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a b s t r a c t

PM2.5 with its major chemical components were measured and analyzed during a concurrent haze in Jan.
1e19, 2013 at three sites (Shanghai, Beijing, and Huaniao, a remote isle over the East China Sea) to probe
the sources and formation process of such a severe haze over three typical regions in China. The mean
PM2.5 concentrations during the severely polluted days reached 180.8 mg m�3, 299.2 mg m�3, and
131.1 mg m�3 in Shanghai, Beijing, and the Huaniao Isle, respectively. The mass ratio of the sum of SO4

2�,
NO3

�, and NH4
þ to PM2.5 were over 1/3 during the polluted days at all the three sites. Promoted gas-to-

particle transformations from acidic SO2 and NOx to SO4
2� and NO3

� under high relative humidity
conditions played a major role in the formation of this severe haze. Significant contribution of traffic
emissions to the haze formation over China was suggested to be one of the major sources in triggering
the heavy haze over China. Specifically, there was a more contribution from traffic in Shanghai than in
Beijing as indicated by the higher NO3

�=SO4
2� ratio in Shanghai. In Beijing, the enhanced coal com-

bustion for winter heating along with the traffic emission was suggested to be the major two sources of
this haze episode. Typical pollution elements such as As, Cd, and Pb as well as Cl� and Kþ were sub-
stantially enhanced in the severely polluted days. Although the Huaniao Isle is located in the remote
oceanic area as a background site, pollution elements, secondary ions, and Kþ all increased substantially
during the polluted days. As visualized by the backward air mass trajectories associated with the po-
tential source region identification technique, air masses that passed over Northern China and Yangtze
River Delta evidently invaded the offshore areas of Eastern China. The ratios of As, Cd, Cu, Zn, and Kþ to Al
at the Huaniao Isle were closer to those of Beijing rather than Shanghai, indicating that the marine
aerosol over the East China Sea had been significantly polluted via the long-range transport of anthro-
pogenic pollutants originating from Northern China.

© 2015 Elsevier Ltd. All rights reserved.
Zhuang), khuang7@utk.edu
1. Introduction

Haze, mostly caused by high concentrations of fine particles in
atmosphere, has attracted worldwide attention in recent years due
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to its adverse effects on visibility (Chen et al., 2003), public health
(Zhang et al., 2014b), and climate change (Menon et al., 2002). Due
to the rapid economic development, urbanization, and motoriza-
tion, haze frequently occurred in China during the past decade,
especially in those densely populated regions such as the Bei-
jingeTianjineHebei region (BTH), the Yangtze River Delta (YRD),
and the Pearl River Delta (PRD). Since January 2013, several severe
haze episodes occurred over Northern and Eastern China. PM2.5
concentrations in these episodes were in hazardous levels that
directly threatened transportation and public health. Thus, it
should be urgent to understand the sources and formation mech-
anisms of haze and assess its impacts on human health and climate
change for the purpose of sound emissions control strategies.

Haze is closely related to the large emissions of sulfur dioxide
(SO2), nitrogen oxides (NOx), volatile organic compounds (VOCs),
and particulate matter (PM) from anthropogenic activities such as
industries, traffic transportation, power plants, and biomass
burning. In China, coal is the dominant fuel used for energy pro-
duction, and coal combustion is the major source of SO2 emissions.
Meanwhile, the rapid increase of motor vehicles has become amore
and more significant contributor to the NOx and PM emissions in
urban areas (Lang et al., 2012). The dominant sources and formation
mechanisms of haze vary among different seasons. The open
burning of biomass contributes significantly to the haze pollution
during the post-harvest seasons, i.e., MayeJune and OctobereNo-
vember (Cheng et al., 2014; Huang et al., 2012), while coal com-
bustion plays a major role in the formation of haze in winter,
particularly in those areas where coal is largely used for heating
(Sun et al., 2013b; Zhao et al., 2013b). The gas-to-particle trans-
formation of those pollution gases SO2, NOx, and VOCs is another
major factor influencing the formation of haze. During haze epi-
sodes, secondary components NO3

�, SO4
2�, NH4

þ together with
organic matter always substantially increase (Zhao et al., 2013c),
and become the most abundant components in aerosols (Kang
et al., 2004; Tan et al., 2009). The sum of NO3

�, SO4
2�, and NH4

þ

can even account for 77% of the total PM2.5 mass during haze days
(Huang et al., 2012). Over the North China Plain, it is found that the
reaction of photo-excited NO2

* with water vapor, the NO2 hetero-
geneous reactions on aerosol surfaces, and direct emissions of
nitrous acid (HONO) play an important role in the formation of
NO3

� and NH4
þ (An et al., 2013) and visibility degradation (Li et al.,

2014). Heterogeneous chemical processing could change the
oxidizing capacity of the atmosphere, aerosol chemical composi-
tion as well as optical properties (Zhu et al., 2010). In addition,
unfavorable meteorological conditions can easily trigger the for-
mation of haze (Meng et al., 2000; Sun et al., 2006). Haze frequently
occurs under stagnant weather conditions where atmospheric
pollutants are trapped and substantially increased (Zhang et al.,
2014a; Zhao et al., 2013c). Meanwhile, high relative humidity fa-
vors the gas-to-particle transformation of pollution gases (Sun
et al., 2013a), which contributes significantly to haze pollution.

Haze pollution is not a local environmental issue. Both local
emission and regional transport contribute to haze formation. Due
to the East Asian monsoon, air pollutants can be transported far
away and impact greatly on the air quality of those downstream
areas (Hsu et al., 2009). Along with the regional transport of air
pollutants, haze pollution can be geographically extended even to
those areas with few local pollution emissions (Zhao et al., 2013c).

In January 2013, an extremely severe haze shrouded over
northern and eastern China, which lasted for about a week from
Jan. 9 to 16. During this episode, the hourly PM2.5 concentrations in
many cities much exceeded the upper limit of the Air Quality Index,
and the visibility was extremely low that caused cancellation of
flights (http://www.theguardian.com/world/2013/feb/16/chinese-
struggle-through-airpocalypse-smog). This severe haze pollution
has attracted great attentions of the public, government, and at-
mospheric researchers in China. Zhang et al. (2014a) studied the
meteorological conditions during this haze pollution, and the re-
sults showed that a weak East Asian winter monsoon existed in
January and the weakened surface winds favored the formation of
fog and haze in eastern China. Based on an intensive aerosol and
trace gases observation at eleven sites, Wang et al. (2014c) identi-
fied this haze episode over BTH. The quick transformation of
pollution gases to aerosols was suggested to be the internal cause of
this severe haze pollution. In Beijing, high sulfur and nitrogen
oxidation ratios were found, further indicating that the secondary
transformation was a major contributor to the haze formation (Ji
et al., 2014). With ACSM (Aerosol Chemical Speciation Monitor)
observation, Sun et al. (2014) investigated the sources and chemical
evolution of this haze over Beijing, and the results showed coal
combustionwas the largest source of primary organic aerosol (OA),
which on average accounted for 20e32% of OA, and regional
transport contributed significantly to the formation of this haze.
Model simulation also indicated that regional transport played an
important role in the formation of this regional haze over BTH
(Wang et al., 2014b, 2014d). During Jan. 14e16, 2013, about 25% of
the elemental carbon particles in Nanjing were from the regional
transport (Wang et al., 2014a).

