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• High loadings of fine particulate chlo-
ride are observed in inland urban areas
of China.

• Abundant inland chloride originates
from coal combustion and biomass
burning.

• Transport of plumes from inland pollut-
ed areas leads to elevated fine chloride
levels in coastal areas.

• The contribution of sea-salt aerosol to
fine particulate chloride is negligible in
inland areas even during summer.
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Particulate chloride can be converted to nitryl chloride (ClNO2) throughheterogeneous reactionswith dinitrogen
pentoxide (N2O5), and photolysis of ClNO2 affects atmospheric oxidative capacity. However, the characteristics
and sources of chloride, especially those with an anthropogenic origin, are poorly characterized, which makes
it difficult to evaluate the effects of ClNO2 on radical chemistry and air quality in polluted regions. Aerosol com-
position data from the literature were compiled to derive the spatial distributions of particulate chloride across
China, and hourly aerosol composition data collected at a highly polluted inland urban site in eastern China and
at a coastal site in southern China were analysed to gain further insights into non-oceanic sources of chloride. The
results show that particulate chloride is concentratedmainly in fine particles and that high chloride loadings are ob-
served in the inland urban areas of northern andwestern Chinawith higher Cl−/Na+mass ratios (2.46 to 5.00) than
seawater (1.81), indicative of significant contributions fromanthropogenic sources. At the inland urban site, thefine
chloride displays distinct seasonality,withhigher levels inwinter and summer. Correlation analysis andpositivema-
trix factorization (PMF) results indicate that coal combustion and residential biomass burning are themain sources
(84.8%) of fine chloride inwinter, and open biomass burning is themajor sources (52.7%) in summer. The transport
of plumes from inland polluted areas leads to elevated fine chloride in coastal areas. A simulation with WRF-Chem
model confirmed a minor contribution of sea-salt aerosol to fine chloride at the inland site during summer with
winds from the East Sea. The widespread sources of chloride, together with abundant NOx and ozone, suggest sig-
nificant ClNO2 production and subsequent enhanced photochemical processes over China.
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1. Introduction

Inorganic particulate chloride (Cl−) has long been known to be an
important component of aerosol in the maritime environment
(O'Dowd and De Leeuw, 2007; Erickson and Duce, 1988). In recent
years, it has attracted attention for its important roles in tropospheric
chemistry (Faxon and Allen, 2013; Saiz-Lopez and von Glasow, 2012).
Particulate chloride can be converted to nitryl chloride (ClNO2) via het-
erogeneous reactions with dinitrogen pentoxide (N2O5) on aerosol sur-
faces at night (Finlayson-Pitts et al., 1989).

Cl− pð Þ þ N2O5 gð Þ→ClNO2 gð Þ þNO3
− pð Þ ðR1Þ

ClNO2 produced in the nocturnal reaction can release highly reactive
chlorine radicals (Cl•) in the presence of sunlight (Riedel et al., 2012).

ClNO2 gð Þ þ hv→Cl˙þ NO2 gð Þ ðR2Þ

when present in the atmosphere, chlorine radicals play a crucial role in
atmospheric photochemistry analogous to that of hydroxyl radicals
(OH•), leading to the oxidation of volatile organic compounds and the
formation of ozone (Knipping and Dabdub, 2003; Platt et al., 2004;
Xue et al., 2015).

ClNO2 production is controlled by chloride concentrations within
particles and the availability of nitrogen oxides (NOX = NO + NO2) in
the atmosphere. Previous studies indicated that the significant produc-
tion of ClNO2 usually occurs in near-coastal urban areas, where sea salt
and NOX sources coexist. For instance, chloride activation via ClNO2 has
been found on the Gulf Coast of the United States (Osthoff et al., 2008),
in California (Riedel et al., 2012; Riedel et al., 2014) and in Hong Kong
(Tham et al., 2014; Wang et al., 2016). However, high levels of ClNO2

have also been observed in mid-continental regions removed from
oceans, such as Weld County, Colorado (Riedel et al., 2013), southeast
Texas (Faxon et al., 2015) and the North China Plain (Tham et al.,
2016; Wang et al., 2014; X. Wang et al., 2017). Thornton et al. (2010)
found abundant chloride in fine aerosol and rainwater obtained from
the national network of fine aerosol and precipitation in the United
States. These studies demonstrate that a considerable amount of aerosol
chloride is derived from non-marine sources that are able to sustain the
production of ClNO2 over large geophysical areas.

