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ARTICLE INFO ABSTRACT
Keywords: Kunming, a Chinese southwestern tourist city which has not large local pollution sources, has found to have an
PMz5 increasing tendency of haze pollution in recent years. But the pollution sources are unclear. In order to identify

Water-soluble inorganic ions
Positive matrix factorization
Back trajectory

Prevailing westerlies

them, daily PMy 5 samples (n = 346) were collected from September 2017 to August 2018 in the urban area. And
the major water-soluble inorganic ions (WSIIs) were determined to better understand the chemical character-
istics, source categories and potential region of sources. Our study showed that the mass concentration of PMy 5
in Kunming ranged from 7.61 to 91.83 pg m~>, with an annual average value of 33.59 + 15.71 ug m~>. Positive
matrix factorization (PMF) model identified five factors including secondary aerosol (the contributions of
36.3%), coal combustion (26.0%), biomass burning (19.2%), dust (12.5%) and sea salt (6.0%). And coal com-
bustion played a leading role in the source contribution of PMy 5 in winter while biomass combustion was
dominant in spring. Being located between two severe haze zones in the world, northern-central China and north
of South Asia, and affected by India monsoon and East Asia monsoon in summer and prevailing westerlies in
winter, we found that air masses from South Asia (especially India) contained pollutants could be brought to
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Kunming by prevailing westerlies in winter. In spring, however, the sources of PMj 5 in Kunming were mainly
affected by biomass burning from South Asia and Southeast Asia when prevailing westerlies gradually weakened.

1. Introduction

World Health Organization has released a report that nine out of ten
people are breathing polluted air around the world, seven million people
die from indoor and outdoor air pollution every year (WHO, 2018), with
24% of them from stroke deaths, 29% from lung cancer, 25% from heart
disease and 43% from other lung diseases (WHO, 2018). Atmospheric
PM; 5 (particulate matters with aerodynamic equivalent diameter < 2.5
pm) is a crucial air pollutant which can exert adverse effects on human
health, climate and visibility (Chin et al., 2009; Chow et al., 2006; Pope
et al., 2009; Zhang et al., 2010). Numerous researches have indicated
that massive inhalation of particles is more likely to increase the
morbidity of acute respiratory infections, lung cancer and cardiovas-
cular diseases (Dockery et al., 1993; Ou et al., 2019; Pope et al., 2009,
2015; Ramgolam et al., 2009). Aerosol can be derived from multiple
sources. Primary sources such as soil emission, sea salt, coal combustion,
vehicle exhaust, biomass combustion are derived from natural sources
and anthropogenic sources (Chin et al., 2009). Secondary aerosols are
formed during the transformation from gaseous precursors (NHs, SO,
NOyx and VOC) to particles (Chin et al., 2009). Aerosols generated from
different sources and processes have different chemical and isotopic
compositions. Besides, water-soluble inorganic ions (WSIIs) of PM, 5 are
so important, which affect the acidity and nucleation ability of aerosols,
and can change their size and lifetime owing to their hygroscopic
properties (Tang, 1996). Chemical characteristics and source appor-
tionments of PM; 5 have been reported in plenty of studies (Liu et al.,
2016a; Souza et al., 2014; Wang et al., 2016b; Xiao et al., 2017).

The heating activities in winter exert direct impact on haze pollution
in northern China, and the winter monsoon further widened the haze
area. A large number of researches have been carried out on areas with
severe fog and haze in the North China Plain, Guanzhong Plain, Sichuan
basin, Yangtze River Delta and Pearl River Delta (Tan et al., 2009; Tao
et al., 2013; Wang et al., 2015, 2016b; Yao et al., 2002; Ye et al., 2003).
But there is still a lack of systematic knowledge of chemical composi-
tions and source apportionments of PMs 5 in Yunnan-Guizhou Plateau.
Known as “spring city”, the temperature in Kunming is relatively uni-
form all the year round. Shi et al. (2016) studied the characteristic of
chemical components of WSIIs and element carbon (OC and EC) in PM; 5
based on 28 filter samples and reported that the average concentration
of PM, 5 in Kunming was highest in spring (105.88 + 48.03 pug m3),
followed by winter (92.66 + 51.56 pg m™~>), autumn (74.73 + 41.39 g
m~3) and summer (72.19 + 30.26 ug m3). Qiao et al. (2018) conducted
a research based on CMAQ model to assess the source contributions to
PM, 5 and found that industrial and residential activities were predicted
to be the largest contributor in 25 Chinese cities including Kunming
(provincial capitals and municipalities) for the year of 2013. In addition,
there were some investigations of PMj 5 concentrations and chemical
species in most important cities in China with the goals of understanding
spatial and temporal trends and quantifying the regional component of
PM pollution, in which Kunming showed relatively less polluted char-
acteristic than those cities distributed in the north of China (Liu et al.,
2018; Xu et al., 2017; Yuan et al., 2018). In general, there are lacking of
high time resolution research on the compositions of PMy s filter samples
in Kunming. However, this city has found to have an increasing ten-
dency of haze pollution in recent years. Located between the world’s two
severe haze zones, northern-central China and north of South Asia (Air
Pollution in Asia: Real-time Air Quality Index Visual Map, http://aqicn.
org/map/), what caused the haze pollution in Kunming was worth
further exploring.