Most studies related to this notorious haze focused on one
specific site, e.g. Beijing. However, this haze was evidently not a
local phenomenon but had much more profound influences in a
widespread regional scale that the coverage of this haze reached
over 1.4 million km2 of China's territory. The extent of the regional
impacts of such a haze and how this severe haze could impact on
such a wide region has been rarely reported. In this regard, we
investigate this notorious haze that hovered over a large geographic
region at three monitoring sites, including two urban sites, i.e.
Beijing, Shanghai, and a remote site over the East China Sea, the
Huaniao Isle. PM2.5 with its major chemical components were
measured and analyzed during this concurrent severe haze in Jan.
1e19, 2013 synchronously at these three sites to reveal the source
and formation process of such a severe haze in the three typical
regions in China. In particular, the relative contributions of sta-
tionary vs. mobile sources and regional transport of air pollutants
were explored.
2. Method

2.1. Field observation

PM2.5 samples were collected in Shanghai (a representative site
of the Yangtze River Delta region), Beijing (a representative site of
the BeijingeTianjineHebei region), and the Huaniao Isle over the
East China Sea (a representative site of the remote areas over the
ocean) during Jan. 1e19, 2013. The locations and the detailed in-
formation of the three sampling sites are marked in Fig. 1 and
presented in Table 1. Aerosol samples were collected for 24 h
(normally from 10:00 AM to 10:00 AM of the next day) on What-
man 41 filters (Whatman Inc., Maidstone, UK) by medium-volume
samplers (Qingdao Hengyuan Science &Technology Development
Co., Ltd.; model: HY-100 PM2.5; flow rate: 100 l min�1). More
samples were collected in those severe haze days. All the samples
were put in polyethylene plastic bags immediately after sampling
and then reserved in a refrigerator. All the filters were weighed
before and after sampling using an analytical balance (model:
Sartorius 2004MP; reading precision: 10 mg) after stabilizing under
constant temperature (20 ± 1 �C) and humidity (40 ± 2%) in a
chamber for over 48 h. All the procedures were strictly quality
controlled to avoid the possible contamination of the samples.

http://www.theguardian.com/world/2013/feb/16/chinese-struggle-through-airpocalypse-smog
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Fig. 1. (a) Locations of the three sampling sites (Beijing, Shanghai and the Huaniao isle) in this study (b) the enlarged map showing the location of the Huaniao isle over the East
China Sea (the background map is from Google Earth).
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2.2. Chemical analysis

2.2.1. Ion analysis
One fourth of each aerosol sample and the blank filter were

extracted ultrasonically by 20 ml deionized water (18 MU cm�1).
Inorganic ions Naþ, NH4

þ, Kþ, Mg2þ, Ca2þ, SO4
2�, NO3

�, and Cl�

were analyzed by an Ion Chromatography (IC; Dionex ICS 3000,
USA) with separation columns of Dionex Ionpac AS 11 for anion and
Dionex Ionpac CS 12A for cation as well as guard columns, a self-
regenerating suppressed conductivity detector of Dionex Ionpac
ED50, and a gradient pump of Dionex Ionpac GP50. The procedures
were described in detail by Yuan et al. (2003).

2.2.2. Element analysis
Half of each aerosol sample and the blank filters were digested

at 180 �C for 30 min in a high pressure Teflon digestion vessel with
8 ml concentrated HNO3, and 0.6 ml concentrated HF by a Micro-
wave Accelerated Reaction System (MARS 5; CEM, USA). The solu-
tions were dried, and then diluted to 10 ml with 0.2 ml
concentrated HNO3 and deionized water (18 MU cm�1). Total 13
elements (Al, Fe, Mn, Ti, Ni, Cu, P, Pb, Zn, Cd, V, Sr, and As) were
measured by an inductively coupled plasma optical emission
spectroscopy (ICP-OES; SPECTRO, Germany). The detailed analytical
procedures were given elsewhere (Guo et al., 2014).

2.3. Daily PM10 and meteorological data

Air pollution index (API) data in 120 cities over China were
downloaded from the data center of Ministry of Environmental
Protection of China (http://datacenter.mep.gov.cn/). API was then
converted to PM10 concentration according to the following
formula:

C ¼ Clow þ
h
ðI� IlowÞ

.�
Ihigh � Ilow

�i
�
�
Chigh � Clow

�
;

where C is the concentration of PM10 and I is the API value of PM10;
Ihigh and Ilow, the two values that the most approaching to value I in
Table 1
Detailed information of the three sampling sites.

Site Site description

Beijing (BJ) (39�540 N,116�240 E) Urban site; residential, traffi
Beijing University of Techno

Shanghai (SH) (31�180 N, 121�300 E) Urban site; residential, traffi
in Fudan University.

Huaniao Isle (HN) (30�510 N,122�400 E) Remote site with a total pop
the roof of a 16 m-tall light
the API grading limited value table, stand for the value larger and
lower than I, respectively; Chigh and Clow represent the PM10 con-
centration corresponding to Ihigh and Ilow, respectively.

The meteorological data, including wind speed, wind direction,
etc., were obtained from the National Climatic Data Center (NCDC).
3. Results and discussion

3.1. Regional occurrence of severe haze

Fig. 2 depicts the spatiotemporal variation of an extremely se-
vere haze episode as indicated by the daily PM10 concentrations
over 120 Chinese cities during Jan. 9e17, 2013. The spatial pattern
of PM10 showed that the most severe pollution occurred over
Northern China, including Beijing, Tianjin, Hebei, Henan, and
Shandong provinces. During Jan. 9e14, the PM10 concentrations in
the cities of Beijing, Tianjin, Baoding, Tangshan, Shijiazhuang, and
Handan were mostly higher than 500 mg m�3, or even up to
600 mgm�3 (the highest concentration recorded by the API of PM10)
at some areas. It was reported that the hourly PM2.5 concentrations
in Beijing even reached over 900 mg m�3 during this episode
(http://cleanairinitiative.org/portal/node/11599; http://www.
chinadaily.com.cn/hqpl/zggc/2013-01-14/content_8024128.html).
The air quality in Northern China was crazy bad during this period.
In central China regions, such as Anhui, Hunan, and Hubei prov-
inces, PM10 concentrations with daily values of more than
150 mg m�3 were observed during Jan. 9e14, while even higher of
more than 200 mg m�3 during Jan. 10e15. This high pollution
stretched southward to YRD, where daily PM10 concentrations were
mostly higher than 150 mg m�3 during Jan. 12e16. In Shanghai, the
hourly PM2.5 concentrations frequently exceeded 200 mg m�3 and
daily PM2.5 in Hangzhou ranged from 170 to 200 mg m�3 on Jan. 12,
13, and 15, indicating the concurrent severe air pollution over YRD.
Overall, more than 17 provinces were influenced by this severe air
pollution, covering a widespread territory of China with more than
1.4 million km2. In the following discussions, the characteristics of
PM2.5 in the three representative sites, i.e. Beijing in Northern
c; Aerosol samples were collected on the roof of a 20 m-tall teaching building in
logy.
c; Aerosol samples were collected on the roof of a 20 m-tall teaching building

ulation of 2431 and a land area of 3.28 km2; Aerosol samples were collected on
house.
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Fig. 2. PM10 concentration (mg m�3) in 120 cities over China during Jan. 9e17 (PM10 concentration and the corresponding air pollution level are presented in color. Blue, green,
yellow, cyan, khaki, red, and purple present excellent, good, slightly polluted, lightly polluted, moderately polluted, heavily polluted, and severely polluted day, respectively, when
the PM10 concentrations are in the range of 0e0.05 mg m�3, 0.05e0.15 mg m�3, 0.15e0.25 mg m�3, 0.15e0.35 mg m�3, 0.35e0.385 mg m�3, 0.385e0.42 mg m�3, >0.42 mg m�3,
according to the air pollution index.). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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China, Shanghai in Eastern China, and a remote site, the Huaniao
Isle over the East China Sea, were analyzed to reveal the sources
and formation processes of this severe episode.

