g.
air masses sources and trajectories coverage) were obtained for
each year with no noticeable inter-annual changes in major direc-
tions of air masses. Therefore, air masses calculated for the full year
of 2019 as representative air masses for all eight sites were used to
investigate the transport of air pollutants. The total run time for
each backward trajectory by the HYSPLIT was 120 h, with air mass
arriving at the site at every 1 h interval, which is typically sufficient
to investigate the impacts of long-range and trans-border transport
of air pollutants from nearby countries. In this study, the air mass
arrival height of 500 m above ground over each site was selected in
the HYSPLIT calculation to represent both the long-range transport
and the air mass sampled by ground-based instruments for moni-
toring the air pollutants in the planetary boundary layer (Yin et al.,
2018).

The CWT simulation based on backward-trajectories obtained
from the HYSPLIT model and in-situ measurements were used to
identify the potential sources of air pollutants to the monitoring
site (Seibert et al., 1994; Hsu et al., 2003). CWT simulation was car-
ried out over eight sites for the year 2019. Here, we conducted a
synthetic CWT where trajectories for all sites were used to calcu-
late a single CWT for each air pollutant that yielded the overall
potential sources of air pollutants with all sites treated as a whole.
In the CWTmethod (Seibert et al., 1994; Hsu et al., 2003), each grid
cell (a resolution of 0.5� � 0.5� in this study) is assigned a weighted
Table 2
Five-year mean and range (min ± SD, max ± SD) of annual mean concentrations of 6 air po
each air pollutant in China.

Cities SO2 (mg m�3) NO2 (mg m�3) CO (mg m�3

Baoshan (mean) 9.14 ± 10.8 13.22 ± 10.2 0.75 ± 0.46
Baoshan (range) 4.95 ± 2.34,

14.62 ± 17.35
11.63 ± 9.11,
16.37 ± 10.93

0.52 ± 0.18,
1.01 ± 0.36

Jinghong (mean) 7.47 ± 6.76 18.59 ± 13.28 0.74 ± 0.31
Jinghong (range) 5.62 ± 3.15,

10.51 ± 10.04
17.6 ± 10.93,
20.24 ± 13.69

0.67 ± 0.29,
0.81 ± 0.36

Lincang (mean) 11.57 ± 8.77 15.02 ± 9.22 0.87 ± 0.36
Lincang (range) 9.42 ± 4.35,

14.27 ± 15.05
12 ± 9.6, 19.18 ± 11.09 0.8 ± 0.19,

0.97 ± 0.64
Lushui (mean) 9.29 ± 5.6 14.53 ± 10.08 0.87 ± 0.39
Lushui (range) 6.06 ± 4.52,

11.12 ± 4.1
7.53 ± 4.84,
17.94 ± 11.33

0.73 ± 0.53,
1 ± 0.27

Mangshi (mean) 14 ± 12.62 20.4 ± 11.91 0.83 ± 0.34
Mangshi (range) 12.05 ± 9.38,

18.12 ± 17.89
17.78 ± 10.08,
22.63 ± 13.22

0.75 ± 0.33,
1 ± 0.27

Mengzi (mean) 17.6 ± 29.41 10.96 ± 6.49 0.56 ± 0.33
Mengzi (range) 12.99 ± 13.04,

22.45 ± 41.31
9.51 ± 5.18, 12 ± 9.6 0.51 ± 0.28,

0.62 ± 0.49
Shangri-La (mean) 10.77 ± 8.02 12.76 ± 8.04 0.71 ± 0.41
Shangri-La (range) 7.46 ± 4.42,

13.23 ± 8.63
8.22 ± 5.2,
17.03 ± 7.75

0.56 ± 0.23,
0.83 ± 0.5

Wenshan (mean) 8.76 ± 10.49 14.32 ± 7.29 0.67 ± 0.25
Wenshan (range) 5.99 ± 6.38,

