Air Quality, Atmosphere & Health
https://doi.org/10.1007/s11869-018-0557-5

Impact of mixed anthropogenic and natural emissions on air quality
and eco-environment—the major water-soluble components in aerosols
from northwest to offshore isle
Yilun Jiang 1,2,3 & Guoshun Zhuang 1 & Qiongzhen Wang 1,4 & Kan Huang 1,5,6 & Congrui Deng 1,4 & Guangyuan Yu 1 &
Chang Xu 1,7 & Qingyan Fu 8 & Yanfen Lin 8 & Joshua S. Fu 9 & Mei Li 2 & Zhen Zhou 2
Received: 22 November 2017 / Accepted: 22 February 2018
# Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract
Based on more than 300 atmospheric TSP and PM2.5 samples collected at five sites over China in 2007 and 2008, characteristics,
sources, and interactions of the major water-soluble species were investigated for a better understanding of their role in urban air
quality and offshore eco-environment. From the dust source regions in Northwestern China to an offshore isle over the East China
Sea, concentration levels and fine/coarse particle distributions of five representative water-soluble components were well elucidated, reflecting the distinct differences of geo-history, location, and present economic situation among the target areas. NO3−/
SO42− mass ratios reflected significant divergence of motorization among the studied regions. Specifically, a case study during
the World Car-Free Day proved that traffic restriction measures could indeed help mitigate the aerosol species formed from
vehicle emissions. Investigation on the molar concentration stoichiometry and mass percentage variations of particulate NO3−,
SO42−, and NH4+ revealed that NH3 was a driving factor in the formation of major secondary water-soluble ions in atmospheric
fine particles over urban areas. Based on the prevailing wind analysis, observation over an offshore isle clearly indicated the
influence of the relative strength of anthropogenic sources and ocean-related natural sources on the formation and size distribution of MSA (methanesulfonic acid), a major water-soluble organic component in aerosol. Annual dry deposition flux of
particulate NO3− and NH4+ over the East China Sea was estimated based on the strength of an improved calculation formula.
Reductive nitrogen was found to be the major form of the deposited atmospheric inorganic nitrogen, accounting for ~ 69% of the
total nitrogen depositions.
Keywords Water-soluble component . Mobile sources . Ammonia/ammonium . East China Sea . Methanesulfonic acid . Dry
deposition flux
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Introduction
The atmospheric particle has become a key factor influencing
visibility, air quality, human health and climate change. Light
scattering and extinction of the particles are firmly connected
to their concentrations as well as the chemical compositions,
especially the secondarily formed water-soluble components
(Stevens et al. 1988; Yao et al. 2010). Previous studies observed distinctly elevated concentration levels of NO3−, SO42
−
, and NH4+ in haze days (Kang et al. 2004; Sun et al. 2006;
Jung et al. 2009). Among various anthropogenic sources, vehicle emissions which are known as a major source of NOx
and particulate NO3− are worth looking into. With the booming of vehicle population and increased traveling mileage in
cities of China, contribution from vehicle emissions to air
pollution has been gradually catching up with that from traditional coal combustion emissions (Zhao et al. 2013; Xu et al.
2017). Vehicle exhaust is also proved to be an overlooked
source for NH3 (Chang et al. 2016), a vital alkaline trace gas
in the atmosphere, through the process of catalytic reduction
of NOx in the exhaust to N2 (Moeckli et al. 1996; Fraser and
Cass 1998). Five percent of total atmospheric NH3 emissions
could be attributed to vehicle sources based on an EPA report
on US national air quality (EPA 2003). This percentage is
found to be even higher in the urban environment (Kean
et al. 2009). However, the agricultural activities are commonly
considered as the biggest contributor to atmospheric NH3
(EPA 2003; Dong et al. 2009). Specifically, in the underground car parks, the indoor vs. outdoor ratios for MTBE
and BTEX (methyl tertiary-butyl ether, benzene, toluene, ethyl-benzene, and xylene) were significantly higher than one,
reflecting strong emissions from cars (Yan et al. 2017).
Anthropogenic nitrogen emissions has been kept increasing on a global scale, especially in developing economics
(Galloway 1995; Prospero et al. 1996; Shon et al. 2011).
Deposited atmospheric nitrogen would perturb the biogeochemistry of surface water, giving rise to or exacerbating eutrophication of the water body. Even more, certain atmospheric nitrogen depositions could change the composition of phytoplankton communities, thereby altering the food chain structure and affecting the carbon cycle (Galloway et al. 1996;
Jickells 2002; Spokes and Jickells 2005). The oxidative nitrogen, HNO3 and NO3−, and the reductive nitrogen, NH3 and
NH4+, are the main contributors to the atmospheric inorganic
nitrogen depositions. Size distributions of the particulate nitrogen also play an important role in its dry depositions. If the
concentrations and deposition velocities used in estimating the
nitrogen deposition flux could be differentiated by particle
sizes, the accuracy of the deposition flux estimated could be
greatly improved.
From the source regions of Asian dust in Northwestern
China to densely populated, highly industrialized and motorized coastal economic zones in Eastern China, concentration

levels and size distributions of atmospheric particles with their
major water-soluble components are expected to vary considerably. Increasing loadings of atmospheric pollutants would
also influence the balanced ecosystem of the offshore water
body through depositions. In this study, characteristics of atmospheric particles collected at five observation sites from
Western to Eastern China were investigated with an emphasis
on the sources and interactions of major water-soluble species
in coastal city and offshore isle. The findings of this study are
aimed at contributing to management and improvement of
urban air quality and offshore eco-environment.