Particulate chloride in the boundary layer is generally considered to
come from sea salts that mainly exist in coarse mode (aerodynamic
diameter N 2.5 μm; PM2.5 – 10), such as NaCl. Keene et al. (1999) estimat-
ed that globally, 99% of particulate chloride emission is from oceans.
Particulate chloride also exists in fine mode (aerodynamic diameter
b 2.5 μm; PM2.5) originating from various anthropogenic activities. For
instance, industrial and power plant sources, such as coal combustion
and manufacturing plants for hydrochloric acid, paper and chlorine-
containing plastics emit chloride in industrial areas (Hara et al., 1989;
McCulloch et al., 1999). Watson et al. (2001) detected significant emis-
sions of laevoglucose, water soluble K+ and Cl− during vegetative burn-
ing. Pratt et al. (2011) indicated that biomass burning is an important
emission source of chloride, with particulate chloride existing primarily
in the form of KCl. Forest fires, crop-stalk burning, residual wood com-
bustion, and waste incineration emit not only carbonaceous aerosols
but also sulphates, nitrates, chloride and potassium salts (Clarke et al.,
2011; Hecobian et al., 2011; Li et al., 2012). Chloride observed in Toron-
to during winter has been attributed to the use of road salt (Lee et al.,
2003).

Several studies have investigated the sources of chloride in ambient
aerosols inmid-continental urban regions.Mielke et al. (2011) observed
persistent ClNO2 production (80 to 250 pptv) in Calgary, Canada, during
April 2010 and attributed the aerosol chloride to the photolysis of an-
thropogenic Cl2 and the suspension of road dust. Jordan et al. (2015)
sampled bulk high-volume aerosol and size-segregated aerosols and
suggested the contribution of soil dust to the observed particulate
chloride in north-central Colorado via analysis of back trajectories, geo-
graphic information, size-resolved aerosol composition and elemental
tracers. It is clear that the dominant sources of chloride vary among
study areas.

Fast-paced industrialisation and urbanisation in China have led to
severe atmospheric particulate matter (PM) pollution, and both PM10

and PM2.5 levels frequently exceed the national ambient air quality
standards (Chan and Yao, 2008; Yang et al., 2011). NOx and ozone pol-
lution are also serious in major urban/industrial regions (e.g., T. Wang
et al., 2017; Xue et al., 2014). Recent studies in southern and northern
China revealed high mixing ratios of ClNO2 (up to 4.7 ppb) associated
with non-oceanic chloride (Tham et al., 2016; Wang et al., 2016; X.
Wang et al., 2017; Li et al., 2016). To evaluate the production of ClNO2

and its effects under high-aerosol loading and the high NOx environ-
ment of China, it is important to understand the sources and abundance
of the poorly characterized non-oceanic chloride. In this study, we
reviewed hundreds of research reports on aerosol concentrations to ob-
tain a general picture of the geographic distribution of chloride and to
demonstrate the presence of significant non-oceanic sources in China.
We then analysed 1-year measurements of chloride in PM2.5, along
with size-resolved distributions at an inland urban site in northern
China and at a coastal site in southern China to shed light on the origins
of fine particulate chloride. The results of this study improve our under-
standing of chloride production and emissions and the atmospheric im-
pact of ClNO2 in China.

2. Material and methods

2.1. Compilation of reported particulate chloride concentrations

In the recent years, chloride in PM2.5 and PM10 at urban/non-urban
areas in China has been widely measured and reported along with
other major water-soluble ions (e.g., Cao et al., 2012; Chan and Yao,
2008; Yang et al., 2011). Most of these studies focused on major
water-soluble ions such as SO4

2−, NO3
− and NH4

+ because they make a
significant contribution to the total mass of particulates. However, the
sources of chloride have received little attention due to their relatively
small contribution to total mass loading. In this study, we compiled
the chloride data from published studies in internationally peer-
reviewed journals. Among 130 publications that reported PM composi-
tion in China, 23 articles that presented Cl− loadings in PM2.5 are includ-
ed in this paper (see Table A.1 in the Supplement). These 23 studies
were conducted at 82 sites (60 urban and 22 non-urban sites) in 16
large cities (8 inland and 8 coastal; see Fig. 1) and provided information
on the spatial distributions of particulate chloride across China. Four of
the 23 articles also reported the level of Cl− in PM10, giving valuable in-
formation on the size distributions of chloride among the sites. To ob-
tain the representative chloride level at a specific type of site in a
particular city, the chloride value was averaged when there was more
than one study.