Fig. 3 shows the time series of daily PM2.5 and major meteoro-
logical parameters from Jan.1e19 in Shanghai (SH), Beijing (BJ), and
the Huaniao Isle (HN), respectively. According to the Chinese Na-
tional Air Quality Standards II (the daily average of 75 mg m�3 is the
threshold), daily PM2.5 concentrations lower than 75 mg m�3 were
regarded as normal days (ND), i.e. Jan. 3e10 (excluding the rainy
days on Jan. 6e7) in Shanghai (ND_SH), Jan. 1e5 in Beijing (ND_BJ),
and Jan. 1e11 (excluding the rainy days on Jan 6e7 and 9) at the
Huaniao Isle (ND_HN). In Shanghai, Jan. 12e15 was identified as the
most severe air pollution days (PD_SH), when the visibility was
mostly below 5 kmwith themean PM2.5 concentration of as high as
180.8 mg m�3 (Fig. 3a), more than twice of Chinese National Air
Quality Standards II. On the first day of SH_PD (Jan. 12), weak wind
(2.0 ± 1.0 m s�1) was observed and PM2.5 concentration reached
201.2 mg m�3. On Jan. 14 when the wind speed increased to
3.1 ± 1.3m s�1, PM2.5 showed a corresponding drop to 129.1 mgm�3.
During these days, winds mainly prevailed from the north, north-
west and northeast. On Jan. 16 when the wind direction changed
from the south with increased wind speed of 4.8 ± 0.7 m s�1, hourly
PM2.5 increased again to be higher than 200 mg m�3, implying
different sources for haze among the days during PD_SH. Overall,
the mean relative humidity, wind speed, and mixing height during
PD_SH reached 79.9%, 3.0 m s�1, and 386 m, indicating more
unfavorable synoptic condition as compared to those of 70.1%, 3.8
m s�1, and 652 m during ND_SH.

In Beijing (Fig. 3b), the wind speed decreased from
4.4 ± 2.3m s�1 on Jan. 8 to 2.1 ± 1.2 m s�1 on Jan. 9, correspondingly
the PM2.5 concentration increased from 40.1 mgm�3 to 92.7 mg m�3.
In the meantime, wind direction changed from north and northeast
to southwest, potentially bringing air pollutants from Beijing's
neighboring Hebei province, which had been highly polluted due to
intense local industrial activities (Wang et al., 2014d). On the early
morning of Jan.10, visibility rapidly degraded to be lower than 5 km
(mostly lower than 2 km) with greatly enhanced humidity.
Accordingly, the PM2.5 concentration sharply increased to be
286.9 mg m�3, and stayed at high concentrations of more than
200 mg m�3 until Jan. 13, with a maximum of 413.0 mg m�3 on Jan.
12. Jan. 10e13 was identified as the most severely polluted days in
Beijing (PD_BJ). During this period, the mean mixing layer height
was only 133 m with high relative humidity of 77.6%, which was
attributed to the frequent occurrences of fog events (Sun et al.,
2014; Huang et al., 2014). The mean PM2.5 concentration during
PD_BJ reached 299.2 mg m�3, which was about 7 times of that
during ND_BJ (43.3 mgm�3), andmore than 8 times of U.S. EPA daily
standard (35 mg m�3) and 4 times of Chinese National Air Quality
Standards II, revealing the air quality was extremely severe during
this period.

Compared to the severe air pollution of these mega-cities, the
Huaniao Isle evidently showed much better air quality considering



Fig. 3. Time series of PM2.5 daily concentration, hourly ambient temperature, relative humidity, wind speed/direction, visibility and 3-hourly mixing layer height (computed from
the NCEP Global Data Assimilation System (GDAS) model, http://ready.arl.noaa.gov/READYamet.php) in (a) Shanghai, (b) Beijing, and (c) the Huaniao Isle during Jan. 1e19 (the
missing PM2.5 data is due to raining or the maintenance of samplers).
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the fact that there were negligible local emission sources there.
Wind speeds were obviously higher of 4.2 ± 1.5 m s�1 and the wind
directionwas dominantly from the north (Fig. 3c). However, within
the same period of the heavy air pollution as Shanghai on Jan.
14e16 (PD_HN), the mean PM2.5 concentration at the Huaniao Isle
still reached to be 131.1 mg m�3 with the lowest visibility of 3 km
during the whole study period. This indicated that even the remote
areas could not be exempted from this widespread haze pollution.

3.2. Chemical evolution and sources of the haze at three typical
sites

3.2.1. Shanghai
Fig. 4a shows the time-series of major water-soluble ions in

Shanghai. The sum of all ions measured substantially increased
during PD_SH, which, on average, accounted for 45% of PM2.5,
compared to that of 39% during ND_SH. As the most abundant ions,
SO4

2�, NO3
�, and NH4

þ increased substantially from 9.2, 9.2, and
4.9 mg m�3 during ND_SH to 25.7, 37.3, and 14.8 mg m�3 during
PD_SH, respectively. As a result, the mass ratio of the sum of SO4

2�,
NO3

�, and NH4
þ (SNA) to PM2.5 increased from 35% during ND_SH

to 43% during PD_SH. The concentration of NO3
� was comparable

to that of SO4
2� during ND_SH, while during PD_SH NO3

� even
exceeded SO4

2�. The mass ratios of PD_SH versus ND_SH for SO4
2�,
NO3
�, and NH4

þ were around 3, 5, and 3, respectively, indicating
NO3

� enhanced the most among the three species during the
polluted days. The significant increase of NO3

� probably suggested
that the NOx emissions increased the most as compared to other
pollutants under the same synoptic system. Fig. S1 shows the daily
mass ratio of NO2/SO2 for the whole Shanghai city during the study
period. It is clearly shown that during the pollution episode (Jan.
11e15) in Shanghai, the NO2/SO2 ratios (except for Jan. 12) were
much higher than the other days. The average NO2/SO2 ratio during
the pollution episode reached 2.9 compared to that of 1.7 during
the other days. Power plants and industries were emission sources
for both SO2 and NO2. If the pollution episodewasmainly caused by
either of these two emission sectors or both of them, the increases
of emission rates of power plants and industries shouldn't greatly
change the ratios of NO2/SO2, i.e. should be as similar as those non-
polluted days. However, the enhanced NO2/SO2 ratios during the
polluted episode indicated an evident perturbation from other
emission sources. As the transportation emission sector is the
major source for NOx but not for SO2, we think the more increase of
NO3

� than SO4
2� should be partly due to the enhanced contribu-

tion from the transportation sector to the total NOx emissions. As
the residential winter heating facilities were rarely built in South-
ern China, the emission from coal combustion in winter should not
have much difference compared to that in other seasons, and, in

http://ready.arl.noaa.gov/READYamet.php


Fig. 4. Time-series of major water-soluble ions in PM2.5 in (a) Shanghai, (b) Beijing,
and (c) the Huaniao Isle.