Material and methods
Sampling sites
Atmospheric particle sampling was performed in downtown
Shanghai (31°14′ N, 121°29′ E) from the spring of 2007 to the
spring of 2008. Shanghai is one of the most populous cities in
the world with a population of more than 24 million as of
2016. As a global financial center and transport hub with
one of the main industries centers of China and the world’s
busiest container port, the air pollutant emissions of Shanghai
are also intense. Generally, Shanghai has a subtropical maritime monsoon climate. It is humid with relative humidity of
more than 70% throughout the year and average temperature
of around 16 °C. Two sampling sites were set up in Shanghai.
One was located on the top of a teaching building (~ 15 m) in
Handan Campus of Fudan University (FD), while the other
one was located in an environmental monitoring station in
Putuo District of Shanghai (PT). According to the traffic division of downtown Shanghai, the FD site was located nearby
the Bmiddle ring road^ and the Huangpu River-crossing traffic
line and tunnel, while the PT site was located in the area
between the Binner ring road^ and the middle ring road. The
surrounding areas of the two sampling sites were estimated to
have comparable traffic flows.
Atmospheric particle samples were also collected in three
other areas of China in the spring of 2008, including Tazhong
(TZ), Yulin (YL), and Xiangyangshan Isle (XYS) (Fig. 1).
The TZ site (39°00′ N, 83°67′ E) was set up in the local
weather station at the center of the Taklamakan Desert in
northwestern China. The Taklamakan Desert has an area of
337,000 km2 and is still expanding due to the desertification.
It is regarded as one of the most important source regions of
Asian dust with high dust loading and high frequency of dust
storm break-out. Taklamakan has a cold desert climate with
distinct seasonality. In winter, the temperature could be well
below − 20 °C, while it can rise up to 40 °C in summer. The
YL site (38°18′ N, 109°47′ E) was set up in Zhenbeitai (an
ancient castle) of Yulin City in Shanxi Province, China, and it
is located at the north edge of the Loess Plateau where
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Fig. 1 Five sampling sites from the west to east in China (red placemark): Tazhong (39.00° N, 83.67° E), Yulin (38.18° N, 109.47° E), two sites (Fudan
and Putuo) in Shanghai (31.14° N, 121.29° E), and Xiaoyangshan Isle (30.38° N, 122.03° E)

weathering and erosion of the soil are rather severe. Recent
studies (Wang et al. 2011, 2016) showed that minerals were
still the major components in the particles over Yulin. Coal
mining industries are the predominant source of local economy, and in recent years (after 2005), new oil-field projects
were established for natural gas drilling in this area. YL is
characterized of a continental, monsoon-influenced semi-arid
climate. It is usually associated with long and cold winters but
hot and humid summers. Diurnal variation of temperature is
significant due to the aridity there. The XYS site (30°38′ N,
122°03′ E) was set up in the local weather station on the
Xiaoyangshan Isle, which is an offshore isle surrounded by
seawater over the East China Sea and lies to the southeast of
Shanghai, about 30 km from the coastline. It is connected to
the mainland of Shanghai via the 32.5 km long Donghai
Bridge. This area has a subtropical climate with annual average temperature of around 16 °C and annual precipitation of
more than 1100 mm. Local emissions of XYS were mainly
from the activities around the Yangshan Deep-Water port.
Generally, the XYS site could be regarded as a background
site and receptor from continental outflows.

Sample collection
Atmospheric PM2.5 and TSP samples were collected every
24 h in 1-month duration for each season. For the sites TZ,
YL, and XYS, samplings were carried out from March 20 to
April 21, 2008. For the FD site, besides the spring of 2008,
sampling campaigns were also carried out in four seasons of
2007, which are March 20 to April 20, June 23 to August 19,
November 1 to November 29, and December 24 to January 26
in the following year, respectively. Sampling campaigns were
carried out at the PT site in summer, autumn, and winter of
2007, synchronized with those at the FD site. Detailed sampling procedures were given elsewhere (Jiang et al. 2014).
Blank filters were put in the sampler at each sampling site
without pumping for 24 h and used as the sample blanks.

Blank filters were collected in the first day of each sampling
campaign. A total of 323 atmospheric particle samples were
collected and used for analysis in this study (sample blanks
not included). Aerosol samples were collected on Whatman
41 filters (Whatm an Inc., M aidstone, UK ) b y a
medium-volume sampler (Beijing Geological
Instrument-Dickel Co., Ltd.; model TSP/PM10/PM2.5-2; flow
rate 77.59 L min−1). All the samples were put in polyethylene
plastic bags immediately after sampling and then reserved in a
refrigerator. The filters were weighed before and after sampling using an analytical balance (Model Sartorius 2004MP;
reading precision 10 μg) after stabilizing in constant temperature (20 ± 1 °C) and humidity (40 ± 2%) for 48 h. All the
procedures were strictly quality-controlled to avoid any possible contamination of the samples.

Laboratory analysis
Concentrations of ten anions (F−, CH3COO−, HCOO−, MSA,
Cl−, NO2−, NO3−, SO42−, C2O42−, and PO43−) and five cations
(Na+, NH4+, K+, Mg2+, and Ca2+) in aqueous extracts of the
particle samples were determined by Ion Chromatography
(IC, Dionex 3000, USA). The recovery of ions was in the
range of 80–120% by adding standard reference material of
each ion component into the filtrates for ion chromatography
analysis. Reproducibility test showed that relative standard
deviation was less than 5%. The ion concentrations of the
sample blanks were below detection limits or under 0.02 μg/
m3 and had been deducted from the observation values.
Detailed analytical procedures were given elsewhere (Sun
et al. 2004; Jiang et al. 2014).
Meteorological data, including temperature, relative humidity (RH), wind direction, and wind speed, were
downloaded from http://www.arl.noaa.gov and http://www.
wunderground.com. The daily average concentrations of
ambient gaseous SO2 and NO2 in Shanghai were obtained
from Shanghai Environmental Monitoring Center.
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Results and discussion

to its sparse population and less industrial/transportation/agricultural activities.