10.97 ± 14.03
13.12 ± 5.9,
15.33 ± 8.91

0.63 ± 0.2,
0.72 ± 0.23

China Grade-I 20a 40a 4b

China Grade- II 60a 40a 4b

a: annual mean, b: daily mean, and c: hourly mean.
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concentration by averaging the sample concentrations with associ-
ated trajectories that crossed that grid cell as follows:

Cij ¼ 1PM
l¼1sijl

XM
l¼1

Clsijl ð1Þ

where Cij is the average weighted concentration in the ijth cell, l is
the index of the trajectory,M is the total number of trajectories, Cl is
the concentration observed upon arrival of trajectory l, and sijl is the
time spent in the ijth cell by trajectory l. A high value of Cij implies
that air parcels traveling over the ijth cell were thought to be, on
average, associated with high concentrations at the receptor cell.
The weighting function was used in the CWT analyses to reduce
the effect of small values of nij as:

Wij

1:00 Nij > 3Nave

0:70 3Nave > Nij > 1:5Nave

0:42 1:5Nave > Nij > Nave

0:05 Nave > Nij

8>>><
>>>:

ð2Þ

where Wij represents the weight function and reflects the uncer-
tainty of the values in each cell, Nij represents the number of end-
points that fall in the ij-th cell, and Nave represents the mean Nij

of all grid cells. The weighted CWT (WCWT) result = Wij � CWT.

2.3. MODIS fire spots, CAM-chem simulations, CALIPSO, and emission
inventories

The Moderate Resolution Imaging Spectroradiometer (MODIS)
data provided by NASA (National Aeronautics and Space Adminis-
tration) was used to understand the distribution of fire spots in
the surrounding broader region. The spatial resolution of MODIS
data is 1000 m � 1000 m. Daily distribution of fire spots was used
in this study.

The Community Atmosphere Model with Chemistry (CAM-
chem) is the atmosphere component of The Community Earth Sys-
temModel with chemistry, coupledwith the landmodel (Lamarque
et al., 2012), and it was used to simulate air pollutants (Tang et al.,
2019). CAM-chem uses the MOZART (Model for OZone And Related
llutants at 8 sites in southwestern China and air quality standard for Grade I and II of

) O3 (mgm�3) PM10 (mg m�3) PM2.5 (mg m�3)