Fig. 5. Relationship between NH4
þ (neq m�3) and the sum of SO4

2� and NO3
�

(neq m�3) in (a) Shanghai, (b) Beijing, and (c) the Huaniao Isle, respectively. All the
scatters are color coded by relative humidity (RH, %). The 1:1 line is plotted in the
figure as reference. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this article.)
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turn, the significant increase of NO3
� was more ascribed to vehicle

emission. Compared to NO3
�, the increases of non-sea-salt (nss)

Cl� and Kþ during PD_SH, which were estimated based on the
assumption that all Naþ was from the marine source using the
marine equivalent Cl�/Naþ ratio of 1.17 and Kþ/Naþ ratio of 0.022,
were moderate of about 2-folds. Particulate Cl� was mostly asso-
ciated with coal combustion in winter (Yao et al., 2002). Kþ was
regarded as a typical tracer for aerosols emitted from biomass
burning (Andreae, 1983), however, it could also be enriched in the
particles from coal combustion (Hsu et al., 2009; Takuwa et al.,
2006). The characteristics of both Cl� and Kþ indicated that the
contributions from either biofuels usage or coal combustion to the
haze were less significant than traffic emission in Shanghai. As for
Ca2þ during the severe haze episode, it was enhanced about 3.6
folds in Shanghai than that of 1.4 folds in Beijing which will be
discussed below, implying that the role of traffic emission in the
haze formation was more prominent in Shanghai since a consid-
erable part of Ca2þ derived from the re-suspended road dust due to
traffic running in the urban sites.

The equivalent ratio of anions to cations measured in Shanghai,
i.e. ð½NO3

�� þ 2½SO4
2�� þ ½Cl��Þ to ð½NH4

þ� þ ½Naþ� þ ½Kþ�þ
2½Mg2þ� þ 2½Ca2þ�Þ, ranged from 1.1 to 1.3 during the whole study
period, revealing that Shanghai was in the ammonium-poor envi-
ronment inwinter and the aerosols were weakly acidic. The relative
humidity (RH) during the whole study period was overall above
60%, suggesting the aqueous-phase chemical processing should be
ubiquitous during both ND_SH and PD_SH days. Fig. 5 shows the
relationship between NH4

þ and the sum of SO4
2� and NO3

� under
different RH at the three sites. The units of all species are equivalent
concentrations (meq m�3) and all the scatters are color coded by RH
in Fig. 5. The ratio of ð½NO3

�� þ 2½SO4
2��Þ=½NH4

þ� in Shanghai
(Fig. 5a) did not show difference as distinct as in Beijing (Fig. 5b),
which would suggest that the neutralization effect of NH3 to the
acids was similar between ND_SH and PD_SH days. This wasmainly
due to that the fluctuation of RH in Shanghai was not as strong as in
Beijing. However, the ratio of ð½NO3

�� þ 2½SO4
2��Þ=½NH4

þ� was
lower in PD_SH than that in PD_BJ, whichmeant that the fraction of



Fig. 6. Enrichment factors (EFs) of elements in normal days (ND) and in the severely
polluted days (PD) in Shanghai (SH), Beijing (BJ), and the Huaniao Isle (HN).
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those acidic components, e.g. HNO3 and H2SO4, the oxidation
products from NOx and SO2, neutralized by NH3 was greater in
Shanghai than in Beijing during the severe haze period. For SO2 is
mostly from coal combustion, less emission from coal combustion
in winter in Shanghai than in Beijing should be mainly responsible
for the lower ratio of ð½NO3

�� þ 2½SO4
2��Þ=½NH4

þ� in Shanghai.
Enrichment factors (EFs) of trace elements are good indicators

pinpointing the extent of air pollutants accumulation as elements
Fig. 7. Ratios of mean concentrations of ions and elements in the severely polluted d
are almost all subject to primary emissions. EF is defined as EF¼ (X/
XRef)aerosol/(X/XRef)crust, where (X/XRef)aerosol and (X/XRef)crust are the
mass concentration ratios of an element interested, X, to a refer-
ence element, XRef, in aerosol and in crust (Lida, 2006), respectively.
Al is the reference element used in this study. Fig. 6 shows the
average EFs in the normal days (ND) and in the severely polluted
days (PD). Those typical elements measured could be classified into
two categories: 1) The EFs of Fe, Ti, and Sr weremostly lower than 5
during both ND and PD days at all the three sites. These elements,
together with Al, were classified to be crustal elements. 2) The EFs
of elements As, Cd, Cu, Mn, Ni, Pb, V, and Zn, were higher than 10,
suggesting these elements were moderately or severely influenced
by anthropogenic sources and these eight elements were classified
to be pollution elements.

Fig. 7 shows the ratios of the mean concentrations of ions and
elements in PD to those in ND, i.e. PD/ND. In Shanghai, the mean
concentrations of pollution elements As, Cd, Cu, Mn, Pb, and Zn
reached 21.0 ng m�3, 2.1 ng m�3, 31.3 ng m�3, 0.1 mg m�3,
0.2 mg m�3, and 0.5 mg m�3 in PD_SH, 3e6 times of those in ND_SH
(Fig. 7a). The EFs of As, Cd, Cu, Pb, and Zn also increased to 50e5000
(Fig. 6). Coal combustion was the major source of As, Cd, and Pb
(Duan and Tan, 2013; Tian et al., 2012, 2010), while Zn and Cu were
mostly associated with traffic emission (Tanner et al., 2008) and
industrial emission (Cheng et al., 2012), and Mn was associated
with metallurgical process (Sun et al., 2004). Thus, the enhance-
ments of these pollution elements were indicative of emission
sources from coal combustion, vehicles, and industries. The crustal
elements, Al, Fe, Ti, and Sr, in Shanghai were also enhanced during
ays to those in normal days in (a) Shanghai, (b) Beijing, and (c) the Huaniao Isle.
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those severely polluted days. This would further corroborate that
the traffic emissionwas indeed a significant source as traffic activity
could re-suspend the road dust and in turn increase the level of
these crustal elements in the aerosols. Ni and V also increased in
PD_SH with the moderate EFs of 10e25. It must be noted that the
mean concentrations of Ni and V in PD_SH were 8.9 and
14.7 ng m�3, even higher than those of 6.7 and 6.7 ng m�3 in PD_BJ.
This was probably due to the contribution from the ship emission,
as Ni and V were its typical tracers (Zhao et al., 2013a). The
Shanghai Port has become the world's busiest container port since
2010 and ship emissions acted potentially as one of the major
sources of the air pollution in Shanghai (Yang et al., 2007). Themass
ratios of V/Ni were ~1.5 in both ND_SH and PD_SH, close to that
(1.9) in heavy fuel oil used mostly in the domestic ships (Zhao et al.,
2013a), suggesting the additional contribution from ship emissions
to the haze over Shanghai.
3.2.2. Beijing
In Beijing, in consistent with the sharp increase of PM2.5 during