Spatial heterogeneity of atmospheric particulate
mass and chemical components
Ambient particulate mass
Mass concentrations of the particles collected at the TZ,
YL, FD, and XYS sites in the spring of 2008 and the
major water-soluble components, including NO3−, NO2−,
NH 4 + , SO 4 2− , and MSA (methanesulfonic acid) are
listed in Table 1.
The geographic feature of TZ site, which is located in the
center of the Taklamakan Desert, made it to be the most
particle-loaded region among the four sites. The monthly average mass concentrations of PM2.5 and TSP there reached
330.54 ± 239.78 μg m−3 and 559.94 ± 640.70 μg m−3, respectively. The concentrations of PM2.5 at the YL (69.93 ±
40.90 μg m−3) and FD (90.64 ± 50.36 μg m−3) sites were
about two to four times lower than TZ. As for the XYS site,
its monthly average mass concentrations of PM2.5 and TSP
showed an obvious decline, about 40% lower than the FD site.
Local emissions of the Xiaoyangshan Isle (XYS) are low due
Table 1 Mass concentration
(μg m−3) of atmospheric particles
and major water-soluble species
at four sampling sites in the spring
of 2008

PM2.5
TZ
TSP

PM2.5
YL
TSP

PM2.5
FD
TSP

PM2.5
XYS
TSP

a

Number of samples

Water-soluble nitrogen species
NO3−, NO2−, and NH4+ are the three major water-soluble
inorganic nitrogen species derived from anthropogenic
sources, such as vehicle exhausts, industrial production,
and nitrogen-containing fertilizer. They are all
water-soluble nitrogen-containing nutrients with high bioavailability (Cornell et al. 1995; Paerl and Whittal 1999).
Opposite to the mass concentrations of aerosol loading
(Table 1), the three inorganic nitrogen species (NO3−,
NO2−, and NH4+) showed an increasing spatial gradient
from the west (dust source region) to the east (coastal
areas). NO3− concentrations were found to be the highest
at the FD site (PM2.5 5.54 μg m−3, TSP 15.16 μg m−3),
as Shanghai is highly industrialized and motorized, about
ten times of those measured at TZ (PM2.5 0.50 μg m−3,
TSP 1.63 μg m−3) due to the much weaker anthropogenic
emissions in the Taklamakan Desert. It should be noted
that NO3− at XYS was only inferior to that at FD but
higher than that at YL, a suburban site. This was probably

Mass

NO3−

NO2−

NH4+

SO42−

MSA

Na

32
330.54
297.83
32
559.94
554.33
34

32
0.50
0.47
32
1.63
1.62
33

32
0.28
0.33
24
0.37
0.38
30

21
0.23
0.23
18
0.39
0.43
34

32
4.53
4.04
32
22.99
13.46
34

30
0.34
0.28
16
0.43
0.44
5

Mean
Median
Na
Mean
Median
Na
Mean
Median
Na
Mean
Median
Na
Mean
Median
Na
Mean
Median

69.93
68.56
34
201.91
181.87
29
90.64
74.69
30
205.72
216.62
26
57.84
38.00
36
99.91
135.25

2.63
1.80
34
5.14
3.76
30
5.54
5.29
30
15.16
13.44
29
3.02
2.03
37
5.09
10.02

0.32
0.18
30
0.48
0.47
29
0.58
0.53
29
0.76
0.50
28
0.22
0.26
38
0.31
0.30

3.67
2.17
34
4.55
2.97
30
4.78
4.82
30
9.80
8.44
29
1.26
1.21
38
2.65
2.98

6.53
5.25
34
11.01
8.80
30
8.36
6.90
30
17.76
14.51
29
3.68
3.31
38
12.59
11.86

0.10
0.07
12
0.16
0.11
27
0.57
0.71
25
0.96
0.86
21
0.38
0.41
38
0.59
0.65

Na
Mean
Median
Na
Mean
Median
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due to the regional/long-range transport of continental outflows from polluted regions to the offshore areas in
Eastern China during springtime (Wang et al. 2015). The
wind-concentration rose plot for fine-mode NO3− at XYS
(Fig. 2a) indicated that the northwest and southwest air
masses were generally associated with higher NO3− concentrations than the other directions, suggesting the impact
of continental outflows on the offshore areas.
As for NH4+, similar to NO3−, lowest concentrations were
observed at TZ, a dust source region with very sparse permanent residents and few agricultural activities. Much higher
NH4+ concentrations were observed at YL and FD. As YL is
close to the North China Plain and FD is located in the
Yangtze River Delta region, and both regions are the important agriculture bases for crop production in China, the agriculture activities are crucial sources of NH4+ around the two
sites. In addition, it is found that vehicle emission served as an
extra source of NH3 in Shanghai, especially during the cold
season when agriculture activities are less active (Chang et al.
2016). NH4+ at XYS was at a moderate level, lower than the
urban sites (YL and FD) but considerably higher than the
desert site (TZ). Due to the rocky characteristics of the
Xiaoyangshan Isle, there is almost no local agro-industry. In
this regard, NH4+ should be mainly derived from local residential emissions (e.g., waste excrement) and region transport.
As similar as the wind-concentration rose plot of NO3−, relatively high NH4+ episodes should be also related to the continental outflows (Fig. 2b).
To evaluate the role of soluble nitrogen components
in the total airborne particles over different regions, the

mass percentages of NO3−, NO2−, and NH4+ in TSP are
plotted in Fig. 3. TZ showed obviously lower percentages of nitrogen pollutants in TSP than the other sites.
The sum of NO3−, NO2−, and NH4+ only accounted for
a minor fraction of 0.43% in TSP and 0.22% in PM2.5
over TZ, indicating the clean nature of the desert as a
background site. YL, a site located at the north edge of
the Loess Plateau, had the average NO 3 − /TSP and
NH4+/TSP ratio of 2.55 and 2.25%, respectively. The
corresponding NO3−/PM2.5 and NH4+/PM2.5 ratio was
1.76 and 5.25%, respectively. The newly built industries
on coal, natural gas mining, and petrochemical production with existing infrastructures should be responsible
for the pollution. During spring, mineral dust is a major
component and could account for around 65% of the
total mass (Wang et al. 2016), thus making the percentages of nitrogen compounds at a low level. The sum of
NO3−, NO2−, and NH4+ at FD reached the highest of
12.5% in TSP and 11.4% in PM2.5, suggesting the significant impact from anthropogenic emissions in the urban environment. At the offshore isle XYS, these ratios
showed declines compared to its adjacent continental
areas (i.e., FD). However, the average NO3−/TSP and
NH4+/TSP ratios at XYS still reached 5.09 and 2.65%,
respectively. The average NO3−/PM2.5 and NH4+/PM2.5
ratios were 5.22 and 2.18%, respectively. With the
opening of the Yangshan Deepwater Port in 2005, the
increasing shipping activities and road transportation
brought by freight transportation could play a more important role in increased nitrogen emissions.

