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A B S T R A C T

In the present study, the pH values and the concentrations of nine inorganic ions (SO4
2−, NO3

−, NH4
+, Cl−,

Na+, Ca2+, K+, Mg2+ and F−) in rainwater samples collected in Shanghai during 2011–2016 were measured to
study their spatiotemporal variations and to identify their sources. The rainwater was severely acidified with an
average volume-weighted mean (VWM) pH value of 4.96 during 2011–2016, indicating that Shanghai still
suffers from severe acid rain pollution. The VWM concentrations of the measured ions in the rainwater samples
decreased by 26–53% during 2011–2012. Then, SO4

2−, NO3
−, NH4

+, Ca2+ and F− remained at relatively stable
levels during 2012–2016, whereas Cl−, Na+ and Mg2+ fluctuated during the same period. The seasonal var-
iations showed that all of the ions except for NH4

+ exhibited the highest VWM concentrations in winter, fol-
lowed by those in spring and autumn, and the lowest values were in summer. The highest VWM concentrations
of these ions in winter were mainly attributed to adverse meteorological conditions, the rare rainfall, as well as
greater anthropogenic emissions. The spatial distributions of the VWM concentrations of SO4

2−, NO3
− and

NH4
+ in rainwater in Shanghai during 2014 were significantly linked to local emission sources, and higher levels

of SO4
2− and NO3

− were observed in the industrial and populated areas (i.e., the JS and PD districts), whereas
higher VWM concentrations of NH4

+ were concentrated in agricultural areas (i.e., the QP and SJ districts). The
wet deposition fluxes of SO4

2−, NO3
− and NH4

+ were closely related to rainfall. The areas featured by greater
rainfall generally presented higher wet deposition fluxes of SO4

2−, NO3
− and NH4

+. On the basis of the positive
matrix factorization (PMF) and Enrich factor (EF) analysis, five sources for the inorganic ions in rainwater in
urban Shanghai were identified, including secondary formation, crustal/soil dust, construction emissions,
marine sources and waste incineration emissions. Our results provided a comprehensive picture of the ionic
compositions of rainwater in Shanghai and could help the government to develop targeted regulations to reduce
acid deposition in this typical megacity of China.

1. Introduction

Rainwater is one of the major sinks of particulate matter (PM) and
dissolved gases in the atmosphere (Tu et al., 2005; Al-Khashman, 2009;
Laouali et al., 2012; Liu et al., 2013a; Budhavant et al., 2014; Moreda-
Piñeiro et al., 2014; Niu et al., 2014; Rao et al., 2016). With the increase
of air pollution induced by fast urbanization and industrialization, the
scavenging of increasing atmospheric pollutants through “in-cloud” and
“below-cloud” processes has significantly affected the pH value and the
chemical compositions of rainwater (Al-Khashman, 2005; Migliavacca

et al., 2005). It was reported that rainwater has been contaminated in
the most regions of the world due to various pollutant loadings in the
atmosphere (Cao et al., 2009). Since these pollutants, emitted by var-
ious sources, have experienced numerous physical and chemical me-
chanisms before being deposited as rain drops, the study on the che-
mical composition of rainwater could provide valuable information on
atmospheric quality and could help to distinguish between pollution
sources (Voldner et al., 1986; Minoura and Iwasaka, 1996; Zunckel
et al., 2003).

The characteristics of major water-soluble ions in rainwater in
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developed countries have been widely studied. Moreda-Piñeiro et al.
(2014) reported that Cl−, Na+ and Mg2+ in rainwater samples col-
lected in Spain during 2011–2012 were linked to a marine origin;
SO4

2− and Ca2+ were derived from a crustal source; and NH4
+ and

NO3
− were mainly attributed to agricultural activity. Walna (2015)

found significant decreasing trends in the concentrations and wet de-
position fluxes of SO4

2−, NH4
+ and K+ in western Poland during

2002–2013. On the basis of data collected from 32 monitoring sites,
Oulehle et al. (2016) also presented the substantial declining trends of
SO4

2−, NO3
− and NH4

+ in rainwater in the Czech Republic during
1994–2012, which corresponded to the decreases of emissions of SO2,
NOx and NH3, respectively. Recently, Rogora et al. (2016) revealed a
significant decrease in the concentration and wet deposition flux of
SO4

2− in rainwater in the Southern Alps during 1980–2014. Both NH4
+

and NO3
− also exhibited apparent decreases after 2006. Although

emissions and deposition were measured and quantified adequately in
Europe and North America, a global assessment of wet deposition
pointed out that the global database was inadequate for evaluating the
extent, severity, and impact of acidic deposition in all parts of the
world, due to poorly quantified data in many developing countries (Vet
et al., 2014).