2.2. Aerosol chloride content at one inland and one coastal site

The year-long ionic data, obtained from our previous field studies in
Jinan and Tung Chung, Hong Kong, were analysed in this study to gain
an understanding of the origins of particulate chloride in inland and
coastal environments. Jinan study was conducted during Dec 2007–
Oct 2008: 1 Dec 2007 to 3 Jan 2008 forwinter, 1–18 Apr 2008 for spring,
5–17 Jun for summer, and 12 Sep to 15 Oct 2008 for autumn; Tung
Chung study was carried out from Aug 2011 to May 2012: 3 Aug to 7
Sep 2011, 1 Nov to 3 Dec 2011, 18 Feb to 9 Mar 2012 and 1–31 May
2012, representing summer, autumn, winter and spring, respectively.
Wang et al. (2012) and Zhou et al. (2014) provide detailed descriptions
of the sites, aerosol sampling and chemical analysis for the two sites, re-
spectively. Briefly, Jinan is an inland city located in the centre of the
North China Plain (Fig. 1). The field experiments were conducted on



Fig. 1. Left: Locations of the 16 large cities for which particulate chloride concentrationswere measured and compiled in this study. Eight coastal cities aremarked in red, and eight inland
cities (at least 100 km from the nearest coastline) aremarked in green. Right: locations of the sampling sites in Jinan and Hong Kong (Tung Chung). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the campus of Shandong University (36°69′N, 117°06′E). The sampling
site is surrounded by teaching, residential and commercial buildings.
Tung Chung is a new town located in thewest of Hong Kong. It receives
air masses from the Pearl River Delta (PRD) and Hong Kong when
northerly winds and easterly winds prevail, respectively (Gao et al.,
2016; Xue et al., 2016).

The concentration of chloride in PM2.5 and the size distribution of
chloride were simultaneously measured at each site. Detailed informa-
tion about measurement techniques and quality control methods can
be found elsewhere (Cao et al., 2012; Gao et al., 2016; Wang et al.,
2012; Xu et al., 2011; Zhou et al., 2014). In brief, the concentration of
chloride in PM2.5was continuouslymeasuredwith an ambient ionmon-
itor (AIM,Model 9000B, URG Corporation, USA). The size distribution of
particulate chloride was obtained with a micro-orifice uniform deposit
impactor (MOUDI,MSP, USA). Size-resolved aerosol samples were sam-
pled every 3 to 7 days except for raining days. In total, data from 41 and
27 size-resolved particle sample days were obtained from Jinan and
Tung Chung, respectively. Water soluble inorganic ions were analysed
by ion chromatography (ICs-90, Dionex, USA).
Table 1
Chloride concentrations in PM2.5 and PM10 at various locations across China. (unit: μg m−3).

Location Type of site Study period PM2.5

Cl− Cl%

Beijinga Urban 2002–2003 summer 1.69 2.24%
Urban 2002–2003 winter 7.36 4.04%
Suburban Aug 2006–Sep 2009 2.80 2.06%

Dalianb Urban Feb–Mar 2002 1.96 2.90%
Qingdaob Urban Feb–Mar 2001 0.96 1.70%
Nanjingc Urban Feb–Dec 2001 1.08 0.34%
Guangzhoud Urban Jan–Feb 2002 2.70 2.98%

Urban Jun–Jul 2002 0.80 1.21%
Suburban Jan–Feb 2002 6.30 4.55%
Suburban Jun–Jul 2002 1.20 1.53%

Shenzhend Urban Jan–Feb 2002 2.10 3.45%
Urban Jun–Jul 2002 1.00 2.12%

Hong Kongd Urban Jan–Feb 2002 1.80 3.71%
Urban Jun–Jul 2002 0.40 1.30%

a Shen et al. (2011), Sun et al. (2004).
b Takami et al. (2006).
c Wang et al. (2003).
d Lai et al. (2007).
Trace gases and meteorological parameters were concurrently mea-
sured at the two sites. COwasmeasured with a non-dispersive infrared
analyser (Model 300E, API, USA), and SO2 was measured with a pulsed
UV fluorescence analyser (Model 43C, Thermo Electron Corporation,
USA). Meteorological data including temperature (T), relative humidity
(RH), and winds were obtained with automatic meteorological stations
(PC-3 and PC-4, JZYG, China).