(a) NO3(µg/m3)

Fig. 2 The wind-concentration rose plots for fine-mode NO3− (a) and NH4+ (b) at XYS

(b) NH4+
(µg/m3)
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Fig. 3 Mass percentages of
NO3−, NO2−, and NH4+ in TSP at
the four sampling sites in the
spring of 2008

Water-soluble sulfur species
Concentrations of SO42− in PM2.5 also showed a distinct
spatial gradient following the order of FD > YL > TZ >
XYS. SO42− in fine particles was mainly derived from
anthropogenic sources through secondary formation,
thus explaining the highest concentrations observed at
the two populous regions (i.e., FD and YL). It is noted
that SO42− at TZ was at similar magnitude to those at
FD and YL, showing distinct behavior from NO 3 − ,
which was about half or one order of magnitude lower
at TZ than that of both FD and YL. This suggested that
SO42− and NO3− at TZ should be derived from different
sources. Geology studies found that the Taklamakan
Desert was a paleo-ocean 5.3 million years ago (Sun
and Liu 2006). The paleo-ocean went through topographic uplifts, drying up, and weathering to form the
modern desert. Observation in the center of the
Taklamakan Desert indicated that the high content of
SO42− in atmospheric particles over the desert should
be attributed to the salts from the paleo-ocean (Li
2009; Huang et al. 2010). As shown in Table 1, SO42
−
in TSP at TZ had the highest monthly average concentration of 22.99 μg m−3, which was subject to the
high frequency of dust storms during springtime.
Furthermore, the average PM2.5/TSP ratio of SO42− at
TZ was as low as 0.20, reflecting that the coarse mode
SO 4 2− was predominant in the Taklamakan Desert.
Similarly, XYS showed low PM2.5/TSP ratio of SO42−
of 0.29 as well. Both sites showed somewhat similar
oceanic characteristics that the primary sea-salt SO42−
dominantly resided in coarse particles (Warneck 1999).
As for the other sites, the monthly average PM2.5/TSP
ratios of SO42− were found at the moderate to high
levels, i.e., YL of 0.59 and FD of 0.47.

MSA in the atmosphere was generally formed through
the photo-oxidation of dimethyl sulfide (DMS) which
was the main volatile sulfur-containing compound released by phytoplankton in the open ocean (Huebert
et al. 1996). Several studies reported that MSA was commonly found in aerosols within the marine boundary layer and the atmosphere of coastal cities (Saltzman et al.
1983; Gao et al. 1996; Pakkanen et al. 2001). In recent
years, dimethyl sulfoxide (DMSO) emitted from industrial waste was proved to be another key precursor for
atmospheric MSA (Chen et al. 2000; Legrand et al.
2001; Park et al. 2001). That is to say, besides primary
marine sources, anthropogenic emissions emerged as a
secondary source for aerosol MSA along with the booming industries. As a highly industrialized coastal city,
Shanghai is exposed to both anthropogenic emission
sources and natural sources. As shown in Table 1, the
monthly average concentration of MSA in PM2.5 and
TSP measured at FD reached 0.57 and 0.96 μg m−3, respectively, the highest among all four sites. The MSA
concentrations at XYS (PM 2. 5 0.38 μg m − 3 , TSP
0.59 μg m−3) were lower but at comparable levels with
those observed at FD, suggesting the significant impact
of ocean emissions on MSA formation. It should be noted that the MSA levels at TZ were as similar as that at
XYS. As discussed above, the unique paleo-ocean characteristic of the Taklamakan Desert could probably explain the high MSA levels there.

Motorization extent in perspective of NO3−/SO42−
ratio
The mass ratio of NO3− vs. SO42− (NO3−/SO42−) could be
used as a proxy to compare the relative contribution from
stationary sources (e.g., coal combustion) and mobile sources
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(e.g., vehicle exhaust). In developed countries, the NO3−/SO42
−
ratios usually stayed at high levels owing to their high level
of motorization and intense control of the stationary sources
(e.g., power plants and industries). For instance, the NO3−/
SO42− ratio in Los Angeles, USA, was reported to be around
2 (Gao et al. 1996). Oppositely, the NO3−/SO42− ratios in most
areas of China were in the range of 0.3–0.5 (Xiao and Liu
2004; Wang et al. 2004) as coal is still the first choice under
China’s current energy structure. In typical metropolis of
China such as Beijing, Shanghai, and Guangzhou, the NO3−/
SO42− ratio was reported exceeding 0.5 (Yao et al. 2002),
reflecting rapid growth of vehicle populations in these areas.
In this study, our observation data of TZ, YL, SH, and XYS in
the spring of 2008 yielded the average NO3−/SO42− ratio of
0.07, 0.47, 0.85, and 0.40, respectively, elucidating distinctly
different extents of motorization.
The lowest NO3−/SO42− ratio observed at TZ was expected. As a hinterland site in the Taklimakan Desert, only two
roads are available. Thus, the NOx emissions were very limited, resulting in the low NO3−/SO42− ratio. As for YL, its
NO3− and SO42− levels were both relatively high. Due to this
study focusing on spring, more SO2 emissions were expected
than NOx emissions from residential heating. Hence, the
NO3−/SO42− ratio observed at YL was at a moderate level.
SH evidently possessed the highest NO3−/SO42− ratio among
the four sites. The quick motorization in the Chinese megacities significantly boosted the vehicle stocks, making vehicles as one of the most NOx emission sources. In addition,
Shanghai is an important industrial base in China.
Combustion from industrial boilers is another crucial contributor to NOx emissions. As for XYS, local transportation and
shipping activities should be the major sources for NOx emissions. However, the NOx emission intensity was not comparable to the adjacent Shanghai metropolis, thus resulting in a
relatively low ratio of NO3−/SO42−.