China, as the largest developing country in the world, has suffered
from serious acid rain pollution since the late 1970s (Galloway et al.,
1987; Ding et al., 1997; Wei et al., 2009). Large-scale observations and
numerous scientific studies on rainwater chemistry have been per-
formed early in China (Galloway et al., 1987; Dianwu et al., 1988;
Wang and Wang, 1995; Larssen and Carmichael, 2000; Wang et al.,
2000; Wu et al., 2006; Zhang et al., 2012b). It was well documented
that the acid rain regions were mainly concentrated in the south and the
southwest of China, especially in city-clusters such as the Yangtze River
Delta area (YRD), the Pearl River Delta area (PRD), and the Sichuan
Basin (SB) (Hao et al., 2000; Zhang et al., 2007). Aas et al. (2007)
studied the wet deposition of major inorganic ions at five nonurban
sites in south China during 2001–2003, and found that SO4

2−, NO3
−

and NH4
+ were the predominant ions in rainwater. Wai et al. (2005)

reported the higher concentrations of SO4
2−, NO3

−, Ca2+ and NH4
+ in

rainwater in the cold season were comparable with those during the
warm season in Hong Kong during 1998–2000. Tu et al. (2005) pre-
sented significant decreases in the concentrations of SO4

2− and Ca2+,
but an apparent increase of NO3

− in rainwater in Nanjing during
1992–2003. Similar variations were also observed by Huang et al.
(2008a) for the concentrations of SO4

2− and NO3
− in rainwater in

Shenzhen during 1986–2006. However, these studies were mainly
conducted in early years and the interest in this issue has substantially
declined in recent years because the public and governments have fo-
cused on the pollution of fine particles and ozone (Chen et al., 2012;
Wang et al., 2014; Pan et al., 2015; Fu and Chen, 2017; Li et al., 2017a).
According to the reports of the State Environmental Protection Ad-
ministration of China, the ratio of acid rain in urban areas reached up to
19.8% in 2016, indicating that China was still facing severe acid rain
pollution.

Shanghai, as one of the most densely populated and industrialized
metropolitan regions in China, is located on the eastern tip of YRD and
is characterized by a typical subtropical monsoon climate, with a
southeast monsoon dominating in the summer and a northeast monsoon
prevailing in winter. Thus, the rainwater in Shanghai is not only af-
fected by local pollution, but is also influenced by huge anthropogenic
emissions transported from YRD and the North China Plain (NCP)
(Wang et al., 2006). In recent years, especially after 2011, the Shanghai
government has implemented many policies to control the emissions of
SO2 and NOx, both of which play crucial roles in influencing the che-
mical properties and acidification process of rainwater (Huo et al.,
2012; Roy et al., 2016). NH3, another key factor for acid rain, has been
shown to have an increasing trend in the atmosphere due to synthetic N
fertilizer use (Liu et al., 2013b; Fu et al., 2017; Warner et al., 2017).

Other inorganic species (i.e., Ca2+, Cl−, K+) also play important roles
in rainwater chemistry and have experienced significant changes in the
atmosphere (Lin et al., 2014). Therefore, long-term data on the che-
mical composition of rainwater in Shanghai is needed to assess if there
has been a widespread and coherent response of deposition to emissions
changes. In addition, Shanghai includes 17 administrative districts
characterized by different economic development modes, land use
types, and industrial structures. Rainwater in the different areas of
Shanghai may present specific characteristics due to the influences of
local pollutant emissions. To the best of our knowledge, only a few
early studies on rainwater chemistry have been performed in Shanghai,
and all of them were only performed with a limited short sampling
period and/or focused on the urban area of Shanghai. In earlier years,
Deng et al. (2004) revealed that the acid rain type in urban Shanghai
evolved from a sulfuric acid type to a nitric acid type during
1991–2001. Subsequently, Huang et al. (2008b) reported severe acid
rain in urban Shanghai in 2005, with a mean pH value of 4.49. Ai et al.
(2010) further measured a lower rainwater pH value in spring/winter
than those in summer/autumn in urban Shanghai during 2008–2009.
To date, studies on the spatiotemporal variations of ions in rainwater in
Shanghai are very lacking, especially for a long-time span at a whole
city scale, which is particularly necessary to deepen our understanding
on acid deposition chemistry in megacities of China.