62.99 ± 35.94 40.92 ± 28.55 24.81 ± 17.81
58.17 ± 36.19,
66.4 ± 35.85

31.21 ± 20.18,
53.64 ± 31.43

20.45 ± 11.51,
36.34 ± 22.46

37.36 ± 36.31 52.68 ± 38.16 27.53 ± 23.25
31.6 ± 30.67,
41.89 ± 39.28

47.03 ± 32.14,
60.97 ± 42.19

24.93 ± 22.06,
31.64 ± 26.18

48.86 ± 33.95 41.77 ± 27.59 27.67 ± 17.89
44.21 ± 34.48,
54.39 ± 35.7

40.06 ± 28.9,
45.6 ± 29.84

24.27 ± 17.44,
31.27 ± 17.25

41.82 ± 29.1 46.96 ± 28.95 22.18 ± 14.89
38.31 ± 28.37,
46.07 ± 27.45

37.58 ± 24.05,
59.78 ± 33.39

19.8 ± 14.01,
24.87 ± 13.43

44.32 ± 38.15 50.85 ± 32.92 29.87 ± 20.83
43.1 ± 35.43,
45.96 ± 37.84

44.99 ± 28.29,
61.44 ± 36.38

23.17 ± 15.63,
34.24 ± 23.77

67.76 ± 32.94 51.79 ± 33.02 32.74 ± 22.56
62.15 ± 32.2,
70.65 ± 31.74

38.22 ± 24.07,
72.09 ± 37.14

25.37 ± 17.58,
43.37 ± 24.1

56.91 ± 27.49 29.62 ± 18.86 13.32 ± 8.23
39.69 ± 19.89,
71.2 ± 27.54

18.83 ± 12.42,
36.77 ± 21.31

10.43 ± 7.9,
16.46 ± 7.78

57.84 ± 30.11 42.01 ± 27.24 28.26 ± 18.57
56.08 ± 28.87,
59.12 ± 32.07

39.07 ± 25.14,
44.48 ± 27.41

22.73 ± 16.47,
37.86 ± 18.49

160c 40a 15a

200c 70a 35a
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chemical Tracers) chemical mechanism, with various choices of
complexity for tropospheric and stratospheric chemistry. The hori-
zontal resolution for CAM-chem is 0.5� � 0.5�, and the CAM-chem
simulation results used in this study is in global domain.

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation (CALIPSO) (https://www-calipso.larc.nasa.gov) data pro-
vided by the NASA and CNES (Centre National d’Etudes Spatiales)
were used to investigate the distribution of atmospheric aerosols.
The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is
a space-borne Lidar instrument on board the CALIPSO satellite that
provides high-resolution vertical profiles of aerosols and clouds.
The horizontal resolution of CALIOP is 333 m and the vertical res-
olution is 30 m. CALIPSO retrieved backscatter signal on March
31st 2019 was used in this study.

In order to explore the emission distributions in the region and
help with the interpretation of the observations, the monthly total
Table 3
Inter-annual trends of air pollutants at 8 sites in southwestern China during a 5-year peri

City SO2 (mg m�3 year�1) NO2 (mg m�3 year�1) CO (mg m�3 ye

1 Shangri-La �1.07*** �1.74*** �0.06***
2 Lushui 0.68* 2.70*** 0.03+
3 Baoshan �2.13*** �0.76* �0.07***
4 Mangshi �0.34 �0.64** �0.01
5 Lincang �0.96*** 0.07 �0.02
6 Jinghong �0.90*** 0.16 �0.03***
7 Mengzi �2.18*** �0.42** 0.01
8 Wenshan �0.81*** �0.32* 0

(p < 0.001 = ***, p < 0.01 = **, p < 0.05 = * and p < 0.1 = +).

Fig. 3. Monthly mean concentrations of air pollutants observ

5

emission inventories with 0.1��0.1� spatial resolution for SO2, NO2,
CO, PM10, and PM2.5 were obtained from the Peking University
Emission Inventory (2014, which is the most updated inventory
provided by Peking University Emission Inventory) (http://inven-
tory.pku.edu.cn/download/download.html) (Huang et al., 2014,
2017; Zhong et al., 2017), and later used as annual total emission
(Supplementary Data, Fig. S10).

3. Results and discussion

3.1. Overview of gaseous and particulate pollutants in southwestern
China

The annual mean concentrations of six pollutants during
2015–2019 are shown in Fig. 2. Mean SO2 concentrations (of all
eight sites, unless otherwise stated in this section) over the obser-
od 2015–2019.

ar�1) O3 (mg m�3 year�1) PM10 (mg m�3 year�1) PM2.5 (mg m�3 year�1)

8.30*** �3.19*** �1.13***
�0.66 5.99*** 1.14***
1.88* �4.97*** �2.22*
0.29 �3.41*** �1.55*
2.74*** �0.71 0.41
2.03** �2.18** �0.06
0.78 �7.33*** �3.50***
0.31 �0.99 �2.47***

ed at 8 sites in southwestern China during 2015–2019.

https://www-calipso.larc.nasa.gov
http://inventory.pku.edu.cn/download/download.html
http://inventory.pku.edu.cn/download/download.html
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vation period of 5 years ranged from 7.47 ± 6.76 mg m�3 (Jin-
ghong) to 17.6 ± 29.41 mg m�3 (Mengzi) (Table 2), and annual
mean concentrations at all sites met the China Grade-I standard
for the annual mean SO2 concentration (20 mg m�3). For NO2,
the mean concentrations ranged from 10.96 ± 6.49 mg m�3