PD_BJ, the sum of all ions measured substantially increased to
125.0 mg m�3 on average, accounting for 42% of PM2.5, compared
to that of 14.3 mg m�3 during ND_BJ accounting for 31% of PM2.5. In
particular, secondary inorganic species SO4

2�, NO3
�, and NH4

þ

were significantly enhanced during PD_BJ (Fig. 4b) with mean
concentrations of 56.1, 34.9, and 17.3 mg m�3, respectively, about
12, 9, and 6 times of those during ND_BJ. In the meantime, the
mass ratio of SNA to PM2.5 also increased significantly from 24%
during ND_BJ to 36% during PD_BJ. It was apparent that enhanced
gas-to-particle transformation from SO2 and NOx to SO4

2� and
NO3

� was one of the major causes of the extremely high PM2.5
concentrations. As the most abundant species among SNA, SO4

2�

contributed about 50% to SNA and 19% to PM2.5 during PD_BJ. Even
during ND_BJ, SO4

2� could contribute 44% to SNA and 10% to
PM2.5. Winter is the heating season in Northern China, thus, the
enhanced coal combustion for residential heating was responsible
for the high yields of SO2 and NOx. Significant increase of Cl� was
also observed from 1.5 mg m�3, on average, during ND_BJ to
9.5 mg m�3 during PD_BJ, indicating that coal combustion played
an important role in the haze formation during PD_BJ. It is noted
that Cl� in Beijing during PD_BJ was more than 3 times of nss-Cl�

in Shanghai during PD_SH (2.1 mg m�3). In the meantime, the mass
ratio of nss-Cl� to PM2.5 in Beijing reached ~4% during PD_BJ and
~3% during ND_BJ, much higher than that of ~1% in Shanghai.
These were attributed to the larger coal consumption for resi-
dential heating in Northern China.

Kþ was also substantially enhanced during PD_BJ (Fig. 4b). The
ratio of Kþ in PD_BJ to that in ND_BJ reached up to 14, even higher
than the ratio of SNA between the two periods (Fig. 7b). Kþ reached
7.4 mg m�3 on Jan. 12, the highest daily concentration in the whole
study period, which was comparable to the Kþ concentration in a
pollution episode dominated by biomass burning (Huang et al.,
2012). As mentioned above, particle Kþ was could be enriched in
the particles either from biomass burning or coal combustion, thus
the high Kþ concentrations during PD_BJ might be attributed to
these two emission sources. The biofuels were widely used for
residential cooking and heating in the rural areas of China (Mestl
et al., 2007), thus biomass burning might be one of the sources of
the severe haze in this period. However, due to the intense foggy
weather (Sun et al., 2014; Huang et al., 2014), the fire spots caused
by biomass burning couldn't be detected from the remote sensing
technique in this case.

The equivalent ratios of ð½NO3
�� þ 2½SO4

2��Þ=½NH4
þ� were

around 1.0 during ND_BJ (Fig. 5b), indicating sulfate and nitrate
were almost fully neutralized by ammonium. During this period,
RHwasmostly below 50%. As RHwas elevated to be above 70%with

an average of (78 ± 3) % during PD_BJ, SO4
2�, NO3

�, and NH4
þ were

consistently enhanced as shown in Fig. 5b. However, the ratio of

ð½NO3
�� þ 2½SO4

2��Þ=½NH4
þ� largely deviated away from the 1:1 line

but substantially increased to 2.3 during PD_BJ, which indicated
that in this severe haze episode sulfate and nitrate were far from
fully neutralized due to the ammonium-poor environment in Bei-
jing and the aerosol acidity could be much greater than in the

normal days. The ratio of ð½NO3
�� þ 2½SO4

2�� þ ½Cl��Þ=
ð½NH4

þ� þ ½Naþ� þ ½Kþ� þ 2½Mg2þ� þ 2½Ca2þ�Þ during PD_BJ was
calculated to be (1.7 ± 0.1), much greater than 1.0. This indicates
that there was indeed a large deficit of cations, which should be
attributed to the unmeasured hydrogen ions (Hþ). High amounts of
SO2 and NOx were emitted due to residential heating in winter in
Northern China. In addition, this severe haze episode in Beijing was
associated with abnormal high humidity (Zhang et al., 2014a),
which could accelerate the aqueous-phase chemical process which
was an effective pathway facilitating the transformation of SO2 and
NOx, to be free acids, i.e. H2SO4 and HNO3, via the H2O2/O3 oxida-
tion and metal catalysis (e.g. Fe3þ and Mn2þ) (Jacobson, 1997). By
applying the E-AIM model (Extended Aerosol Thermodynamics
Model, http://www.aim.env.uea.ac.uk/aim/aim.php) which con-

siders a Hþ e NH4
þ e Naþ e SO4

2� e NO3
� e Cl� e H2O system,

aerosol LWC (Liquid Water Content) could be estimated based on
the aerosol chemistry data measured in this study with the corre-
sponding temperature and relative humidity. Fig. S2 shows the
temporal variation of LWC and aerosol acidity ðHþ

AerÞ. Hþ
Aer is

calculated from the difference between total equivalent

concentrations of anions and that of cations: Hþ
Aer

� � ¼ 2 SO4
2�

h i
þ

NO3
�½ � þ Cl�½ � � NH4

þ� �� Naþ
� �� Kþ� �� 2 Ca2þ

h i
� 2 Mg2þ

h i
, the

units of all ions are in molar concentrations (mmol/m3). As shown in
Fig. S2, LWCs were negligible before Jan. 10 due to that the daily RH
values were mostly below 50%. The values of Hþ

Aer were also
relatively low and sometimes were zero (i.e. fully neutralized). In
contrast, LWCs were significantly enhanced since Jan. 10. This
would certainly promote the increase of SO2 and NOx uptake, as
well as acceleration of the gaseliquidesolid reactions of SO2 and
NO2 on particles, which could further lead to the increased hygro-
scopicity of particles. This was corroborated by the sharp increase
of aerosol acidity as shown in Fig. S2 that Hþ

Aer increased 2e10
times compared to the less polluted days. In this regard, we think
the aqueous-phase reactions associatedwith enhanced LWC should
have played an important role in promoting the formation sulfate
and nitrate at elevated RH levels.

On the other hand, other meteorological parameters may also
play crucial roles in the high yields of secondary aerosols. Fig. S3
shows the variations of hourly wind speed and temperature as a
function of relative humidity (RH) during the whole study period in
Beijing. All data are binned according to RH (10% increment). It is
shown that temperature was relatively constant across different RH
levels, while wind speed showed an evident decrease at higher RH
levels. This probably indicated that the photochemistry was not the
major driver influencing the formation of NO3

� and SO4
2� during

this period. On the other hand, at higher RH, wind speeds were
much lower than those at lower RH. The average wind speed at RH
of 70e80%, 80e90%, and 90e100% was only 0.8, 0.6, and 0.6 m s�1,
respectively, much lower than those under the low RH conditions.
It is well known that higher wind speed is especially efficient for
cleansing the pollutants. This indicated that the atmospheric con-
dition was very stagnant at higher RH, partly accounting for the
high concentrations of NO3

� and SO4
2� during the polluted

episode.

http://www.aim.env.uea.ac.uk/aim/aim.php
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Finally, as the major neutralizer of acidic species, the NH3
emission was at its lowest level as agricultural activities were
mostly inactive in winter in Northern China. High yields of sulfate
and nitrate far exceeded the amount that the ambient NH3 could
neutralize, resulting in a significant excess of free acids. Hence, the
aerosols during this severe air pollution episode in Beijing were
expected to be highly acidic.