Case study: Car-Free Day (September 22, 2007)
in Shanghai
To promote the World Car-Free Day on September 22, areas
within the inner ring road of Shanghai downtown were set up
as a car-free advocating zone. Since September 22 of 2007

Table 2 Comparison of seasonal
average concentration (μg m−3) of
NO3−, NO2−, NH4+, and C2O42−
in TSP samples collected in
weekdays and weekends of 2007

Season

Spring
Summer
Autumn
Winter

was Saturday, the Bweekend effect^ should be evaluated in the
first place. Hence, the total TSP samples collected at the FD
site throughout 2007 were divided into weekday samples and
weekend samples. Seasonal average concentrations of four
water-soluble components, i.e., NO3−, NO2−, NH4+, and
C2O42−, were compared between these two categories in
Table 2. All these components were regarded partially having
vehicle emission sources (Jiang et al. 2014). The weekend
effect is typically characterized as significantly decreased
emissions of nitrogen and VOC due to reduced human activities (Blanchard and Tanenbaum 2003; Chinkin et al. 2003)
and hence results in decreased concentrations of NOx and
nitrate. However, in Shanghai, as indicated in Table 2, concentrations of the aerosol chemical components referred above
in the weekends displayed no obvious decline compared to
those observed in weekdays. In some cases, for instance in
summer and winter, NO3− concentrations in the weekends
were even higher than those in the weekdays. This phenomenon is probably ascribed to the living habit in Shanghai that
residents tended to drive their private cars on the road for
sightseeing, entertainment, etc. in the weekends, while they
mostly use public transportation in the weekdays for commuting. Hence, no significant differences of vehicle emissions
between weekdays and weekends are expected, suggesting
that the weekend effect is not significant in Shanghai. This
finding facilitated the assessment of the effect of traffic restriction measures on the change of atmospheric pollutants that
even the Car-Free Day in 2007 was Saturday.
We performed additional sampling in day and night
before, and during and after the Car-Free Day, and the
results are shown in Table 3. The meteorological conditions varied during these days but were generally similar. The ambient temperature varied little within ~ 23–
25 °C. The ambient relative humidity was high, ranging
from ~ 70–90%, due to the humid climate in the fall of
Shanghai. Wind speed was moderately high with values
of around 4–5 m/s (except the low value of 1.4 m/s at
the night of September 20). The prevailing winds covered directions circling from the northwest to northeast.
The similar meteorological conditions before, during,
and after the Car-Free Day precluded the possibility that
the change of air pollutants was dominated by varied

Weekday Average

Weekend Average

NO3−

NO2−

NH4+

C2O42−

NO3−

NO2−

NH4+

C2O42−

9.86
5.05
10.11
21.23

0.76
0.61
0.63
1.38

4.34
2.95
4.44
9.96

0.22
0.16
0.35
0.22

8.62
7.27
10.89
25.85

1.20
1.37
0.53
1.93

4.00
3.07
5.54
8.41

0.04
0.42
0.32
0.23
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Table 3 Temporal variations of mass concentration of NO3−, NO2−, NH4+, and C2O42− in TSP and ambient meteorological parameters from September
20th to September 23rd, 2007
Date (on)

Day/
night

Time

NO3− (μg m−3) NO2− (μg m−3) NH4+ (μg m−3) C2O42−
RH
(μg m−3) (%)

Temperature
(°C)

Wind speed Wind
(m/s)
direction

2007/9/20
2007/9/20
2007/9/21
2007/9/21
2007/9/22
2007/9/22
2007/9/23

D
N
D
N
D
N
N

7:40–19:00
19:12–7:03
7:10–19:00
19:03–7:01
7:13–18:54
19:05–6:57
19:05–6:57

4.07
7.42
7.57
11.53
2.07
2.77
2.53

22.8
21.8
24.1
23.1
23.1
22.9
25.4

4.8
1.4
3.9
4.0
5.0
3.7
3.4

0.80
0.36
0.70
0.41
0.12
0.13
0.21

weather. As shown in Table 3, the concentrations of
NO3−, NO2−, NH4+, and C2O42− on September 20 and 21 were
comparable to those of the weekday average (Table 2). On the
Car-Free Day, in both daytime and nighttime, the samples
displayed evident declines of the soluble ion concentrations
compared to the previous 2 days. On average, NO3−, NO2−,
and NH4+ on September 22 were reduced by 64, 84, and 34%,
respectively, during daytime. As for the nighttime measurements, the reduction percentages of those ions were 71, 66,
and 71%, respectively. The results above proved that traffic
restriction measures could indeed help mitigate the concentrations of those aerosol species related to vehicle emissions. On
the following day of September 23, when the traffic restriction
measures were lifted, the concentrations of NO3−, NO2−, and
NH4+ remained at low levels. NO2− and NH4+ showed a little
rebound compared to those observed at the night of September
22, while NO3− showed slight reduction. Air quality data from
Shanghai Environmental Monitoring Center indicated that on
September 23, the concentration of O3 quickly dropped with a
daily average of 19.7 μg m−3, about 60% lower than the previous 3 days. The dramatic decline of O3 after the Car-Free
Day probably suggested the weakened atmospheric oxidant
ability, thus suppressing the atmospheric processing of secondary aerosol. In addition, there were occurrences of precipitation events on September 23. Thus, the wet scavenging
effect should also be one factor causing the relatively low
concentrations of secondary inorganic aerosols after the
Car-Free Day.

Impact of aerosols/trace-gases on urban air quality
and offshore eco-environment
Role of NH3 in the formation of major secondary inorganic
components in Shanghai
NH3 is a major trace gas in the atmosphere as NOx,
SO2, and the hydrocarbons are. Its importance lies in
that NH3 is an alkaline and reductive trace gas in a
generally acidic and oxidative atmosphere. Previous
study found that the emission intensity of NH3 in the