In this study, the major water-soluble inorganic compositions of
PM, 5 were analyzed from September 2017 to August 2018 to examine

the pollution level and characterize the seasonal variations of PM; 5 in
Kunming. Positive matrix factorization (PMF) model were used to
identify the source categories and their contributions. The routes of air
masses transported to the study site were traced by back trajectory. This
has substantial implications for the development of efficient remedia-
tion policies to better improve the air quality.

2. Method
2.1. Sampling site and collection

Kunming is located in the south of 30°N, where solar radiation can be
relatively evenly received throughout the year. Affected by the Indian
monsoon and East Asia monsoon in summer (Fig. 1), the rainy season in
Kunming is formed from May to October. In addition, with an average
altitude of 1892 m in Yunnan-Guizhou Plateau, the cool climate can be
kept in Kunming because temperature decreases progressively with
altitude. In winter, warm and dry air from the Indian Peninsula can be
brought by prevailing westerlies to Kunming. Mountain Liangwang and
Mountain Wumeng, respectively located in the north and east of
Kunming, can block the cold air from north China (Fig. 1).

Aerosol samples of PM; 5 were collected using quartz filters (8 x 10
inch, Tissuquartz™ Filters, 2500 QAT-UP, Pallflex, Washington, USA)
and KC-1000 sampler (Laoshan Institute for Electronic Equipment,
Qingdao, China) at a high flow rate (1.05 + 0.03 m® min~1). The sampler
was installed on the top of teaching building in Kunming University of
Science and Teaching (102.70°N, 25.06°E). The study site is located in
the center area of Kunming and close to the north of the first ring road.
The sampling time started at 9:00 to 10:00 a.m. and lasted for 23.5 h.
Daily samples were collected and immediately storaged in the refriger-
ator at —20 °C until chemical analysis. A total of 346 aerosol samples
were obtained during this sampling campaign (from September 1, 2017
to August 31, 2018).

2.2. Chemical analyses

Sample pretreatment: All sample filters were weighed before and
after sampling, and were analyzed gravimetrically for mass concentra-
tions. One-eighth filters of daily PM; 5 samples were used for chemical
analyses. WSIIs were extracted in 50 mL deionized water (Millipore,
18.2 MQ) using an ultrasonic bath for 30 min at room temperature. After
ultrasound, the supernatant was centrifuged at 4200 r/min for 10 min
and filtered with 0.22 pm pinhole filter. The obtained total water extract
was rinsed twice with 5 ml ultrapure water. The extract and rinse were
put into a pre-cleaned 50 ml tube together and stored in a refrigerator at
—20 °C until chemical analyses.

The major water-soluble inorganic species (cation: Na®, NHJ, K,
Mg2+, Ca?*, and anion: F~, C1~, NO3, SO7 ") in the extract were analyzed
using the ion chromatograph (model ICS-1100 and ICS-900 for anion
and cation), which equipped with a conductivity detector (ASRS-
ULTRA), suppressor (ASRS-300 for the ICS-1100 and CSRS-300 for the
ICS-900), and separator columns (AS11-HC for anions and CS12A for
cations) and guard columns (AG11-HC for anions and CG12A for cat-
ions) were used in the analyses. The precision for all ionic species was
better than 5%. And the detection limits of this method were Cl™ at
0.0051 ppb, NO3 at 0.0216 ppb, SO3~ at 0.0115 ppb, and Na* at 0.001
ppb, NH{ at 1.21 ppb, K* at 1.77 ppb, Mg?" at 2.47 ppb and Ca®" at
0.09 ppb.
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2.3. Meteorological data

Meteorological data during the sampling period (September 1,
2017-August 31, 2018) in Kunming were obtained from National
Meteorological Information Center (http://data.cma.cn/data/, Fig. 2),
including wind speed, temperature, relative humidity, rainfall. Atmo-
spheric SO, and NO, data were downed from National Urban Air Quality
Real-Time Publishing Platform (http://106.37.208.233:20035/). The
sampling period was divided into autumn, winter, spring, summer by
every three months. Meteorological condition plays a vital role in
determining both the transport and the distribution of air pollutants.
The average temperature of each season was 16.0 °C, 9.5 °C, 16.9 °C and
20.2 °C, respectively, with annual average temperature is 15.6 °C
(Fig. 2d). Annual average relative humidity was 71.5% (Fig. 2c¢). It’s
windy and dry in March and April (Fig. 2a and c). Kunming is well
known for its intense solar radiation and holds two distinct dry-wet
seasons, the wet season (May-October) which accounts for 85% of the
annual rainfall (Qin et al., 2010) (Fig. 2b).

2.4. PMF model

PMF (v5.0) is a multivariate statistical model for identifying source
categories and quantifying the contributions of different sources to a
group of samples. And it is widely used in source apportionment of at-
mospheric particulate matte (Liu et al., 2017; Sharma et al., 2016). A
specified data matrix is decomposed into two sub-matrices by PMF:
factor contribution matrix (g) and factor profile matrix (f) (Paatero,
1997; Paatero and Tapper, 1994). The data set can be regarded as a data
matrix x of i by j demention.