(Mengzi) to 20.4 ± 11.91 mg m�3 (Mangshi), with annual mean
concentrations over eight sites were within the China Grade-I
standard for the annual mean NO2 concentration (40 mg m�3).
In case of CO, the mean concentrations ranged from 0.56 ± 0.33
mg m�3 (Mengzi) to 0.87 mg m�3 (Lincang and Lushui). Likewise
for O3, the mean concentrations were from 37.36 ± 36.31 mg m�3

(Jinghong) to 67.76 ± 32.94 mg m�3 (Mengzi). The PM10 mean con-
centrations were in the range from 29.62 ± 18.86 mg m�3

(Shangri-La) to 52.68 ± 38.16 mg m�3 (Jinghong) whereas the
PM2.5 mean concentrations were in the range from 13.32 ± 8.23
mg m�3 (Shangri-La) to 32.74 ± 22.56 mg m�3 (Mengzi). Interest-
ingly, among eight sites, Shangri-La was the only site where the
China Grade-I standards for the annual mean PM10 concentration
(40 mg m�3) and the annual mean PM2.5 concentration (15 mg m�3)
were met while the other sites met the China Grade-II standards
for PM10 (70 mg m�3) and PM2.5 (35 mg m�3). Among all sites, con-
centrations of all individual six air pollutants were almost compa-
rable, which may be due to the influence of same/similar
emissions (e.g., pollution of regional scale) and similar atmo-
spheric conditions across the cities. This is an indication of regio-
Fig. 4. Diurnal variations of air pollutants observed at

6

nal scale pollution covering a large area under the same regional
meteorological and emission regimes. The relatively low concen-
trations of particulate pollutants at Shangri-La may be due to its
remote location on the edge of the Tibetan Plateau. Compared
with previous studies at sites in China (Wang et al., 2014; Zhao
et al., 2016; Yin et al., 2017; Rupakheti et al., 2021), concentra-
tions of both gaseous (except O3) and particulate pollutants at
eight sites in this study were at a low concentrations, while con-
centrations of O3 were comparable.

Table 3 summarizes the inter-annual trends in ambient concen-
trations of air pollutants during a 5-year observation period from
2015 to 2019. At Shangri-La, Baoshan, and Mangshi, concentrations
of all pollutants except O3 decreased. However, Lushui showed
opposite trends that all pollutants except O3 increased. The SO2,
NO2, PM10, and PM2.5 concentrations at both Mengzi and Wenshan
showed decreasing trends while O3 had an increasing trend and CO
had no trend. In Lincang, three pollutants viz. SO2, CO, and PM10

exhibited decreasing trends, and other three pollutants exhibited
increasing trends. Jinghong had similar trends as in Lincang except
for PM2.5 which showed decreasing trend. The trends at these sites
indicated that the concentrations of air pollutants over this part of
China have in general reduced. However, O3 concentrations
increased at seven sites, with Shangri-La having an exceptionally
high increasing rate of 8.30 mg m�3 year�1 over a five year period.
A similar trend in O3 concentration has also been reported at many
8 sites in southwestern China during 2015–2019.



X. Yin, S. Kang, M. Rupakheti et al. Geoscience Frontiers 12 (2021) 101239
other locations in China, which is mostly attributed to the changes
in emissions of VOCs (volatile organic compounds) and NOx (Ma
et al., 2016; Lu et al., 2020).

3.2. Monthly variations of air pollutants

Fig. 3 shows the monthly mean concentrations of air pollutants
during 2015–2019. For SO2, there was no uniform monthly varia-
tion across eight sites. The monthly mean SO2 concentrations at
Shangri-La peaked in April and reached its second peak in October.
At Baoshan, the monthly mean SO2 concentrations peaked first in
January and later in May. At Lushui, no pronounced peak of SO2