2.30
4.00
2.67
2.59
1.65
0.94
1.72

0.47
1.64
0.41
0.82
0.37
0.49
0.48

82.2
85.9
72.5
77.2
85.1
92.6
86.5

WSW
NNW
NNW/NE
NNE/NE
NNE
N/NNE
N/NNE

Yangtze River Delta where Shanghai is located in was
3.3 times of that in Europe and 3.8 times of that in
Japan (Dong et al. 2009).
Correlation analysis was applied on NH4+ with NO3−
and SO42− in PM2.5 samples collected at both FD and
PT sites in Shanghai. As the deliquescence relative humidity (DRH) of NH4NO3 is 61.8%, all samples were
divided into two categories: One was those samples collected under the daily relative humidity (RH) < 62%,
and the other was those samples with daily RH ≥ 62%.
The correlation between NH4+ and NO3− is shown in
Fig. 4a, c. In sampling days of RH under 62%, NH4+
and NO3− presented a fairly good linear correlation with
a correlation coefficient of ~ 0.9, suggesting that
NH4NO3 was a major form of both NH4+ and NO3−
in those aerosol samples without deliquescence. While
for the sampling days of RH higher than 62%, a poorer
correlation was revealed as visualized by the scattering
of the data points. This probably indicated that NO3− in
those samples was not in the only form of NH4NO3 but
also in other forms, such as aqueous HNO3 and Ca
(NO3)2.
It is known that in an atmospheric system in which NH3,
HNO3, H2SO4, and H2O coexisted, H2SO4 was a stronger
competitor than HNO3 in forming ammonium salt with NH3
(Seinfeld and Pandis 2006). It is believed that only when the
amount of NH3 could neutralize most of H2SO4 to form (NH4)
2SO4 and NH4HSO4, the Bsurplus^ NH3 then reacts with
HNO3 to form NH4NO3. The correlations between NH4+
and SO42− are shown at the same dividing point of RH =
62% (Fig. 4b, d). Different from the correlation between
NO3− and NH4+, SO42− showed good correlations with
NH4+ in both RH categories. The correlation coefficient of
the RH ≥ 62% category was a little lower but still remained
above 0.77. This further suggested that in the urban environment, NH3 preferentially neutralized H2SO4 under a wide RH
range. Stoichiometry of daily molar concentrations of NO3−,
NH4+, and SO42− in PM2.5 in both FD and PT sites in the
whole year of sampling was calculated (Table 4). Two moles
of NH3 would be consumed reacting with 1 mole of H2SO4 to
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Fig. 4 Correlation analyses between NH4+, NO3−, and SO42− in PM2.5 at FD site (a, b) and PT site (c, d) in different relative humidity ranges

form 1 mole of (NH4)2SO4 in the atmosphere. The last column
of Table 4 showed that when all the H2SO4 were neutralized
by NH3, certain amount of NH3 was left and could react with
HNO3 to form NH4NO3. Therefore, the role of NH3 in the
formation of NO3− and SO42− in atmospheric fine particles
in Shanghai was worth paying a further investigation.
NO2 and SO2 are the two major gaseous precursors of NO3−
and SO42− in atmospheric particles, respectively. The ambient
NO2 and SO2 concentrations observed in Shanghai showed that
both two gaseous precursors got peak values in winter and
valley values in summer (Fig. 5). The concentration levels of
the precursors (reactants) in the atmosphere would affect those
secondarily formed components (products) in the particulate
phase directly. The magnitude of the products is usually proportional to that of the reactants under the same meteorological
conditions. However, mass concentrations of NO3− and SO42−
on a per mass basis, i.e., both ratios, NO3−/PM2.5 and SO42
−
/PM2.5, in those samples collected at FD site in year of 2007
indicated a seasonal variation as summer > spring > autumn >
winter (Fig. 5), which was right opposite to the variation tendency of ambient NO2 and SO2 concentrations. This seasonal
variation trend was more distinctly presented in the ratios, SO42
−
/PM2.5, in which average value obtained in summer was about
five times of that obtained in winter.
In the Yangtze River Delta, nitrogen fertilizer application in
agricultural activities was found to be the biggest contributor to

NH3 emission in this area; for those nitrogen fertilizers with high
volatilization rates, (CO(NH2)2 and NH4HCO3) were used commonly and they were applied with spreading on the soil surface
(Goebes et al. 2003). Dong et al. (2009) reported that in the
Yangtze River Delta, 49.3% of the total NH3 emissions were
from this source. It is known that crops are in their growing
period in season of spring and summer during which nitrogen
fertilizer would be more frequently applied. Besides, relatively
high ambient temperature would also make more NH3 emitted
from the ground to the atmosphere. By comparison, less active
growth of crops and relatively low ambient temperature in autumn and winter would reduce the amount of NH3 emissions
into the atmosphere. Hence, the higher NO3−/PM2.5 and SO42
−
/PM2.5 ratios during spring and summer (Fig. 5) should be
partially explained by the more intense NH3 emissions in these
two seasons. NH3 was probably a driving factor in the formation
of major secondary inorganic water-soluble ions in atmospheric
fine particles in Shanghai. In this regard, if the emission of NH3
could be controlled at the same time as the emissions of NO2 and
SO2 in Shanghai is, pollution from secondary inorganic components in urban aerosols would be more efficiently abated.
Apart from the seasonality of NH3 emissions, oxidants
such as OH radical and O3 were usually low due to the weakened sunlight radiation as well as extinction of incoming sunlight due to heavier haze in winter. In this regard, the photochemical processing of secondary aerosol should be less
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Table 4 Stoichiometry of molar
concentrations (nmol m−3) of
NO3−, NH4+, and SO42− in PM2.5
collected at FD and PT sites

NO3−
Site

FD

NH4+
PT

FD

NH4+ − 2 × SO42−

SO42−
PT

FD

PT

FD

PT

Spring

110.6

–

251.4

–

107.2

–

37.0

–

Summer

47.1

55.7

243.0

144.9

76.5

66.3

90.0

12.3

Autumn
Winter

121.5
92.3

48.3
79.9

286.0
191.8

117.6
169.2

98.2
68.5

37.4
58.1

89.6
54.8

42.8
53.0

efficient than the warm seasons. In addition, the seasonal characteristics of the mass percentages of secondary inorganic
aerosols were also related to the other components in aerosol,
e.g., organic aerosols. A recent study (Xu et al. 2018) based on
high-resolution measurement of OC/EC revealed that carbonaceous aerosols over Shanghai in autumn and winter were
significantly enhanced compared to spring and summer.
Biomass burning due to harvest straws was the major source
of carbonaceous aerosols in autumn, while local and regional
combustions contributed more in winter. Although carbonaceous aerosols were not measured in this study, we believe
that the relatively low percentages of inorganic aerosols in the