»
Xij = E 8ikfej + €1
=

X;;j represents the concentration of the jth species in the ith sample, g; , is
related with the kth contribution factor measured in the ith sample, f;
means the jth species fraction from the kth source, e;; is the residual of
the jth species in the ith sample, and p is the total number of indepen-
dent sources categories.

The object function Q minimizes based upon these equation as fol-
lows:

NV 1 — S g,
0=3 Z["i ]

Where u;; is the uncertainty.
If the concentration is less than or equal to the MDL (method
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detection limit) provided, the uncertainty (Unc) is calculated using a
fixed fraction of the MDL, which is calculated as Unc = 5/6+«MDL. If the
concentration is greater than the provided MDL, and the calculation is
based on a user provided fraction of the concentration and MDL, which

is defined as Unc= \/ (ErrorFraction*concentration)* + (0.5*MDL)?
(Polissar et al., 1998).

In this study, PMF 5.0 (US EPA 2014) model was applied for source
apportionments of major water-soluble inorganic ions (F~, ClI~, NO3,
S0%-, Na*, NH4 ", Kt, Mg?" and Ca?").

2.5. Backward trajectories analysis

72-h air mass back trajectories were computed for the whole sam-
pling days (from September 1, 2017 to August 31, 2018) using the
NOAA’s program of TrajStat software to analyze the routes of air masses
transported to the study site (Almeida et al., 2015; Liu et al., 2016a;
Zhang et al., 2014). Meteorological of NCEP GDAS data were down-
loaded from the National Oceanic and Atmospheric Administration
Laboratory (NOAA ARL) on the website (ftp://arlftp.arlhq.noaa.gov
/archives). The back trajectories were calculated for all sampling days
and started at 16:00 UTC (Beijing time is 00:00). The arrival level of the
air masses were set at 1000m above the study site. In this study, tra-
jectories were classified optimally using the clustering method for
different seasons. And four or five clustering trajectories were obtained
each season.

3. Result and discussion
3.1. PM3 5 and chemical species

3.1.1. Characteristics of ambient PM> 5

The mass concentrations of PMj 5 in Kunming ranged from 7.61 to
91.83 pg m 3, with an annual average concentration of 33.59 =+ 15.71
pg m~3, which is below the Chinese National Ambient Air Quality
Standards (NAAS, 35 ug m™3). This is similar to a previous report (30.9
+ 17.5 pg/m®) in Kunming from 2013.4 to 2014.3 (data from China
National Environmental Monitoring Center) (Yin et al., 2016) and
within the range of 22-42 pg/m> from 2014 MODIS satellite remote
sensing aerosol data of PM3 5 in this plateau city (Yuan et al., 2018). In
addition, the annual average concentration of PM s in Kunming was
lower than those in other major cities of China like Beijing (154.3 +
145.7 pg m~3) (Wang et al., 2005), Shanghai (63.4 pg m~3) (Ye et al.,
2003), Tianjin (141.47 pg m~>), Shijiazhuang (191.19 pg m~>), and
Chengdu (92.41 pg m~) (Zhao et al., 2013), while it was higher than
those at the rural areas, such as southwestern rural Nevada, USA (5.1 pg
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Fig. 1. Map of wind direction in Eastern Asia including winter monsoon and prevailing westerlies during winter and summer monsoon during summer.
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Fig. 2. Meteorological parameters including Temperature (°C), relative humidity (%), rainfall (mm), wind speed (m s Hin Kunming during sampling period. (the

shaded areas represent cold season, unshaded areas represent warm season).

m’?’) (Engelbrecht et al., 2015), Edinburgh in UK (8.5 pg m’?’) (Heal
etal., 2005), and a rural site in Crete (18.2 pg m~3) (Gerasopoulos et al.,
2007), reveling a less PM5 5 pollution in Kunming urban atmosphere.
Monthly average mass concentrations of PMys were showed in
Fig. 3a, which were higher in cold season than those in warm season.
This seasonal variations is consistent with previous studies in Kunming
(Liu et al., 2018; Shi et al., 2016). And the parallel seasonal variations
were reported in other study areas (Liu et al., 2017; Wang et al., 2015;
Xiao etal., 2017; Zhang et al., 2014). This was ascribed to a combination
of factors including atmospheric condition (including WS, Rainfall, T,
RH and solar radiation etc.) and sources. Same as the previous study (Shi
etal., 2016), dust from bared soil induced by higher WS (Fig. 2a) caused
the high concentrations of PMjy 5 in spring (Table 2); in addition, tem-
perature inversion layer could be induced to both scatter and absorb
solar radiation, which suppressed dispersion of pollutants and led to
further accumulation of particles (Li et al., 2017b). In warm season, the
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concentrations of particulate matters could be rapidly reduced due to
frequent precipitations (Fig. 2b), which is an effective way to scavenge
particles from the atmosphere. And stronger airflow was benefit for the
diffusion of pollutants.