was found. For other sites, the monthly mean concentrations of
SO2 peaked in different months (Wenshan: in November; Mengzi:
in October; Mangshi: in August; Lincang: in March; Jinghong: in
May). Different from this study, Zhao et al. (2016) found the
monthly mean concentrations of SO2 at provincial capital cities
in China generally peaked in the winter in northern China, due to
more coal combustion for domestic heating and poor meteorolog-
ical conditions such as low boundary layer height, weak wind, and
less precipitation. Whereas in southern cities without winter heat-
ing, the seasonal variations of SO2 concentration were weak (Yin
et al., 2017). For NO2, monthly mean concentrations at five sites
(Shangri-La, Wenshan, Lushui, Mengzi, and Lincang) reached their
peaks in December. The monthly mean concentration of NO2 at
Baoshan peaked in January. At Mangshi and Jinghong, the monthly
mean concentrations of NO2 peaked in March. Most of the sites
observed NO2 peaks during winter. In most provincial capital cities
in China, monthly mean NO2 concentrations peaked in winter, sim-
ilar to six sites in this study, which was caused by combined effects
of weather conditions (e.g. weak winds and shallow mixing layers)
and primary emissions (Zhao et al., 2016; Yin et al., 2017). The CO
peaks were observed during December at Lushui, Baoshan, and
Mengzi, during November at Shangri-La, and during February at
Fig. 5. Backward trajectories showing the air masses arriving
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Wenshan and Mangshi. At Lincang, the monthly mean CO peaked
in January. The monthly mean CO at Jinghong peaked in March.
In this study, monthly mean CO concentration at different sites
peaked in the winter, early spring, or late autumn (in January at
Lincang), which was different from the results at provincial capital
cities in China where CO concentrations peaked in January (Yin
et al., 2017), and it may due to the long-range transport of CO from
South Asia (see section 3.5).

For O3, all sites showed uniform intra-annual variation across
sites with their monthly mean concentrations of O3 peaked in
the spring months. O3 at the surface is generally formed through
photochemical reactions between NOx and VOCs (Atkinson,
2000). Zhao et al. (2016) found that O3 concentrations were high
in the summer and negatively correlated with concentrations of
pollutants (CO and NOx) emitted from combustion activities. O3

is a secondary pollutants and its formation rate depends strong
on intensity of solar radiation. Unlike previous studies at most
urban sites in China, spring peaks in O3 concentrations in this study
were similar to the high O3 concentration in the spring in the
southern Tibetan Plateau (Yin et al., 2017, 2019; Duo et al.,
2018), where the monthly O3 concentration variation was largely
controlled by the intrusion of ozone from stratosphere.

For maximum PM10, monthly mean concentrations of PM10 at
Shangri-La and Lushui were observed in December, whereas dur-
ing March at Baoshan, Mengzi, Mangshi, Lincang, and Jinghong
and during April in Wenshan. Most sites reached their PM10 peaks
in the spring. The monthly mean concentration of PM2.5 peaked in
December (Shangri-La), in March (Wenshan, Mengzi, Mangshi, Lin-
cang, and Jinghong), and in February (Lushai and Baoshan).
Monthly mean concentrations of PM2.5 at sites in this study peaked
either in winter or in spring. Peaks of particulate pollutants at
urban sites mostly occurred in the winter owing to the impacts
of enhanced local emissions (e.g., home heating) under the calm
atmospheric conditions that are not conducive to diffusion and
at the 8 sites in southwestern China by season for 2019.
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dilution of pollutants. Some cities in northern and northwestern
China showed their PM2.5 maximum in the spring due to the
impact of dust plumes from Asian deserts (Yin et al., 2017;
Rupakheti et al., 2021). In this study, six (five) sites reached their
PM10 (PM2.5) peaks in the spring, which is different from those at
most provincial capital cities in China probably caused by trans-
ported pollution plumes (which is explored in the following sec-
tion) in addition to local sources.
3.3. Diurnal variations of air pollutants