Fig. 5 Ambient NO2, SO2 concentrations and NO3−, SO42− mass
percentages in PM2.5 during the 2007 field campaign at FD site, Shanghai

particulate masses in autumn/winter should be also partially
ascribed to the enhanced carbonaceous emissions.
Influence of anthropogenic emissions on the formation
and size distribution of the offshore MSA
Gaseous DMS was the major form of natural and biogenic
sulfur released by phytoplankton in the surface ocean to the
atmosphere. Part of the released DMS would form SO2
through oxidation, while the remaining part would form
MSA. MSA was often used as a tracer for natural nss-SO42−
over sea and coastal areas based on their geometric mean mass
ratio (MSA/nss-SO42−) of 1:18 (Savioe et al. 1994). MSA in
marine aerosols mainly distributed in submicron particles
(Huebert et al. 1996; Nakamura et al. 2005). As mentioned
in BWater-soluble sulfur species^, DMS from land emissions
and DMSO released from industrial waste were found to be
important precursors of MSA in highly industrialized regions.
It is also found that the ratio of MSA in PM2.5 to that in TSP,
(PM2.5/TSP)MSA, in samples collected in industrial zones were
around 0.4, which was evidently lower than that of the samples collected in the ocean areas (Yuan et al. 2004). Moreover,
laboratory studies (Yin et al. 1990a, b) found that the presence
of gaseous pollutants (for example, NOx) would favor the
conversion of DMS to MSA. Due to the high concentration
level of oxidants in the polluted atmosphere, photochemical
reactions between DMS and radicals (·OH, ·NO3) would be
accelerated and thus resulted in more MSA production. The
ratio of MSA in PM2.5 to that in TSP, (PM2.5/TSP)MSA, at the
four sites in the spring of 2008 followed the sequence of TZ
(0.79) > XYS (0.64) > YL (0.62) > FD (0.59). The highest ratio found at the TZ site corroborated the fact that the
Taklimakan Desert was a paleo-ocean geographically. As a
comparison, although the offshore isle XYS is surrounded
by the East China Sea, the impact of continental outflows
made the ratio of MSA in PM2.5 to that in TSP, (PM2.5/TSP)
MSA, there much lower than that of TZ. The ratio in the FD site
was the lowest, elucidating the important role of anthropogenic emissions in MSA formation and size distribution in the
urban environment.
To more explicitly evaluate the impact of anthropogenic
emissions on the formation of MSA, we present the
time-series of MSA in both fine and coarse modes associated
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with the daily prevailing wind directions (Fig. 6) at the XYS
site, which is located right between the flourishing Yangtze
River Delta and the open East China Sea. The concentrations
of MSA in the coarse mode were derived by calculating the
difference between TSP and PM2.5. Wind direction is a crucial
parameter representing the transport pathway of air masses.
As shown in Fig. 6, a considerable fraction of westerlies
prevailed from March 20 to April 2 over the isle with occasional east winds. While from April 3 until the end of the
spring sampling, easterlies and southeasterlies prevailed, i.e.,
air masses dominated by the sea breeze. MSA loadings in the
coarse and fine particles experienced a shifting dominance
during these two periods, which could be visually seen in
Fig. 6. Coarse mode MSA showed much higher concentrations during the first period (0.48 ± 0.19 μg/m3) than the second period (0.10 ± 0.08 μg/m3), while it turned to be the opposite that the fine mode MSA showed much lower concentrations during the first period (0.27 ± 0.15 μg/m3) than the
second period (0.40 ± 0.12 μg/m3). On average, the ratio of
MSA in PM2.5 to that in TSP, i.e., (PM2.5/TSP)MSA, was 0.38
during the first period, much lower than that of 0.81 during the
second period. The prevailing westerlies facilitated transport
of inland pollutants to the coastal areas, thus causing high
concentrations of coarse mode MSA owing to both
industrial-derived MSA and enhanced oxidative pollutants to
the isle. However, when the ocean sea breeze dominated, the
impact of anthropogenic emissions on the MSA formation
was significantly depressed, which was reflected by the abrupt
decrease of coarse mode MSA after April 2. The elevation of
fine mode MSA concentrations after April 2 suggested that
biogenic emissions from phytoplankton acted as significant
sources of MSA.
The results above indicated that the formation and size
distribution of MSA in different regions were highly related
to the relative strength of anthropogenic sources and
ocean-related natural sources. The transport pattern served as
an important factor influencing the concentration level and
fine/coarse particle distribution of MSA especially over the
offshore areas.
Fig. 6 Daily average
concentrations of MSA in fine
(PM2.5) and coarse (TSP-PM2.5)
particles with wind directions and
wind speeds on Xiaoyangshan
Isle, spring 2008

Dry deposition of atmospheric inorganic nitrogen
over coastal zone
Atmospheric deposition has drawn a lot of attention as an
external source of marine nutrients in recent years. Past studies
carried out in various ocean regions indicated that sink of
particles through deposition was an important pathway for
external nitrogen input to the ocean and had caused coastal
eutrophication in different extents (Jassby et al. 1994; Paerl
1995). As atmospheric input of nitrogen into the ocean is
dominated by its inorganic forms, dry deposition flux of inorganic nitrogen pollutants, yet nutrients NO3− and NH4+ in
atmospheric particles were estimated based on the observation
data from the offshore isle XYS. The formula for estimating
the atmospheric dry deposition flux of a certain compound is
commonly expressed as Fa = VdCa, in which Vd stands for the
dry deposition velocity of a specific species and Ca stands for
the mass concentration of the same species. Fa stands for
aerosol dry deposition flux.
In previous studies on the estimation of aerosol dry deposition flux, a set deposition velocity was often chosen for a
certain species. However, particles with different aerodynamic
sizes are subject to different deposition velocities under the
same meteorological conditions. In this study, we take account
of the effect of size distribution on dry deposition velocities to
estimate the dry deposition flux. Firstly, the concentrations of
particulate NO3− and NH4+ at the XYS site were re-divided
into the fine mode (PM2.5) and coarse mode (the difference
between TSP and PM2.5). Secondly, according to our study
carried out on the Huaniao Isle over the East China Sea, dry
deposition velocities of fine and coarse particles were
modeled to be 0.06 cm s−1 and 1.00 cm s−1, respectively
(Zhu et al. 2013). Since the XYS site is close to the Huaniao
Isle with a distance of around 62 km and the sampling periods
were both in spring, velocity values obtained for the Huaniao
Isle were applied in this work. In this regard, the formula for
the calculation should be modified as Fa = Vd,fineCa, fine + Vd,
coarseCa, coarse. Accordingly, the estimated dry deposition flux
of inorganic nitrogen over the XYS isle in the spring of 2008
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Table 5 Estimation of dry
deposition flux of atmospheric
particulate NO3− and NH4+ over
the East China Sea

n = 37

NO3−

Sampling time

March 20–April 19, 2008

Nitrogen concentration (μg N m−3)