3.1.2. Characteristics of chemical species in PM> 5

The major WSIIs accounted for 46-48% of PMy 5 during different
seasons, with an annual average value of 15.51 pg m~>. As shown in
Figs. 3b and 4, SOZ%~ had the highest concentrations from 1.36 to 17.18
pg m~3, with annual average value of 6.82 + 3.34 ug m~°. The other
major WSIIs concentrations in PMjy 5 samples decreased in the following
orders: NHJ (0.058-9.67 jig m~3; average: 2.62 & 1.55 ug m~%) > NO3
(0.53-12.60 pg m~3; average: 2.48 + 1.84 pg m~3) > Ca?t (0.27-7.04
ug m~3; average: 2.32+1.08 pg m~>) > Cl~ (0.06-3.86 ug m~3; average:
0.49 + 0.45 pg m~>) > KT (0.005-7.86 pg m~>; average: 0.43 + 0.52 g
m~%) > F~ (0.004-0.91 pg m~3; average: 0.16 + 0.14 pg m~>) > Mg?*
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Fig. 3. Variations of monthly average concentrations for (a) PM, s and (b) water soluble inorganic ions (WSIIs) in Kunming.
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Table 1
Correlation coefficients among major water-soluble inorganic ions in aerosol and meteorological parameters.
PM, 5 NO3 S0 F~ clr NHj Ca®* K" Na* Mg>*

PMy 5 1 .638" .616" 279" .497° .622° 4307 .549" .130* .267°
NO3 1 .739° .042 .453" .791° 403" 429" .025 .133*
S0 1 .008 .298% .881° .395° .490° .039 .216%
F 1 .248" .027 515 .378" .055 .333%
Cl™ 1 .298" 1677 .293" 127* .477°
NH; 1 .455° .552° .049 .158°
Ca*! 1 615 115 .365"
K" 1 .211%* .670"
Na™ 1 .122%
Mgt 1

@ Correlation significant at 0.01 level (two-tailed), * significant at 0.05 level (two-tailed).

Table 2

Water-soluble inorganic ions and mass concentrations of NO,, SO, (mean =+ SD,
unit: pg m~3), and their relationship (NOR, SOR, NO3 /503 ") in Kunming during
sampling time.

autumn winter Spring summer annual
PMs s 28.16 + 40.18 + 38.86 + 27.11 + 33.59 +
17.17 14.69 12.48 13.65 15.71
F 0.11+0.01 0.25 + 0.22 + 0.07 +£0.01 0.16 +
0.01 0.01 0.14
Cl 0.59+0.04 0.79 £ 0.34 + 0.24+0.02 0.49 +
0.04 0.02 0.45
NO3 2.25+0.17 3.36 + 2.56 + 1.76 £0.14 248 +
0.18 0.14 1.84
S0F 6.31+0.46 7.19 + 7.73 + 6.05+0.48 6.82+
0.39 0.43 3.34
K* 0.32+0.02 0.63 + 0.57 + 0.24 +£0.02 0.43 +
0.03 0.03 0.52
Na™ 0.08 £0.01 0.07 £ 0.09 £ 0.12+0.01 0.09 +
0.00 0.01 0.08
Ca®* 1.61+£0.12 2.66 + 3.20 + 1.85+0.15 232+
0.15 0.18 1.08
Mgt 0.10+0.01 0.12 + 0.13 + 0.07 £0.01 0.10 +
0.01 0.01 0.06
NHj 2.20£0.16 3.17 £ 3.00 £ 2.11+0.17 2.62 £
0.17 0.17 1.55
SO, 21.84 + 22.01 + 15.43 + 19.44 + 19.68 +
15.3 10.6 7.14 16.9 12.54
SOR 0.25 0.27 0.35 0.27 0.28
NO» 2.25+1.84 3.36 £ 2.56 + 1.76 £1.03 25+1.8
2.49 1.18
NOR 0.06 0.08 0.07 0.05 0.06
NOs3/ 0.35 0.45 0.34 0.31 0.36
o7y

(0.004-1.02 pg m~3; average: 0.10 + 0.06 pg m~>) > Na* (0.001-0.63
pg m~3; average: 0.09 + 0.08 pg m ). Except that the concentrations of
Na' were slightly higher in summer than those in other three seasons,
the other major WSIIs showed the same seasonal variation pattern as
PM, 5, with higher concentrations in the cool season than in the warm
season (Table 2).

The three ions SOF~, NO3 and NHZ accounted for 74.53%-85.96% of
the total WSIIs. The pie charts for ion fractions of aerosols for different
seasons are shown in Fig. 4. The proportions of sulfate in PMs 5 in warm
season were much higher than that in cold season while the proportions
of nitrate and ammonium increased in winter. It was found that SO7~
and NO3 were well correlated with NHZ, with a correlation coefficient
of 0.881 between SO3 and NHJ and 0.791 between NO3 and NH{
(Table 1). NHJ is mainly produced by the neutralization reaction be-
tween gaseous NHs and acidic sulfate and nitrate particles during gas-
particle conversion process. The majority of aerosol pH were simu-
lated as acidic using ISORROPIA-II model. These ions mainly existed in
the form of NH4NO3, NH4HSO,4 and (NH4)2SO4.