2.3. PMF model

Positive matrix factorization (PMF) was applied to apportion contri-
butions to chloride in PM2.5 from different emission sources. PMF is a
factor-based receptor model based on multivariate statistical methods
that decompose a matrix of sample date into matrices (US EPA, 2014).
In this study, 245 × 11 matrix (sample number × 11 species) and 793
× 9 matrix date sets were introduced to PMF 5.0 to identify chloride
sources in Jinan in summer and winter, respectively. Note the inconfor-
mity of species number was due to instrument failure that resulted in
the absence of corresponding data. The detailed model settings and
PM10 Cl−(PM2.5)/Cl−(PM10)

Cl−/Na+ Cl− Cl% Cl−/Na+

− 2.29 1.53% − 0.74
− 9.66 3.30% − 0.76
− 3.70 1.81% − 0.76
1.32 2.70 2.91% 1.29 0.73
1.70 1.50 1.53% 1.50 0.64
0.46 1.51 0.48% 0.40 0.72
0.59 3.40 2.46% 0.63 0.79
0.23 2.50 2.43% 0.47 0.32
1.19 7.40 3.64% 1.37 0.85
0.32 2.50 1.93% 0.35 0.48
0.48 2.60 3.11% 0.47 0.81
0.28 2.70 3.60% 0.49 0.37
0.38 2.10 3.77% 0.39 0.86
0.13 1.00 2.59% 0.20 0.40



Fig. 2. Average chloride concentration as a function of size from the MOUDI sampler in different seasons in Jinan and Tung Chung.
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physical parameterisations can be found in the user manual (US EPA,
2014) and related literature (Yang et al., 2013; Yao et al., 2016).

2.4. WRF-Chem model

An updated version of theWeather Research and Forecastingmodel
coupledwith Chemistry (WRF-Chem), incorporating the heterogeneous
uptake process of nitrogen pentoxide (N2O5) and the subsequent pro-
duction of nitryl chloride (ClNO2) (Zhang et al., 2017) was used in this
study to simulate the contribution of sea-salt aerosol to the levels of
fine particulate chloride in the inland urban area. This model has been
applied to investigate the impacts of heterogeneous uptake of
dinitrogen pentoxide (N2O5) and Cl activation and potential sources of
nitrous acid (HONO) on ozone pollution (Zhang et al., 2017). In this
Fig. 3. Spatial distributions of chloride at urban locations in China. Average chloride concentration (
and coastal cities are marked in green and red, respectively. (For interpretation of the references
study, the simulation domain covered eastern China and the adjacent
oceanic areas with a grid resolution of 27 km. Sea-salt aerosol (Gong,
2003) was the sole chloride source considered in the simulation. The
parameterisation options of the WRF model, such as anthropogenic
and natural emissions, and meteorological and chemical simulations
in the updated WRF-Chem follow those in Zhang et al. (2017).

3. Results and discussion

3.1. Chloride loadings in fine and coarse particles

The concentrations of chloride in PM2.5 and PM10, and the PM2.5/
PM10 chloride ratios in seven areas are listed in Table 1 to identify the
distribution of chloride loading in fine and coarse particles. It can be
μgm−3), percentage of chloride in PM2.5 (Cl−%) and Cl−/Na+mass ratio are indicated. Inland
to colour in this figure legend, the reader is referred to the web version of this article.)



Table 2
Seasonal variations of chloride, sodium, Cl−/Na+ ratios and Cl− percentage in PM2.5 in
Ji'nan and Tung Chung (unit: μg m−3).

Spring Summer Autumn Winter Annual

Ji'nan
Cl− 1.77 3.25 1.41 8.98 3.85
Na+ 0.86 2.49 1.04 1.31 1.43
Cl−/Na+ 2.06 1.31 1.36 6.85 2.70
Cl− % 2.89 2.59 2.32 8.06 4.33

Tung Chung
Cl− 0.47 0.11 1.02 0.82 0.61
Na+ 0.63 0.37 0.66 0.90 0.64
Cl−/Na+ 0.75 0.30 1.55 0.91 0.95
Cl−% 5.37 4.08 6.15 5.38 5.24

Fig. 4. Comparison of chloride concentration (μg m−3), percentage of chloride in PM2.5, Cl− % and Cl−/Na+ mass ratio at paired urban/non-urban sites in representative cities.
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seen that the concentrations of chloride varied from 0.40 to 7.30 μgm−3

for PM2.5 and from 1.00 to 9.66 μg m−3 for PM10. The PM2.5/PM10 chlo-
ride ratios were N0.6 in inland cities (e.g., Beijing, Nanjing) and in coast-
al cities during winter (e.g., Dalian, Qingdao, Guangzhou, Shenzhen and
Hong Kong). In contrast, in summer, urban sites in the PRD, such as
Guangzhou, Shenzhen and Hong Kong, showed relatively low (0.32 to
0.48) PM2.5/PM10 ratios, reflecting the increased influence of sea-salt
aerosol during the summer monsoon (e.g., Wang et al., 2009).