As shown in Fig. 7b, the concentrations of the pollution ele-
ments significantly increased in PD_BJ compared to those in ND_BJ.
For instance, themean concentrations of As, Cd, Cu, Pb, and Znwere
54.8 ng m�3, 4.8 ng m�3, 57.7 ng m�3, 0.5 mg m�3, and 0.8 mg m�3 in
PD_BJ, 5e13 times of those in ND_BJ, with the highest daily con-
centrations up to 88.9 ng m�3, 6.5 ng m�3, 88.7 ng m�3, 0.7 mg m�3,
and 1.1 mg m�3 on Jan. 12, respectively. EFs of As, Cd, Pb, and Zn
increased from 200e850 in ND_BJ to 1500e8000 in PD_BJ (Fig. 6),
while EF of Cu increased from 31 to 136. Evidently, the pollution
elements in PD_BJ were much more enriched in the severe haze
days. Asmentioned above, coal combustionwas themajor source of
As, Cd, and Pb, the enhancement of these elements further sug-
gested that the residential heating in winter was one of the causes
of the highly enriched elements.While the enrichment of Zn and Cu
in PD_BJ implied that traffic and industrial emissions were also two
of the possible sources triggering the haze.

3.2.3. Huaniao Isle
The Huaniao Isle is the most eastward site over the East China

Sea as shown in Fig.1b. During ND_HN, the mean concentrations of
SO4

2�, NO3
�, and NH4

þ were at low levels of 4.3, 1.3, and
1.9 mg m�3, demonstrating the remote characteristics of this site.
During PD_HN, significant increases of SO4

2�, NO3
�, and NH4

þ

were observed with mean concentrations of 19.5, 11.9, and
8.5 mg m�3, respectively. Compared to ND_HN, these three species
were enhanced over 4, 9, and 4 times, respectively. The enhanced
folds were even higher than that in Shanghai. As a remote oceanic
region where the local emissions were negligible, the abrupt in-
crease of secondary aerosols provides strong evidence of invaded
pollutants from long/medium-range transport. To exclude the
contribution from marine source to SO4

2� in the aerosols over the
Huaniao Isle, nss� SO4

2� could be estimated based on the
assumption that all Naþ was from the marine source using the
marine SO4

2�=Naþ ratio of 0.25. It was calculated that nss� SO4
2�

accounted for 99% of the total SO4
2� during both ND_HN and

PD_HN, indicating that SO4
2� of the Huaniao Isle was dominantly

contributed by anthropogenic sources. This meant that the marine
aerosol at the remote areas over the East China Sea was highly
related to the regional and/or long-range transport. SNA accounted
for 24% of PM2.5 during ND_HN and 31% during PD_HN, respec-
tively. The mass ratio of SNA to PM2.5 at the Huaniao Isle was close
to that in Beijing, a city far away from the isle, but much lower than
that in Shanghai, the adjacent city to the isle, which suggested that
the marine aerosol over the East China Sea was more influenced by
the long-range transport (more discussion in Section 3.3). Also, the
mean Kþ concentration increased from 0.1 mg m�3 in ND_HN to
0.9 mg m�3 in PD_HN, and the nss-Kþ accounted for ~96% of the
total Kþ in both ND_HN and PD_HN, which indicated that Kþ at the
Huaniao Isle was mostly from the regional/long-range transport of
the anthropogenic emissions in the mainland China.

RH showed the highest values at the Huaniao Isle among the
three sites, ranging from 69% to 86% during the study period and
averaged (80 ± 14)% in PD_HN. The correlation between NH4

þ and
ð½NO3

�� þ 2½SO4
2��Þ as a function of RH was as similar as Shanghai

while differed a lot from Beijing (Fig. 5c). During ND_HN, the ratio
of ð½NO3

�� þ 2½SO4
2��Þ=½NH4

þ� was close to 1.0, indicating that
sulfate and nitrate were almost fully neutralized by ammonium in
the normal days at this isle. While during PD_HN, this ratio slightly
increased to 1.3, indicating that the marine aerosol over this isle
was weakly acidic and it was evidently from the regional/long-
range transport of the anthropogenic emissions in the mainland
of China.

EFs of the pollution elements at the Huaniao Isle were as high as
those in Beijing and Shanghai (Fig. 6), indicating that the marine
aerosol over this isle had evident anthropogenic origin. The mean
concentrations of As, Cd, Cu, Mn, Pb, and Zn increased 2e5 folds
from 3.0 ng m�3, 0.4 ng m�3, 7.5 ng m�3, 9.9 ng m�3, 3.1 ng m�3,
and 0.04 mg m�3 in ND_HN to 7.7 ng m�3, 1.8 ng m�3, 14.8 ng m�3,
41.9 ng m�3, 7.4 ng m�3, and 0.2 mg m�3 in PD_HN, respectively.
Specifically, EFs of Ni and V at the Huaniao Isle were the highest
among all three sites (Fig. 6). As a remote site approximately 60 km
away from a large and busy container port (Yangshan port), the
significant enrichment of Ni and V was evidently due to the
contribution from those busy ship activities over the Eastern China
Sea (Lin et al., 2013). Themean ratio of V/Ni was ~2.2 at the Huaniao
Isle, very close to that in heavy fuel oil used by domestic ships (Zhao
et al., 2013a), which further corroborated the characteristics of ship
emission origin over the remote East China Sea.

3.3. Impact of the long/medium-range transport on the heavy haze
formation

Fig. 8 shows the 48-h air masses backward trajectories ending in
Shanghai, Beijing, and the Huaniao Isle, respectively, during the
severely polluted days. In Shanghai (Fig. 8a), the air masses during
PD_SH were mainly limited within the YRD region, e.g. Jiangsu and
Zhejiangprovinces andoccasionally extended to Shandongprovince.
This type of transport is referred as themedium-range transport. The
ratio of NO3

�=SO4
2� was in the range of 1.1e2.0 during Jan. 12e15,

close to that (1.2) of the previous studies on the haze occurred over
Shanghai, in which the haze was dominated by local and YRD
emissions (Huang et al., 2013b). On Jan.16, the backward trajectories
starting fromShanghai tracedback to theNorth ChinaPlain. Thiswas
corroborated by a significant drop of the ratio of NO3

�=SO4
2� to be

0.6, which was close to that observed in Beijing, confirming the
impact of the long-range transport from Northern China on the se-
vere haze formation in Shanghai, the downstream regions of the
transport. The Potential Source Contribution Function (PSCF, see
Appendix in Supplementary Materials) facilitated a more clear
visualization of the extent of transport. Based on the hourly PM2.5
concentrations at one SEMC (Shanghai Environmental Monitoring
Center) site (Yangpu Sipiao, about 5 km from our sampling site)
during Jan. 12e15, 2013, weighted PSCF is plotted in Fig. 8b. It is
clearly shown that the potential source regions of particulate pollu-
tion in Shanghai were constrained in limited areas. Local Shanghai,
the southern tip of Jiangsu province and the northern tip of Zhejiang
province showed relatively high PSCF values. It is noted that there
were also high probabilities of drifting from the north over the East
China Sea. This was likely the continental outflow from Jiangsu
province and indicated that the high particulate pollution of
Shanghai was partly ascribed to regional transport.