Ca?" showed good correlation with nitrate (R? = 0.403) and sulfate
(R2 = 0.395) (Table 1). Yunnan-Guizhou plateau is well-known as a
typical Karst plateau area. Calcium carbonate accounted for

considerable proportions of rocks here. This might indicate the existence
of Ca(NO3), and CaSOy in particulate matter. The concentrations and
the fractions of Ca®* in spring were much higher than those in other
seasons (Table 2 and Fig. 4), which suggested that higher wind speed in
spring could be benefit to produce mineral dust.

K™ is a major component in the sintering plant stack (Almeida et al.,
2015). Besides, K has been widely used as an important indicator of
biomass burning (Pant and Harrison, 2012). As shown in Table 1, K™
owned good correlations with SO‘Z;’ (R? = 0.490) and NO3 R?= 0.429),
but monthly variation of K" was not synchronized with SO%_ and NO3
(Fig. 3b), suggesting that K™ and anions (SO5~ and NO3) might be
dominated by different sources. In addition, monthly variation of K*
showed that the concentrations of K increased from February to May,
and biomass burning in Southeast Asia prevailed at the same season. So
we inferred that K™ was most likely to be derived from biomass burning.
And K owned good correlations with all the anions and Ca%*, On one
hand, it has been found that biomass burning was a dominant source of
SO?{ and NOs in southern Asia (Lawrence and Lelieveld, 2010). This
might explain why K+ owned good relationship with SO~ and NO3. On
the other hand, Biomass burning, like straw combustion, could bring out
some ions from soil, so this K was significantly correlated with Ca2*,
and the correlation coefficient reached 0.615.

Na™ showed poor correlation with other ions. As for Na™, it can be
originated from sea salt as NaCl, soil and road dust, etc. The seasonal
average concentration of Na' in summer was slightly higher than those
in other three seasons (Table 2) due to summer monsoon. It could be
inferred that Na' was mainly dominated by sea salt in Kunming.
Considering that Kunming is an inland city, the poor correlation be-
tween Cl~ and Na™ might due to the depletion of Cl~ occurred as HySO4
and HNOg reacts with sea salt during air masses transport (Yao et al.,
2003). The Cl™ in this study was mainly derived from other anthropo-
genic sources, such as coal combustion. It could be inferred from
inconspicuous seasonal variations of Na™ that it’s hard for air masses
from coastal areas to be transported to inland Kunming.

3.1.3. NO3/502", SOR and NOR

The ratio of NO3/S0%~ can be used to evaluate the contribution of
mobile sources and stationary sources to sulfur and nitrogen in the at-
mosphere (Cao et al., 2009; Xiao and Liu, 2004). During the sampling
period, the mass ratio of NO3,/SO5~ was in the range of 0.12-1.08, with
the mean value of 0.36. This ratio in Kunming was comparable to Fuz-
hou (0.37) (Xu et al., 2012), Hangzhou (0.36) (Cao et al., 2009); and
Qingdao (0.35) (Hu et al., 2002), where the densities of the vehicles in
those cities were lower than those in Beijing (0.71) (Wang et al., 2005),
shanghai (0.64) (Wang et al., 2006), Guangzhou (0.64) (Tan et al.,
2009), and the consumption of coal (stationary emission) in Kunming
was much lower than that in Guiyang (0.14) (Xiao and Liu, 2004), where
the coal combustion caused big problems of environmental pollution. It
could be inferred from the mass ratio of NO3/S03 " that mobile sources
and stationary sources both contributed less to PM 55 in Kunming
compared to other cities.
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Fig. 4. Pie charts for mean contributions of each component to total mass concentration in (a) autumn, (b) winter, (c) spring and (d) summer, respectively.

Nitrogen oxidation ratio (NOR) and the sulfur oxidation (SOR) were
used to evaluate the photochemical oxidation extent of SO, and NOy
(Luo et al., 2019; Ohta and Okita, 1990; Sun et al., 2006). NOR and SOR
are defined as the ratio of second species to total N or total S, NOR =
nNO3/(nNOj + nNOy), SOR = nS03 /(nSO3~ + nSO»), where n refers to
molar concentration. Gas precursors SO, and NO, showed the same
seasonal variation patterns as PM3 5 and major ions (Table 2). Ohta and
Okita (1990) suggested the existence of photochemical oxidation of SOy
and NO; in the atmosphere when SOR and NOR exceeded 0.10. In this
study, SOR was greater than 0.10 in all four seasons (Table 2). In
addition, SOR was comparable among summer, autumn and winter,
while it was higher in spring. This indicated that photochemical
oxidation of SOy occurred all year round and was more efficient in
spring, which was related to higher solar radiation in spring in Kunming.
The sudden increase of SOF~ in August (Fig. 3b) could be explained as
the promotion of oxidation efficiency of gaseous SO2 by high tempera-
ture (Quan et al., 2008). It was suggested that SO, was trapped by
alkaline aerosol components and oxidize by NO; to form sulfate in
aqueous media under high RH in winter since air quality models relied
on sulfate production mechanisms only requiring photochemical oxi-
dants could not predict that high level sulfate during haze events (Cheng
et al., 2016; Wang et al., 2016a). NOR in four seasons were lower than
0.1 and generally consistent, which implied that the secondary con-
version of NO3 from NO, was fairly weak in Kunming compared with
secondary SOF~ formation.