Diurnal variations of air pollutants at eight sites in southwestern
China during 2015–2019 are shown in Fig. 4. The diurnal variations
of air pollutants in this study were similar to those in provincial
cities (Zhao et al., 2016; Yin et al., 2017). The O3 concentrations at
all eight sites showed a single peak withmaximum in the afternoon
Fig. 6. Concentration weighted trajectory (CWT) of 6 air pollutants (SO2, N
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andminimum in themorning (Fig. 4). Enhanced photochemical pro-
duction and potential intrusion the air mass with higher O3 in free
troposphere to surface probably contributed to the high O3 concen-
tration in the afternoon. For other pollutants, the diurnal variations
are characterizedbybimodal peaks occurred in themorning and late
afternoon that coincidedwith the traffic rush hours undermeteoro-
logical conditions conducive of accumulation of pollution (e.g. low
boundary layer height and low wind speed) and enhanced anthro-
pogenic activities; low concentrations in the afternoon owing to
good dispersion and dilution conditions due to high wind speed
and high boundary layer height (Zhao et al., 2016).
3.4. Air mass transport to the sites

During 2019, the study area was generally under the influence
of westerly or southwesterly winds and partly under the easterly
O2, CO, O3, PM10 and PM2.5) at 8 sites in southwestern China in 2019.
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or northeasterly winds (in August and September) at 500 hPa. The
backward trajectories of air masses (with their history over 5 days
tracked) arriving at the eight sites in 2019 are shown in Fig. 5. In
spring, most air masses originated in or passed over South Asia
(e.g., India, Nepal, and Pakistan) and Southeast Asia (e.g., Myanmar,
Laos, Thailand, and Vietnam). Only a few trajectories were origi-
nated in China (e.g., Guangxi Province, Guizhou Province, and
Hunan Province) in this season. During summer, the contribution
of air mass from continental South Asia reduced, and most trajec-
tories were originated over the Bay of Bengal and Southeast Asia. In
autumn, trajectories from the Bay of Bengal were less than those in
summer, and most trajectories originated or through the south-
western and southern China. Furthermore, there were still a lot
of air masses from Southeast Asia in autumn. Interestingly, winter
trajectories were similar to those in the spring, such that most tra-
jectories originated from South Asia and Southeast Asia. In all, air
Fig. 7. Concentration weighted trajectory (CWT) of 6 air pollutants (SO2, NO2, C
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masses arriving at the sites in this study mostly originated from
South Asia and Southeast Asia in spring and winter, and Southeast
Asia and China in the summer and autumn.

3.5. Potential sources of air pollutants

Potential sources were calculated only for one full year (2019)
to avoid double-counting of contribution from the same source
in different years. Fig. 6 shows the CWT calculation results of six
air pollutants at eight sites in 2019. For SO2, the high potential
sources (in high WCWT) regions were focused on central China
(Fig. 6), which is in accord with the emission inventory of SO2 (Sup-
plementary Data, Fig. S10), indicating significant emission of SO2 in
China. The locations of eight sites were not identified as high
potential sources due to the low emission of SO2 in this region
because of the low industrial activities in southwestern China
O, O3, PM10 and PM2.5) at 8 sites in southwestern China in the winter 2019.
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(Supplementary Data, Fig. S10). As 80% of NOx was generally in NO2

form, the emission inventory of NOx was investigated in this study.
India (mostly northern central India), Myanmar, Thailand, and cen-
tral China were identified as high potential sources of NO2 (Fig. 6).
Almost all these high potential source areas of NO2 were in the
high NOx emission region (Supplementary Data, Fig. S10). For CO,
India, Myanmar, Bangladesh, Thailand, Laos, Vietnam, and the local
areas in southwestern China and central China were identified as
high potential sources (Fig. 6). The emission of CO in the study
region was relatively high compared with the emission of NO2