In Beijing, the air masses on Jan. 10 and Jan. 12e13 mostly
travelled through Beijing at low altitudes and passed over those
neighboring areas around Beijing with intense emission rates, such
as Hebei, Shanxi provinces and Tianjin (Fig. 8c). For example, on Jan.
12 which was the severest pollution day, SO4

2� increased 92% as
compared to Jan. 11, while NO3

� increased ~51%, resulting in a ratio
of DNO3

�=DSO4
2� of as low as 0.4. Based on the emission inventory

data (Zhao et al., 2012), the emission rate ratio of NOx/SO2 of Beijing
was more than 1.5, while the emission rate of SO2 was almost twice
of NOx for the entire North China Plain. The measured NO3

�=SO4
2�

ratio in aerosol of Beijing was more consistent with the NOx/SO2
emission rate ratio of the North China Plain rather than Beijing



Fig. 8. (a) 48 h back trajectories of air masses in PD_SH. (b) The potential source contribution function (PSCF) map for PM2.5 in Shanghai during Jan. 12e15, 2013. The monitoring site
at Shanghai is denoted by the black star in figure. (c) 48 h back trajectories of air masses in PD_BJ. (d) 48 h back trajectories of air masses in PD_HN.
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itself, implying a significant contribution from regional transport to
the haze formation over Beijing. Other evidences were also indi-
cated that those coal-related species such as Cl�, As, Cd, and Pb all
increased more than 80% on Jan. 12 as compared to Jan. 11.

As for the Huaniao Isle, the backward trajectories indicated that
the aerosol during PD_HN could be impacted by emissions from
Northern China as well as the YRD region (Fig. 8d). On one hand, the
local anthropogenic emissions were negligible at the Huaniao Isle.
On the other hand, temperature during this period was low and
should significantly suppress the evaporation of nitrate. Hence, the
NO3

�=SO4
2� ratio could be regarded as a good tracer for identifying

the source region. As shown in Table 2, the NO3
�=SO4

2� ratio at the
Huaniao Isle during the normal days showed the lowest values of
0.4 among all three sites. The average NO3
� concentration at this

isle was as low as 1.3 mg m�3, which could be regarded as the
background concentration of NO3

� over China. The Huaniao Isle
has less than 2500 local residents with very few on-road trans-
portation tools. Shipping emission was probably a major source of
NO3

�. Hence, the low NO3
�=SO4

2� ratio during ND_HN was ex-
pected. In PD_HN, the NO3

�=SO4
2� ratio was elevated to 0.6. Un-

expectedly, the NO3
�=SO4

2� ratio of the Huaniao Isle was fairly
close to that of Beijing rather than that of the adjacent Shanghai.
The very similar ratio of NO3

�=SO4
2� between the Huaniao Isle and

Beijing suggested that the impact from Northern China on the
remote East China Sea via long-range transport had significantly
overwhelmed the regional impact from the YRD region. Additional



Table 2
Concentrations of SO4

2� and NO3
� and the ratios of NO3

�=SO4
2� in PM2.5 from this study and the previous studies.

Sites Observation time SO4
2� NO3

� NO3
�=SO4

2� Reference

Shanghai 1999e2000 Annual 15.2 6.5 0.4 Yao et al. (2002)
2005 Winter 15.8 7.1 0.5 Wang et al. (2006)
2006 Winter 9.6 6.8 0.7 Fu et al. (2008)
2010 Spring-fall 6.5 7.5 1.2 Huang et al. (2013)
2012 Winter ND 9.2 9.2 1.0 This study
2012 Winter PD 25.7 37.3 1.4 This study

Beijing 1999e2000 Annual 17.7 10.1 0.6 Yao et al. (2002)
2001e2003 Winter 21.0 12.3 0.58 Wang et al. (2005)
2004 Winter Haze 29.5 17.1 0.58 Sun et al. (2006)
2013 Jan. EP1 30.6 22.0 0.72 Sun et al. (2014)
2013 Jan. EP2 24.8 19.5 0.78 Sun et al. (2014)
2013 Jan. EP3 65.3 40.2 0.62 Sun et al. (2014)
2013 Jan. EP4 32.0 23.1 0.72 Sun et al. (2014)
2013 Jan. ND 4.6 3.8 0.83 This study
2013 Jan. PD 56.1 34.9 0.62 This study

Huaniao Isle 2012 Winter ND 4.4 1.3 0.4 This study
2012 Winter PD 19.5 11.8 0.6 This study

ND: normal days.
PD: severely polluted days.
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evidences were revealed by comparing the ratios of pollution ele-
ments, As, Cd, Cu, Zn and water-soluble ion, Kþ to Al among the
three sites (Table 3). These tracer ratios in ND_HN were more close
to those in Shanghai, indicating the dominant impacts from YRD on
the remote East China Sea when the long-range transport effect
wasminimal. While during PD_HN in this study, all the tracer ratios
were elevated and approached closer to those of Beijing (PD_BJ)
rather than Shanghai (PD_SH), whichwas likely the result ofmixing
of the regional emissions and the long-range transported pollut-
ants. Specifically, the ratios of Cd/Al, Cu/Al, Zn/Al in PD_HN were
evidently more close to those of PD_BJ while much higher than
those of PD_SH. In contrast, the ratios of Kþ/Al and As/Al in PD_HN
were about half of those in PD_BJ although they were higher than
those in ND_HN. It should be noted that Cd, Cu, Zn were mainly
characterized of industrial sources. In China, industries were
densely distributed over large areas. Hence, the trajectories that
passed over Northern China were likely representative. As for Kþ

which is a typical tracer for biomass burning, its spatial distribution
should be much more random than the industrial sources as it
depended on the fire locations. It was possible that the trajectories
didn't intercept the major biomass burning areas in Northern China
and thus the Kþ/Al ratio in PD_HN was much lower than that in
PD_BJ. Also for As which is a tracer for coal-fired power plants, the
density of power plants is also smaller than the industries. Hence, it
was also possible that the backward trajectories that intercepted
Northern China were not representative of the areas around the
sampling site in Beijing. Overall, it was found that the plumes that
invaded the Huaniao Isle were well characterized of origin from
Northern China via the long-range transport.