SOR and NOR are consisted of the homogeneous gas-phase trans-
formation via gas-phase chemical processes and heterogeneous re-
actions. In order to explore the contributions of these two processes to
secondary sulfate and nitrate in particle matters, the correlations

between RH and SOR (or NOR) were analyzed under different PM; 5
levels. As shown in Fig. 5a and Fig. 5b, SOR and NOR showed poor
correlations to RH with the increase of PMs 5 levels, which illustrated
that the heterogeneous reactions perhaps make only a minor contribu-
tion to secondary formation of sulfate and nitrate. So higher SOR and
NOR values in Kunming city were most likely attributed to the
enhancement of gas-phase process. That is different from what reported
in Beijing in 2013 that the relatively high SOR values were dominated by
heterogeneous reaction under high RH during the haze episode while
low NOR values were attributed to gas-phase process (Liu et al., 2016b).
Noticing that samples with relatively low PM; 5 levels and under high
RH conditions distributed in the lower right corner of the graph which
were most likely due to precipitation, which showed relatively low SOR
and NOR in rainy days.

Pathak et al. (2008) has suggested that the relationship between
mole ratio of [NO3]/ [SO?(] and [NH;1/ [[SO%’] can be further used to
explore the formation pathways of nitrate. Under NHj-rich conditions
([NHZ1/ [[SO%’] > 1.5), it has been widely noticed that a linear rela-
tionship exists between [NO31/ [SO%’] and [NH41/ [[SO?{], which was
attributed to the homogeneous gas-phase formation of nitrate (HNOs
(&) + NH3 (g) = NH4NO;3 (s,aq)). But under NH4-poor conditions
([NHI]/[[SO%’] < 1.5), there is no significant correlations can be
observed and the high level of nitrate can be associated with the hy-
drolysis of N2Os in preexisting aerosols (N2Os (aq) + H2O (aq) = 2NO3
(a@)+2H" (aq)).

In this study, the majority of the samples were under the NH -rich
conditions ([NH{]/ [[SO?{] > 1.5). A good linear correlation was
observed between the mole ratio of [NO3]/ [SO?{] and the [NH}1/
[[SO37] ratio under NH#-rich conditions (Fig. 6a), highlighting the
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homogeneous gas-phase formation of nitrate was evident in aerosol in
the NH3—H+-SO‘2{-H20 system. In addition, it could be further confirmed
by the good correlation between nitrate concentration and excess
ammonium (excess [NH{] = [NHZ] - 1.5[SO3 1) (Fig. 6b). Some pro-
cesses, like ammonium chloride and sodium nitrate formation, can
caused minor influences and made these data slightly deviated from the
fit line.

3.2. PMF model

3.2.1. Source apportionment of PMs 5 by PMF model

The Positive Matrix Factorization (EPA PMF 5.0) model was used to
identify the source categories of PMy 5 and their contributions. Five
potential sources were identified according to the major WSIIs of aerosol
in Kunming. They were (1) dust (including soil dust and construction
dust), (2) coal combustion, (3) second inorganic aerosol, (4) biomass
burning and (5) sea salt.

The first source was relevant to high loadings of F~ (88.3%), Ca®t
(28.5%) and small proportions of Cl~ (19.0%), which were generally
derived from dust (soil dust and construction dust), with an annual
average contribution of 12.5% to PMy 5 (Figs. 7 and 8). Ca®" is akind of
typical crustal element which is mainly generated from weathering
process of rocks on the earth surface. The correlation coefficient be-
tween F~ and Ca®* was 0.515 (Table 1). Fluorite (CaFg) is widely used as
mineralizer for cement production in construction industry (Chang
et al., 2001). In recent years, rapid urbanization of Kunming has

accelerated the vigorous development of construction industry. There-
fore, construction dust has become one of the non-negligible sources of
PM, 5 in Kunming.

The second source was assigned to coal combustion, which was
identified by Cl™ (67.6%), NO3 (35.1%) and SO‘Z( (12.1%). Coal com-
bustion is generally utilized in electricity plants, industrial processes,
and for winter residential heating mainly in the northern cold regions of
China. It contributed 26.0% to PM; 5. A key marker for coal combustion
including SO%~ and CI~ has been reported in other researches (Liu et al.,
2016a). Besides coal combustion source (Abdalmogith and Harrison,
2006), ClI~ can also be derived from other sources such as sea salt,
biomass burning, and burning of solid waste on small properties espe-
cially in developing countries (Vasconcellos et al., 2007).

The third source was characterized by typical compositions of second
inorganic aerosol, which contributed 36.3% to total PM; 5. The major
species of second inorganic aerosol were NO3, SO3~ and NH{ (53.2%,
68.7% and 78.5% respectively). Many reports have suggested that NO3,
SO3~ and NH{ were mainly derived from gas-particle conversion pro-
cess. These second inorganic ions in aerosol were formed from the
photochemical process or other chemical processes. The contribution of
this factor to PMy 5 was the highest, and the higher fraction of WSIIs/
PMy 5 (46-48%) during the sampling period further showed that the
highest contribution of this factor to PM 5 was reasonable.