Fig. 2 further depicts the variations of chloride with particle size at
the inland Jinan and coastal Tung Chung sites in different seasons. As
shown, the patterns of chloride size distributionswere consistent across
the four seasons for each site but differed greatly between the two sites.
Generally, three modes dominated the total mass distribution: a con-
densation mode (0.1 to 0.5 μm), a droplet mode (0.5 to 2 μm) and a
coarse mode (2 to 50 μm). At the inland urban site, the chloride was
concentrated in fine particles and peaked in the size range of 1.0 to 2.0
μm (i.e., the droplet mode), which had the largest mass fraction of the
total suspended particulate (TSP; 47%), followed by the coarse mode
(28%) and the condensationmode (25%). At the coastal site, the chloride
concentration exhibited sharp peaks in the coarsemode that accounted
for approximately 81% of the TSP. Compared with the coastal environ-
ment, the inland chloride was mostly concentrated in fine particles,
and the detailed signature of the fine chloride that underlies thisfinding
should be further explored.

3.2. Spatial distributions of fine chloride across China

Based on the 23 studies carried out in 16 large cities in China, the
levels of chloride in PM2.5 were assembled to obtain a general picture
of the geographical distribution of chloride, shown in Fig. 3. Averaged
chloride concentration, chloride percentage in PM2.5, and mass ratio of
chloride/sodium (i.e., Cl−/Na+) varied substantially over these 16 loca-
tions. There was a nearly seven-fold variation in the average chloride
concentration (0.77 to 5.23 μg m−3) across the sites. The highest chlo-
ride level (5.23 μg m−3) occurred in Xi'an, the capital city of Shaanxi
province. The lowest chloride concentration (0.77 μg m−3), appeared
in Hong Kong, a coastal city, but this was still 2 to 7 times higher than
the concentrations measured in other coastal regions (0.11 to 0.34
μg m−3), such as Yokohama (Khan et al., 2010) and Istanbul (Szigeti
et al., 2013). Inspection of the spatial distributions clearly indicated
that high chloride loadings were most common in northern and west-
ern China, wheremost cities had average chloride concentrations in ex-
cess of 2.30 μgm−3 (see Fig. 3). Note that the chloride loadings in inland
regions (e.g., Beijing, Jinan, Xi'an and Chongqing) were significantly
greater than those in coastal areas (e.g., Guangzhou, Shenzhen and
Hong Kong). Although Shanghai is also near the coast, it showed a
higher chloride abundance than the other coastal sites, which can be ex-
plained by the intensive industrial and commercial activities at this
megacity.

Themass ratio of Cl−/Na+ can be used as an indicator of the relative
contributions of natural sources (e.g., sea salt) or anthropogenic sources
to chloride. Sea salt contains Cl−, which tends to be replaced by acidic
compounds in the atmosphere and is thus subject to significant chloride
depletion (McInnes et al., 1994; Yao et al., 2003). However, Na+ is a
chemically conserved constituent of sea salt. Consequently, the ratio of
Cl− to Na+ in aged sea salt during the transport to inland regions is gen-
erally lower than that of sea water (1.81) (Goldberg, 1963). Inspection
of Cl−/Na+ ratios in these 16 large cities clearly indicated that inland
urban areas in northern and western China (e.g., Beijing, Chongqing
and Jinan) exhibited high Cl−/Na+ mass ratios (from 2.46 to 5), which
were 3 to 10 times those in the coastal cities Shenzhen, Guangzhou
and Hong Kong. This result reveals the significant contributions from
non-oceanic sources to atmospheric chloride in inland regions of China.

A further indication of anthropogenic sources of chloride can be seen
by comparing data from urban and rural sites within a region. Fig. 4 de-
picts the variations of chloride concentrations at paired urban/non-
urban sites in eight regions. The percentage of chloride in PM2.5 and
the Cl−/Na+ mass ratio at the urban sites are almost all higher than
those at non-urban sites in a given region, indicating the existence of
significant anthropogenic chloride sources in urban areas. Note that
Tai Cang, which is a semi-rural site near Shanghai, had a chloride



Table 3
Correlation coefficients (r) between chloride and othermajor ions in PM2.5 in spring, sum-
mer, autumn and winter in Ji'nan. Bold numbers indicate correlation coefficient (r N 0.6).