0.68 (fine)

0.98 (fine)

60

Dry deposition velocity (cm s−1)

0.47(coarse)
0.06 (fine)

1.08 (coarse)
0.06 (fine)

–

Dry deposition flux (μg N m−2 day−1)

1.00 (coarse)
439

1.00 (coarse)
985

69

a

NH4+

Percentage of NH4+ a

N-NH4+ /N-(NO3− + NH4+ )

was contributed by NO3− of 439 μg N m−2 day−1 and NH4+ of
985 μg N m−2 day−1 (Table 5), respectively. Nitrogen deposited in the form of NH4+ accounted for 69% of the total inorganic nitrogen depositions, suggesting that particulate reductive nitrogen was the major form of atmospheric inorganic
nitrogen input to offshore water of the East China Sea.
Annual dry deposition flux of NO3− and NH4+ over XYS
was calculated to be 0.52 g N m−2 year−1 based on the daily
values. This value was slightly beyond the range of 0.05–
0.5 g N m−2 year−1 for atmospheric dry deposition flux of
inorganic nitrogen over the Eastern China Seas simulated by
the MM5/CMAQ modeling system, in which gaseous NH3
and HNO3 were included (Zhang et al. 2010). Two major
causes are responsible for the relatively high deposition flux
in this study. Firstly, being an offshore isle, XYS received
higher atmospheric concentrations of NO3− and NH4+ than
the offshore water body and of course the open ocean did.
Secondly, daily average concentrations observed in spring
were used in calculation of annual dry deposition flux. The
prevailing westerlies over the East China Sea in spring and
winter brought more atmospheric pollutants from inland to the
coastal areas than in summer and autumn (Gao et al. 1992).
Meanwhile, the frequent outbreak of Asian dust could also
transport considerable pollutants in spring than in the other
seasons. Hence, the estimated annual nitrogen dry deposition
flux in this study should be regarded as an upper limit.
Assuming that all the deposited atmospheric inorganic nitrogen in this study was bio-available to phytoplankton in the
surface sea water, according to the Redfield stoichiometric C/
N ratio of 106:16 (Mackey et al. 2013), the deposited particulate NO3− and NH4+ could create a primary productivity of
8.09 mg C m−2 day−1 which accounted for 1.3 to 4.5% of the
new production of the East China Sea (180–626 mg
C m−2 day−1) (Chen and Chen 2003). This suggested that
atmospheric dry deposition was not a negligible path for external nitrogen input to the coastal ecosystem.

Conclusions
This work was based on two observation campaigns: One
took place simultaneously in four sites in mainland China in

spring, from the dust source region in Northwestern China to
the offshore isle over the East China Sea, to investigate the
spatial heterogeneity of the atmospheric particles and the
water-soluble species; the other was carried out at two nearby
urban sites in a metropolis throughout a whole year. The results indicated that the particle loadings and concentration
levels of the water-soluble species were in accordance with
the geological histories, geographical locations, and economic
situations of the target areas. The average NO3−/SO42− ratio of
TZ, YL, SH, and XYS in the spring of 2008 was 0.07, 0.47,
0.85, and 0.40, respectively, elucidating distinctly different
extents of motorization. Furthermore, in a case study, concentrations of water-soluble ions having vehicle emission sources
were compared in daytime and nighttime before, during, and
after a Car-Free Day in Shanghai. Decreases of the concentrations to different degrees were observed for all the
water-soluble nitrogen species on the Car-Free Day, which
was believed to be attributed to the effective traffic restriction
measures.
Correlation analysis on the concentrations of NO3− and
SO42− with that of NH4+ in different RH ranges was performed at both urban sites in Shanghai. Together with the
stoichiometry of their molar concentrations, the results suggested that atmospheric NH3 was able to neutralize almost all
the sulfuric acid and quite a fraction of the nitric acid in the
atmosphere of Shanghai. The seasonal variations of both
NO3− and SO42− concentrations on a per mass base showed
a similar tendency to those of NH3, as the NH3 emissions in
spring and summer should be higher than autumn and winter.
All these findings implied that atmospheric NH3 played an
important role in the formation of water-soluble secondary
pollutants, which would shine a light on the development of
measures on related pollutant control in the urban air.
Research on the offshore Xiaoyangshan Isle in the spring
of 2008 demonstrated a great influence of both oceanic and
anthropogenic emissions on the formation and size distribution of particulate MSA. Continental outflows elevated the
concentrations of coarse mode MSA, owing to both
industrial-derived MSA and enhanced oxidative pollutants to
the isle. Oppositely, the ocean sea breeze brought marine
source MSA with dominance in fine mode, causing the sharp
increase of its fine vs. coarse ratios. This is a new finding
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about the characteristic of particulate MSA, a major organic
sulfur species in the atmosphere.
On the basis of measured mass concentrations and an improved calculation formula at an isle, annual dry deposition
flux of particulate NO3− and NH4+ over the East China Sea
was estimated to be 0.52 g N m−2 year−1, which was comparable to the simulated values by a numerical model. Through
atmospheric dry deposition, nutrients like soluble NO3− and
NH4+ was bio-available to phytoplankton in the water body
and contributed concretely to marine new production. Future
work in this issue could be extended to atmospheric gaseous
species, atmospheric wet deposition, and promotion of the
accuracy of flux estimation.
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