The fourth source was identified as biomass burning, with remark-
able K* (85.4%), Mg?" (42.8%) and Ca®" (76.1%). It contributed 19.2%
to PMys. K is a major component in the sintering plant stack, and it is



Y. Zhou et al. Atmospheric Environment 237 (2020) 117704

- concentration of species

—Ml— %of species

il [} dust - 90
0.1 -
0.01 -
1E-3 -
1E4
- coal combustion - 90
o1 1 e
1E-3 - 30
~ 1E-4 - -0 ~
o =
8 S
on 1 second 1mnorganic acrosol -90 o
= B 60 S0
= 0.01- -30 £
§ 1E3- > 5,
- 1E-4 - " ~g &
= A
5 1 4 _m biomass burnin - 90
2 0.1 - - 60
5 0.014 30
O 1E-34
1E-4 - Lo
1 4
0.1
0.01
1E-3 S
1E-4 -
F cr No, sOf K = Na G’ Mg" NH,
Fig. 7. Profile of five sources identified from EPA PMF 5.0.
I dust
I coal combustion
B second inorganic aerosol
Il biomass buning
[ sea salt
36.3%
19.2%
6.0%
0
26.0% R
PMZ.S
Fig. 8. Average source contributions (in percent) of each identified factor to PM; s mass in Kunming.
generally a valid indicator of biomass burning (Cheng et al., 2013). The fifth source, with the highest loadings of Na*, was identified as
Besides, K can be also originated from fossil fuel combustion, biogenic sea salt (88.8% to Na™ and 17.7% to Cl7). The contribution of the fifth
origin and dust (Souza et al., 2014). Mg>" and Ca®*, which are mainly source to PM; 5 was 6.0% on average. Considering that the Kunming is
derived from soil dust (Shen et al., 2010) and extremely influenced by an inland city, the poor correlations between Cl~ and Na™ inferred that
temperature and relative humidity, can be released into atmosphere chlorine depletion could occur by interaction with acidic species and
while biomass burning. aging during air masses transport (Mkoma et al., 2009).
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3.2.2. Annual variations in contributions of different sources

Time series of daily contributions from different sources were
exported from PMF 5.0 model. As illustrated in Fig. 9, annual variations
in contributions of five sources were reasonably and clearly documented
in this study. Higher temperature in warm season (Fig. 2d) could in-
crease the weathering efficiency to create more crustal elements. But the
contributions of first factor and the concentrations of F~ and Ca®" in
warm season were lower than those in cool season, which were attrib-
uted to the frequent precipitations and higher wind speed (Fig. 2a and
b). As for coal combustion, the higher contributions mainly appeared in
late autumn and winter due to the air pollutants transported from South
Asia (especially India) during this season (Section 3). From late autumn
to spring, the contributions of biomass burning observably increased
rather than in summer. It was ascribed to that air masses from South and
Southeast Asia (SEA) took the least proportion in summer (Fig. 10). The
contributions of secondary inorganic aerosol were relatively higher in
cold season than those in warm season. This seasonal variation pattern
was affected by precursor gas and atmosphere condition such as tem-
perature, humidity, insolation and solar radiation. In August, PM; 5 has
sustained high level (Fig. 3a), which was due to the enhancement of air-
particle transformation under strong solar radiation. There was no sig-
nificant difference in the contributions of sea salt throughout the year.
The contribution of sea salt to PMy 5 was the lowest, and the slight in-
crease of the concentrations of Na* in summer has no obvious effect on
the variations of PM, 5 in the whole year.

3.3. The backward trajectory analysis

As illustrated in Fig. 10, back-trajectory clustering results of air
masses in Kunming were calculated for different seasons. In autumn,
trajectory (1), (2), (3), (4) and (5) accounted for 36.2%, 24.2%, 15.4%,
19.8% and 4.4% of total trajectories, respectively. Trajectory (1) began
in the Burma. Trajectory (2) was derived from Laos. And trajectory (3)
was originated from the border between Vietnam and Guangxi province
and passed throng the west Guangxi and the north Vietnam before

autumn
(@)
3
0 Poutd\ o N
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arriving Kunming. Trajectories (1)-(3) originated from South and
Southeast Asia, where biomass burning was the dominant emission
source. Trajectories (4) and (5) came from adjacent northeast provinces,
Hunan, Guizhou and Sichuan.

In winter, the trajectories (6), (7), (8) and (9) accounted for 46.7%,
38.9%, 8.9% and 5.5% of total trajectories, respectively. Trajectory (6)
was originated from northeast India, passed through Bangladesh, Burma
before reaching Kunming, which showed the feature of long-distance air
transport in winter. Air pollutants might be brought via trajectory (6)
from South Asia (especially northeast India), where was considered as a
severe haze polluted area during winter. Trajectories (7), (8) and (9)
were derived from Burma, local Yunnan and southwest Chinese prov-
ince, respectively.

In spring, trajectories generally showed the same pattern as those in
winter. And the trajectories mainly originated from Bangladesh, north-
east India, Burma and south Yunnan province. Trajectories (10), (11),
(12) and (13) accounted for 31.5%, 46.8%, 15.2% and 6.5% of the total
trajectories, respectively.