and SO2 (Supplementary Data, Fig. S10), probably due to the bio-
mass burning in this area (Qin and Xie, 2011; Qin et al., 2014).
Potential source regions were similar for both fractions of particu-
late pollutants (Fig. 6), mostly from South Asian countries (such as
India and Bangladesh) and central China. However, for O3, the
southwestern Tibetan Plateau was identified as the most signifi-
Fig. 8. Concentration weighted trajectory (CWT) of 6 air pollutants (SO2, NO2,
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cant potential source (Fig. 6). O3 is a secondary pollutant formed
by photochemical reactions between NOx and VOCs in presence
of sunlight. Besides photochemical reaction, the input of O3 from
the stratosphere and free troposphere is another crucial source of
surface ozone, more so in the high altitude regions (e.g., Luo
et al., 2019), which lead to the high O3 concentrations at sites in
the Tibetan Plateau where the stratospheric intrusion frequently
happens (Chen et al., 2011; Yin et al., 2017; Luo et al., 2019). The
calculation of potential sources of O3 indicated that the high O3

concentrations in the Tibetan Plateau might affect the O3 concen-
tration in southwestern China (largely influenced by the strato-
spheric intrusion over large region).

For NO2 and CO, peaks of these two air pollutants’ monthly
mean concentrations were mostly in the winter. CWT of air pollu-
tants in the winter of 2019 is presented as Fig. 7. In winter, regions
including India, Myanmar, Thailand, southwestern and central
CO, O3, PM10 and PM2.5) at 8 sites in southwest China in the spring 2019.
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China were associated with high concentrations of NO2. For CO,
India, Myanmar, Laos, Thailand, Vietnam, southwestern and
southern China were associated with high concentrations of CO.
For PM10 and PM2.5, peaks of monthly mean concentrations of
these three air pollutants were mostly in the spring (Fig. 8) associ-
ated with air masses from India and Myanmar, whereas the influ-
ence of PM10 and PM2.5 from inland China is limited. For O3, besides
the impact from the Tibetan Plateau, the effects from the local area
and adjacent areas were evident in the spring (Figs. 7 and 8).

In summary, air pollutants, including NO2, CO, PM10, and PM2.5,
at eight sites in southwestern China were mainly affected by South
Asia, Southeast Asia, and slightly from China. The concentrations of
SO2 at eight sites in southwestern China were primarily influenced
by the air masses from central China. O3 concentrations were asso-
ciated mainly with the air masses coming from the Tibetan Plateau.
Local emissions of air pollutants in the area where eight sites are
located had a limited contribution to the high concentrations of
air pollutants in this study. The transboundary transport of air pol-
lutants from South Asia and Southeast Asia significantly influenced
the concentrations of air pollutants on the southwestern border of
China.
Fig. 9. Episodes of air pollutants observed
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3.6. Two air pollution episodes

In this study, we analyzed two types of episodes governed by
two different processes: local emissions and long-range transport.
Episode 1 happened right after midnight in the night of February
4th, 2019, which was the Chinese Lunar New Year’s Eve (Fig. 9).
High concentrations of PM10, PM2.5, and SO2 were recorded by
the ground measurements, with the highest hourly concentrations
recorded at 01:00 on February 5th, 2019. At Jinghong, the hourly
concentration of SO2 at 1:00 on February 5th, 2019, was 140 mgm�3,
which was more than 20 times the monthly mean concentration in
February 2019 (5.94 mg m�3). The mean concentration of SO2 at
eight sites at 1:00 on February 5th, 2019 was 15 times higher than
the average of those in February 2019, indicating a significant epi-
sode of SO2 occurred in this region in the eve of the Chinese New
Year, clearly indicating massive local emissions. Besides SO2,
PM10 and PM2.5 were also increased during this episode. The fire-
works on New Year’s Eve were the most critical contributor to
these air pollutants’ elevated concentrations. Even though many
big cities in China have banned fireworks in urban areas, the small
cities, as in this study, still maintain the custom of setting off a
across 8 sites in southwestern China.



X. Yin, S. Kang, M. Rupakheti et al. Geoscience Frontiers 12 (2021) 101239
large number of fireworks on New Year’s Eve to celebrate the New
Year. It’s worth noting that the concentrations of PM10, PM2.5, and
SO2 decreased back to typically normal concentrations in a few
hours (4–8 hrs), as local emissions from fireworks are short-term
and high-concentrated.