3.4. Stationary vs. mobile sources in the megacities

The mass ratio of NO3
�=SO4

2� in aerosol was suggested as an
indicator of the relative contribution of mobile vs. stationary
Table 3
Average ratios of Kþ, As, Cd, Cu, and Zn to Al in normal days and in the severely polluted

ND_BJ PD_BJ ND_SH

Kþ/Al 0.8 ± 0.7 9.0 ± 1.6 3.0 ± 0.7
As/Al (1.8 ± 2.6)*10�2 (9.3 ± 2.5)*10�2 (3.1 ± 1.6)*10�2

Cd/Al (9.9 ± 8.0)*10�4 (8.2 ± 1.3)*10�3 (1.6 ± 0.6)*10�3

Cu/Al (2.2 ± 2.0)*10�2 (9.9 ± 1.8)*10�2 (3.7 ± 1.0)*10�2

Zn/Al 0.2 ± 0.2 1.3 ± 0.3 0.5 ± 0.1
sources (Arimoto et al., 1996). High NO3
�=SO4

2� ratios were
observed in those areas where traffic emission is the dominant
anthropogenic source. For instance, the ratio could reach as high as
2.0 in Los Angeles, USA (Gao et al., 1996). In this study, we also
calculated the mean ratios of NO3

�=SO4
2� in PM2.5 during ND and

PD at the three sites and compared to the values from previous
studies (Fu et al., 2008; Huang et al., 2013a; Wang et al., 2005;
Wang et al., 2006; Yao et al., 2002). The results are shown in
Table 2. In Shanghai, the ratio of NO3

�=SO4
2� reached 1.0 during

ND_SH and 1.4 during PD_SH, much higher than that during PD_BJ
and ND_BJ (Table 2). In the long-term, the ratio of NO3

�=SO4
2� in

Shanghai increased quickly from 0.4 to 0.7 before 2007 to more
than 1.0 after 2010. Consistently, the ratio of ambient NO2/SO2
increased from ~1.0 in 2005 to 2.0 in 2012 (Shanghai Statistical
Yearbook, 2006e2013). The annual average concentrations of SO2
over Shanghai significantly decreased ~60% from 61 mgm�3 in 2005
to 23 mg m�3 in 2012 (Shanghai Statistical Yearbook, 2006e2013).
On the other hand, the retain number of vehicles sharply increased
from around 1 million in 2000 to 3.3 million in 2011 (Shanghai
Statistical Yearbook, 2002e2012). Thus, the ambient concentra-
tion of NO2 decreased much slower than SO2 with a moderate
reduction of 25% from 61 mg m�3 in 2005 to 46 mg m�3 in 2012
(Shanghai Statistical Yearbook, 2006e2013). Hence, the increasing
motor vehicle emission in Shanghai could explain the increasing
trend of NO3

�=SO4
2� observed in aerosol. This suggested that the

traffic emission had become a more important source for the for-
mation of the severe haze.

In Beijing, during the winter of 2001e2003 and a haze-fog
episode in the winter of 2004, the mass ratio of NO3

�=SO4
2� was

at the relatively low level of 0.58 (Wang et al., 2005; Sun et al.,
2006). In 2013, the average ratio of NO3

�=SO4
2� during ND_BJ

was 0.83, suggesting that the relative contributions of stationary
source vs. mobile source in Beijing had greatly changed. This was
mainly due to that the stationary sources such as coal-fired power
days.

PD_SH ND_HN PD_HN

2.7 ± 0.3 1.2 ± 1.5 5.3 ± 1.5
(3.2 ± 0.2)*10�2 (3.3 ± 2.9)*10�2 (4.5 ± 1.5)*10�2

(3.4 ± 1.9)*10�3 (4.2 ± 3.0)*10�3 (1.1 ± 0.4)*10�2

(4.8 ± 1.1)*10�2 (5.0 ± 3.6)*10�2 (8.6 ± 3.4)*10�2

0.7 ± 0.2 0.5 ± 0.4 1.0 ± 0.3
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plants and steel/cement industries in Beijing had been largely
reduced in recently years. In contrast, during PD_BJ, the ratio of
NO3

�=SO4
2� wasmuch lower of 0.62. As shown in Table 2, Sun et al.

(2014) found the ratios of NO3
�=SO4

2� ranged from 0.62 to 0.78
during different pollution episodes in Beijing in January, 2013.
Considering that the study by Sun et al. (2014) measured PM1 and
their sampling site is around 18 km from ours, their results were
comparable to this study. It seemed that the ratio of NO3

�=SO4
2�

during the polluted episode did not vary significantly, as compared
to the early years. The coal combustion and traffic emission were
two of the dominated sources in this severe haze over Beijing. It
must be noted that the aerosol over a city was not only from the
local emission but also from the long- or medium-range transport
as discussed above. The regional transport contributed quite a lot to
the aerosol over Beijing. As for SO2 and its oxidation product sulfate,
coal-fired power plants and steel/cement industries are their major
emission sources. For example, Hebei province that surrounds the
whole Beijing produced over 1/3 of the steel of the entire China in
recent years and the coal consumption increased 34% from 546,882
tons of standard coal equivalent (SCE) per day in 2006 to 735,958
tons of SCE per day in 2012 (Hebei Economic Yearbook,
2007e2013). It was reported that the annual average ratio of
NO2/SO2 was in low levels of 0.5e0.7 in Hebei (Hebei Province
Environment Condition Bulletin, 2007e2013). This meant that the
SO4

2� produced in Hebei should be much greater than NO3
�. Thus,

if the great part of SO4
2� from the regional transport to Beijing was

considered, the ratio of NO3
�=SO4

2� in the severely polluted days
in January 2013 in Beijing should be lower than 0.58 as compared to
that in the 2001e2004 (Table 2). However, this ratio of
NO3

�=SO4
2� in this heavy haze episode was not lower than that of

ten years ago, instead, it was as high as 0.62. This meant that while
SO4

2� increased, NO3
� in the aerosol increased even more than

SO4
2� did in this severe haze episode. The traffic exhaust is one of

the major sources of NOx and the number of vehicles in Beijing
increased rapidly from ~1.4 million in 2000 to ~5.2 million in 2012
(Beijing Statistical Yearbook, 2001e2013), thus, the increased NO3

�

could be more attributed to the traffic emission. According to the
source apportionment results (Beijing EPB, 2014), even without
considering the regional transport, the contribution from local
traffic emission to PM2.5 in Beijing was over 30%. The combining
evidence indicated that the traffic emission has also been one of the
major sources in triggering the severe haze formation in Beijing.

4. Conclusion

An extremely severe haze shrouded over northern and eastern
China in Jan. 1e19, 2013, which even extended to those remote
areas over the East China Sea. Considering the high relative hu-
midity conditions during the severely polluted days, this work
suggests that the promoted gas-to-particle transformations from
acidic SO2 and NOx to SO4

2� and NO3
� play a major role in the

formation of this severe haze. Significant contribution of traffic
emissions to the haze formation over China was suggested to be
one of the major sources in triggering the heavy haze over China.
The much higher NO3

�=SO4
2� ratio in Shanghai suggest a more

significant contribution of traffic emissions to the haze formation
than in Beijing where coal combustion and traffic emissions were
two of the major contributors in triggering the haze. However,
traffic emission was still an important contributor to this heavy
haze in Beijing during some specific episodes (Wang et al., 2014c).

Impacts of the long/medium-range transport on the formation
of this severe haze were significant, as indicated in the remote site,
the Huaniao Isle. The substantial increases of pollution elements,
secondary ions, and Kþ during the severely polluted days were
attributed to the transport of air pollutants. The ratios of As, Cd, Cu,
Zn, and Kþ to Al at the Huaniao Isle were much more close to the
ratios in Beijing rather than in Shanghai, indicating that the marine
aerosol over the East China Sea had been significantly polluted by
the long-range transport of anthropogenic pollutants originating
from Northern China.
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