In summer, the trajectories (14), (15), (16) and (17) were generated
from Burma, Laos, Guangxi and Guizhou province, and the contributions
from these four directions are comparable.

It was suggested that the prevailing westerlies showed the variations
for the latitude belt between 35°N and 40°N in cold season, and for the
belt 45°N ~50°N in warm season (Scherhag, 1948). Prevailing west-
erlies broke up into two branches when they passed through Pamir
Plateau in winter. One branch of the prevailing westerlies traveled along
the south rim of the Tibetan Plateau, and the rest one moved along the
north rim of the Tibetan Plateau (Yeh, 1957) (Fig. 1). It could be inferred
that the trajectories (6) and (10) were both produced by the south
branch of the prevailing westerlies and both of them could bring pol-
lutants from South Asia. Trajectory (6) was longer than trajectory (10)
while the prevailing westerlies were the strongest in winter and grad-
ually weakened in spring.

Every May to October, air masses from the Indian Ocean to the
mainland were brought by the India monsoon to form a rainy season,
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Fig. 9. Time series of daily contributions from each source from PMF model. (x-axis: date-month/day/year).
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while the northeast monsoon formed a dry season from October to May
next year (Fig. 1). In other words, driven by summer India monsoon, air
pollutants all around South Asia could be gathered to the mountain foot
of south Himalayas. Southern India has a long coastline and occasional
sea breezes are good for air circulation. The air pollutants gathered in
the mountain foot of south Himalayas during cold season reflected the
overall polluted characteristics of South Asia. Data from WHO (2016)
illustrated that India took up ten seats of the top eleven polluted cities
with high PM; 5 concentration in the world. Biomass burning during the
dry and cold season was regarded as the dominant emission in Southeast
Asia and the Indian sub-continent (Duc et al., 2016). But it seemed that
people have overlooked the emission from industry to some degree.
China and India are the top two consumers of coal in the world. With the
rapid development of urbanization and industrialization in India, the
massive construction of power plants sharply increased the consumption
of coal. From 2007 to 2016, SO, emissions from coal combustion have
declined by 75% in China owing to the application of desulfurization
process. However, the emissions of SO have increased by 50% in India.
India has surpassed China to be the largest emitter of anthropogenic SO,
since 2016 (Li et al., 2017a). The neglect of pollutant emission control
and lack of vigorous control over coal desulfurization have made India
one of the most polluted areas in the world.

It could be inferred from Figs. 9 and 10, air pollutants derived from
South Asia (especially India) were most likely to be brought to Kunming
by air masses from trajectory (6), and this was coincident with the sig-
nificant increase in factor contributions of coal combustion in winter
(Fig. 9b). Near the end of the cool and dry northeast monsoon before the
onset of the wet southwest monsoon and during the peak of the annual
agricultural biomass burning in SEA in March, a circulation loop of air
flow brought air pollutants from biomass burning in SEA to southern
China (Duc et al., 2016). In spring, it’s difficult for air masses from
trajectory (10) to bring pollutants emitted from coal combustion in India
to Kunming when prevailing westerlies gradually weakened. And the

10

sources of PMj 5 in Kunming were mainly affected by biomass burning
from South Asia and Southeast Asia this season. This corresponded to the
sharp decrease in the factor contributions of coal combustion and the
increase in factor contributions of biomass combustion simulated in our
PMF in spring (Fig. 9d). Generally, the persistent severe pollution in
India will have direct and profound impact on the air quality in the
urban area of Kunming.

4. Conclusion

The water-soluble inorganic ions of ambient PMj 5 from September
2017 to August 2018 were investigated in Kunming to better understand
the chemical characteristics, source categories and potential origin of
pollutants. The annual average concentration of PMy5 was 33.59 +
15.71 pg m~>. Except for Na*, the other major WSIIs showed the same
seasonal variation patterns as PMj 5, with higher concentrations in the
cool season than in the warm season. It could be inferred from the mass
ratio of NO3/S0%~ that there were fewer stationary sources and fewer
mobile sources in Kunming compared to other cities. The variations of
SOR illustrated that secondary formation of sulfate occurred every
season and was more efficient in spring. The values of NOR indicated
fairly weak secondary nitrate formation in four seasons.

Major sources of PMj 5 identified from positive matrix factorization
(PMF) model included secondary aerosol, coal combustion, biomass
burning, dust and sea salt, which contributed 36.3%, 26.0%, 19.2%,
12.5% and 6.0% to PM> s, respectively. The contributions of sea salt kept
unchanged for the whole year. Source ratio of coal combustion just
increased in late autumn and winter, and the contributions of other
sources were higher in cold season than those in warm season. Gener-
ally, coal combustion played a leading role in the source contribution of
PM, 5 in winter while biomass combustion was dominant in spring.

Seasonal back-trajectory clustering results were computed to track
the origin of air masses. In winter, air masses from South Asia (especially
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India) contained pollutants mainly derived from coal combustion could
be brought to Kunming by prevailing westerlies. In spring, the sources of
PM, 5 in Kunming were mainly affected by biomass burning from South
Asia and Southeast Asia when prevailing westerlies gradually weakened.
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