Season NO3
− SO4

2− Na+ NH4
+ K+ Mg2+ Ca2+

Spring Cl− 0.18 0.21 0.45 −0.02 0.59 0.15 0.08
Summer Cl− 0.73 0.37 −0.07 0.67 0.61 0.49 0.57
Autumn Cl− 0.38 0.06 0.28 0.17 0.40 0.31 0.11
Winter Cl− 0.57 0.73 0.74 0.78 0.82 0.32 0.47
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concentration comparable to that of Shanghai, which can be attributed
to the transport of pollutant plumes from urban Shanghai during the
sampling period and possibly local industrial sources (Pathak et al.,
2009; Xue et al., 2014). Overall, these results indicate the high chloride
loadings in the urban areas of northern and western China and suggest
the existence of significant anthropogenic sources of particulate
chloride.

3.3. Sources of chloride based on real-time data

3.3.1. Primary emissions from coal combustions and biomass burning
Table 2 compares the levels of chloride in PM2.5 for one whole year

and also in different seasons at the inland urban (Jinan) and coastal sub-
urban (Tung Chung) site. At the inland site, the annual average Cl− con-
centration of fine chloride was 3.85 μg m−3, which was more than
sixfold of thatmeasured at the coastal site (0.61 μgm−3). Themaximum
hourly fine chloride concentration (36.9 μg m−3), which is the highest
value recorded in open publications in China, was measured on 19
Fig. 5. (a) Time series of air pollutants observed inwinter in Jinan, (b) Scatter plot of Cl− and SO4
2

MODIS.
December 2007. The concentrations of chloride at the inland urban
site showed a clear seasonal pattern with 8.98 μg m−3 in winter, 3.25
μg m−3 in summer, 1.77 μg m−3 in spring and 1.41 μg m−3 in autumn.
The concentrations of chloride at the coastal site showed much smaller
seasonal changes with slightly higher levels in autumn.

To investigate the origins of high chloride loadings in the urban in-
land regions, the correlation coefficients between chloride and other
major ions (NO3

−, SO4
2−, Na+, NH4

+, K+, Mg2+ and Ca2+) in different
seasons were calculated for the urban Jinan site (see Table 3). The re-
sults showweak correlations between chloride and other ions in spring
and autumn. In comparison, thewinter chloridewas correlated strongly
with secondary formed ions (SO4

2−, NH4
+) and primary emission of Na+

and K+. SO2 (hence SO4
2−) comes mainly from coal burning, whilst fine

potassium (or K+/SO4
2− ratio) has been extensively used as an indicator

of biomass burning (Ma et al., 2003; Pratt et al., 2011;Wang et al., 2004;
Zhou et al., 2010). Note that although Cl− andNa+werewell correlated
in Jinan in winter, the influence of sea salt would be minimal because
the air masses generally come from the inland northwest in winter
(Xu et al., 2011), suggesting contributions of primary emissions from
coal and biomass burning to the high concentrations of chloride in
Jinan in winter. Fig. 5a shows an example of such influence in a time se-
ries of the concentrations of chloride and related chemical tracers from
2 to 28 December 2007. The chloride sustained high levels that fre-
quently exceeded 15 μg m−3 with high levels of SO4

2− and elevated
K+/SO4

2− ratios. The chloride concentrations were correlated and in-
creased positively with the SO4

2− concentration (r = 0.72, see Fig. 5b),
indicating that the abundant chloride mainly came from coal combus-
tion. Indeed, in winter, large amounts of coal are burned to heat
− inwinter and (c) correspondingfire counts over east-central China fromAqua and Terra
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homes in both urban and rural areas of northern China. The chloride
concentration also trackedwith that of K+/SO4

2−, pointing to the poten-
tial influence of biomass burning. However, there were no fire spots
over central-eastern China from 2 to 28 December 2007 according to
satellite data (http://firefly.geog.umd.edu/firemap/), as shown in
Fig. 5c. Hence, we suggest that residential biofuel combustion could be
the reason for the high levels of chloride and potassium.