Episode 2 occurred during March 31st - April 1st, 2019, with
high concentrations of PM10, PM2.5, and CO. Compared with the
Episode 1, the Episode 2 showed a relatively smaller increase
(about 1.5–2 times the monthly average) in concentration of air
pollutants (PM10, PM2.5, and CO) at all sites, while the later episode
lasted longer than the former one. Almost all pollutants had clearly
Fig. 10. Hourly back trajectories (120 h) of air masses arriving at eight sites and fire spots
left panel) and CO concentration (bottom right panel) from CAM-chem (bottom) simulat
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higher baseline (background) concentrations at all sites, indicating
a regional scale pollution episode. Hourly backward trajectories
during Episode 2 are shown in Fig. 10 during which, air masses
transported the emissions from South Asia via transboundary
transport. The aerosol vertical distribution achieved by Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) is shown in
Fig. 11. It is demonstrated that Southeast Asia countries (e.g.,
Myanmar) are covered by thick smoke and polluted dust layer dur-
ing Episode 2. It can be concluded that before reaching southwest-
ern China, the air masses passed through the regions with high
concentrations of air pollutants (PM2.5 and CO) in South Asia
fromMODIS C6 (top panel), the surface level (810 hPa) PM2.5 concentration (bottom
ions during the air pollution episode 2 (March 31st to April 1st, 2019) in the region.



Fig. 11. CALIPSO retrieved backscatter signal at 532 nm (top) and aerosol sub-type information (bottom) on March 31st 2019. The countries in South Asia (e.g. Myanmar) are
covered by a thick smoke layer (marked with circles).
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(Fig. 10), ultimately bringing in transboundary emissions to Yun-
nan and impacting the air quality at eight sites.
4. Conclusions

The characteristics of several gaseous and particulate pollutants
were investigated at eight sites from January 2015 to December
2019 in previously unreported region of southwestern China.
Levels of pollutants, their temporal variations, and potential
sources/source regions were analyzed. Most sites considered in
this study met the China Grade-I standard of SO2, NO2, and the
China Grade-II standard of PM10 and PM2.5. Concentrations of CO
and O3 at observed eight sites in this study were comparable with
those in cities in China. For most sites, concentrations of air pollu-
tants (SO2, NO2, CO, PM10, and PM2.5) experienced decreasing
trends, while O3 concentrations increased (7 of 8 sites) over the
period of five years.

Monthly mean concentrations of most air pollutants at sites in
this study were high in the spring due to the transboundary trans-
13
port of air pollutants from South Asia and Southeast Asia. Diurnal
variations of air pollutants, except O3, were characterized with
bimodal peaks in the morning and later afternoon coincident with
the rush hours due to the anthropogenic activities and adverse
meteorological conditions, and minimum in the afternoon due to
meteorological conditions good for dispersion and dilution of
pollutants.

Local emissions of air pollutants in the area where the eight
sites were located had a limited contribution to the high concen-
trations of air pollutants. SO2 concentrations at eight sites in south-
western China were primarily affected by the air masses from
central China, and O3 concentrations were associated mainly with
the air masses coming from the Tibetan Plateau. On the other hand,
NO2, CO, PM10, and PM2.5 concentrations at these sites were
affected primarily by the sources from South Asia, Southeast Asia,
southwestern China and central China.

As one of the earliest analyses of air pollution in southwestern
China, this study qualitatively described the contributions of air
pollutants from transboundary transport to southwestern China.
Due to the limited observation and inventory study, we used emis-
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sion inventory in 2014 to compile the air pollutants concentrations
observed in 2019 in CWT analysis, which may lead to some uncer-
tainty in the results. Therefore, it should be highlighted that stud-
ies of transboundary transport of air pollutants in China should be
strengthened as well as long term continuous measurements of air
pollutants be carried out, serving as reference to assess the effec-
tiveness of the strict pollution control in China in recent years.
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