Furthermore, the PMFmodel was used to quantitatively identify the
contributions of different sources to ambient chloride. Four resolved
source profiles for chloride and related ions in PM2.5 in winter are
shown in Fig. 7a. The first factor was characterized by high amounts of
Na+ and Mg2+, suggesting its relation to sea salt. The high loadings of
Ca2+ combined with Mg2+ and Cl− indicated that factor 2 was related
to soil dust (Yang et al., 2013). As to the third factor, the secondary for-
mation source was distinguished by high amounts of secondary formed
ions, i.e., NO3

− and NH4
+. Finally, based on the high SO4

2− and K+ levels,
whichwere important markers for coal and biomass burning, represen-
tatively (Ma et al., 2003; Platt et al., 2004), factor 4was identified as coal
and biomass burning. Obviously, among these four sources, coal and
biomass combustion contributed most (as high as 84.8%) to the partic-
ulate chloride, followed by the soil dust (15.2%). Therefore, we
interpreted the above results as evidence of significant contributions
of coal burning and residential biomass combustion to the high abun-
dance of chloride in winter in Jinan.

During summer, the fine chloride was well correlated (r N 0.6) with
secondary formed ions (NH4

+, NO3−) and primary emission of K+ (see
Table 3), which can be interpreted as a strong contribution from the
open-field burning of crop residues that has been observed in many
field studies in northern and eastern China (e.g., Guo et al., 2004;
Tham et al., 2016; Wang et al., 2002). An examination of the summer
data in Jinan revealed that high levels of chloride occurred in the first
part of the campaign, especially from 12 to 14 June 2008 (Fig. 6a). In
Fig. 6. (a) Time series of air pollutants observed in summer in Jinan and corresponding fire coun
June 2008.
the mornings of 12 to 14 June, the hourly concentration of fine chloride
peaked above 6 μgm−3 andwaswell correlated with K+/SO4

2− ratios (r
N 0.8; Figures not shown). Satellite data revealed concentrated fire dots
south of Jinan, and backward trajectories originated from the southeast
(Fig. 6b). The trajectories were calculated using the hybrid single-
particle Lagrangian integrated model (HYSPLIT v4.9; Draxler and
Rolph, 2016). These findings strongly suggest the influence of biomass
burning on fine chloride measured in Jinan on 12 to 14 June 2008.
Such inference is supported by the source profiles of chloride deduced
from PMF analysis in summer of Jinan (see Fig. 7b). Totally, five factors
were identified for chloride, tracer gases and related ions in PM2.5. Spe-
cifically, the first factor, recognized as secondary formation, was repre-
sented by secondary NO3

−, SO4
2− and NH4

+. The second factor was
dominated by high loadings of SO2 and SO4

2−, which are typical species
emitted from coal combustion. The third factor which could be attribut-
ed to soil dust had high levels of Ca2+,Mg2+ andNa+. The fourth factor,
characterized by high concentrations of F− and a median load of Cl−,
was considered to be an industrialmanufacture source. High concentra-
tion of F− was generally linked to industrial manufactures including
metal smelters and glass making (Pandey, 1981). The last factor was
characterized by a relatively high load of Cl− with a certain amount of
K+, indicating an origin of biomass burning (Ma et al., 2003). Of these
five sources, biomass burning and industrial manufacture contributed
to the particulate chloride, with biomass burning being the major
source contributor (52.7%). Therefore, based on the above correlation
and PMF analysis, we conclude that the polluted air plume mixed with
intensive biomass burning emissions contributed most to the high
levels of chloride recorded in summer in Jinan.

3.3.2. Anthropogenic impact on chloride in coastal Hong Kong
Although summertime atmospheric chloride in Hong Kong mainly

originated from sea salt associated with predominant winds from the
ts over east-central China fromAqua and TerraMODIS: (b) 12 to 14 June 2008; (c) 15 to 16

http://firefly.geog.umd.edu/firemap


Fig. 7. Source profiles of chloride and other tracer species deduced from PMF analysis in Jinan in (a) winter and (b) summer, respectively.
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oceans in summer, the influence of anthropogenic chloride sources can
still be seen during pollution episodes when winds shifted to northerly.
Fig. 8a shows such a case depicting the time series of data collected at
Tung Chung from 4 August to 7 September 2011. Severe aerosol (and
ozone) pollution occurred from 25 to 31 August 2011 (Zhou et al.,
2014; Xue et al., 2016). As shown in Fig. 8a, the concentrations of Cl−,
SO4

2−, Na+, NH4
+, K+ and SO2 were lower before 24 August, which is

consistent with back trajectories indicating winds from above oceans
(Fig. 8b). Then, when winds shifted to northerly from the inland PRD,
a significant increase in chloride and other species was observed with
chloride reaching 0.44 μg m−3 in the early afternoon of 25 August,
whichwas almost four times greater than the average summer chloride
concentration of 0.11 μg m−3 in Tung Chung (see Table 2). A case cap-
tured during winter (1 to 3 March 2013) also provides evidence of the
important anthropogenic impact on chloride (see Fig. A.1). These find-
ings demonstrate that even in coastal urban areas, the influence of an-
thropogenic sources can be significant.
Fig. 8. (a) Time series of air pollutants observed in summer in Tung Chung; (b) Back trajectories
ing themonthlymean OMI-derived NO2 column density in August 2011 (http://www.temis.nl/
the reader is referred to the web version of this article.)
3.4. The influence of sea salt in inland regions

As noted above, elevated levels of chloride have been observed in
Jinan and other inland sites. The Jinan site is around 200 km from the
nearest coast. In summer, dominant winds in the NCP are south-
easterly (Gao et al., 2011), which may carry sea salt to inland regions.
To quantify the potential influence of oceans on chloride, an updated
WRF-Chemmodel (Zhang et al., 2017) was used to calculate the concen-
trations of Cl− andNa+ in easternChina on10 to 16 June2008,whenhigh
levels of Cl− and Na+were simultaneously observed at the Jinan site (see
Fig. 6a–c). We simulated both fine and coarse chloride with an assump-
tion of emission from oceans being the sole chloride source.

Fig. 9 showsmodel-simulated spatial distributions of average values
of Cl−, Na+ and Cl−/Na+ mass ratios form 10 to 16 June 2008. It is ap-
parent that both coarse mode Cl− and Na+ from sea spray are concen-
trated in coastal regions and make a limited contribution to inland
regions due to quick deposition (Sander et al., 2013). The simulated
before, during and after the episodic period (i.e., 25 to 31 August 2011)with colour show-
airpollution/no2.html). (For interpretation of the references to colour in this figure legend,

http://www.temis.nl/airpollution/no2.html


Fig. 9.WRF-Chem simulated spatial distributions of (a) finemode Cl− (μg m−3), (b) coarse model Cl− (μg m−3), (c) finemode Na+ (μg m−3), (d) coarse model Na+ (μg m−3), (e) mass
ratios of fine Cl−/fine Na+ and (f) mass ratios of coarse Cl−/coarse Na+ in China from June 10 to 16 2008.
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Cl−/Na+ mass ratios in fine aerosols are comparable to those in coarse
aerosols in coastal regions, but much higher than those in coarse aero-
sols in inland regions. The simulated PM2.5 chloride concentration
from sea salt was 0.25 μg m−3, much lower than the observed Cl− con-
centration in Jinan (averaged value = 3.21 μg m−3 from 10 to 16 June
2008). This result indicates that sea salt makes a very limited contribu-
tion to the Jinan site and has an even smaller effect on areas further in-
land and confirms the existence of significant non-oceanic sources in
large continental regions of China.

4. Conclusions

Based on aerosol composition data from the literature and our own
observations, the spatial distributions of particulate chloride across
China and possible sources have been investigated. The results show
that the particulate chloride was mainly concentrated in fine particles
in inland areas. High chloride abundance and Cl−/Na+ mass ratios usu-
ally appeared in the cities in northern andwestern China, indicating the
existence of non-oceanic chloride. At the inland urban site of Jinan, the
fine chloride particles were at high levels and exhibited distinct season-
al variation, with the average chloride concentrations in winter and
summer being higher than those in other seasons. Coal combustion
and residential biomass burning contributed significantly (84.8%) to
chloride in winter and open biomass burning contributed to the high
levels of chloride (52.7%) in summer. The contribution of anthropogenic
chloride is also evident in coastal Hong Kong when air masses come
from inland China. WRF-Chem model calculations confirm the negligi-
ble contribution of sea salt to atmospheric chloride and the existence
of strong anthropogenic chloride sources in inland areas. In view of
the widespread chloride sources and the high levels of ozone and NOx

in urban regions of China, we propose that rapid chlorine activation
and enhanced oxidation by chlorine radicalsmay occur in these regions,
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and we suggest that an accurate chloride emission inventory for China,
which currently does not exist, should be developed to evaluate the ef-
fects of chlorine activation on ozone and haze pollution in China.
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