In the present study, the pH values and the concentrations of nine
water-soluble ions (Ca2+, Cl−, F−, K+, Mg2+, Na+, NH4

+, NO3
−, and

SO4
2−) in rainwater samples collected in Shanghai during 2011–2016

were measured simultaneously. The aim of this study is as follows: (1)
to determine the inter-annual and seasonal variations of water-soluble
ions in rainwater in urban Shanghai; (2) to characterize the spatial
variations of major ions (SO4

2−, NO3
− and NH4

+) in the different
functional areas of Shanghai; and (3) to quantitatively identify the
sources of water-soluble ions in rainwater in Shanghai.

2. Materials and methods

2.1. Sites description

Eight regular sampling sites lied in the different administrative
districts in the urban area of Shanghai, including Hongkou (HK), Jingan
(JA), Zabei (ZB), Putuo (PT), Xuhui (XH), Huangpu (HP), Yangpu (YP)
and Changning (CN), as shown in Fig. 1. The data collected from an-
other 9 sampling sites in 2014 were added to study the spatial dis-
tributions of major water-soluble ions in rainwater in Shanghai. These
sampling sites were distributed in the different administrative districts
throughout whole Shanghai, including Chongming (CM), Baoshan (BS),
Jiading (JD), Qingpu (QP), Songjiang (SJ), Jinshan (JS), Fengxian (FX),
Pudong (PD) and Minhang (MH). All of the 17 administrative districts
could be classified into five functional areas according to different
economic development modes, land use type, and industrial structure,
including agricultural area, industrial area, financial & trade area,
urban area, and technology & cultural area (Fig. 1). HK, JA, ZB, PT, XH,
HP, YP, and CN represent the urban area of Shanghai and span an area
of 660 km2. PD is the most populated district in Shanghai with a po-
pulation of 5.6 million in 2016, which is also the second largest ad-
ministrative district in Shanghai with well-developed financials and
trading industries. In addition, PD hosts many famous scenic spots (i.e.,
Oriental Pearl TV Tower, Shanghai Science and Technology Museum,
etc.). JD and MH represent the science and technology zones of
Shanghai with many high-tech enterprises, as well as colleges and
universities. JS is a typical industrial area characterized by various
petrochemicals and bio-pharmaceutical industries, including the fa-
mous Sinopec Shanghai Petrochemical Company Limited, while CM,
QP, FX and SJ are the main agricultural areas of Shanghai due to the
rich water system.
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2.2. Sampling and chemical analysis

All of the rainwater samples were collected using an automatic
rainwater collector placed on the roof of a building about 15m above
ground, with no obvious obstacles and pollution sources around the
sampling sites. Six-year series of rainwater samples except some special
cases when rainfall was< 1mm were kept collected to ensure its
continuity. Rainwater pH values was measured immediately after every
rain event with a digital pH meter (METTLER TOLEDO). Two standard
buffer solutions at pH 4.01 and 6.86 were used for calibration before
the measurement. Then rainwater samples were filtered through
0.45 μm Millipore membrane filter to remove insoluble fractions and
stored in a refrigerator at 4 °C prior to chemical analysis in the la-
boratory.

Filtered rain samples were analyzed for the anions (NO3
−, SO4

2−,
Cl−, F−) and the cations (Na+, K+, Ca2+, Mg2+, NH4

+) by ion chro-
matography (Dionex). An AS11- HC (Dionex, 250mm×4mm) column
was used for the analysis of anions, which was applied by the gradient
elution with the concentration of NaOH eluent ranging from 10 to
40mM and the flow rate was 1.2mLmin−1. The separation of cations
was achieved by the CS12A (Dionex, 250mm×4mm) column and the
eluent of 8mM CH3SO3H was set at a flow rate of 1.0mLmin−1. For the
quality control, the injection of working standards was carried out
every 10 samples at an interval. The analytical detection limits were
1 μg L−1 for Na+, K+, NH4

+, Mg2+, Cl−, F−; 3 μg L−1 for NO3
−;

2 μg L−1 for SO4
2−; and 5 μg L−1 for Ca2+, respectively. The de-

termined precision values and recoveries for all of the ions in rainwater
samples were<5% and 90–110%, respectively. In addition, the data
quality was checked by the ion balance. The equivalence ratio of the
cation sums to the anion ones (∑cations/∑anions) was 1.08 on average,
and the strong linear correlation was observed between them
(R2=0.93, p < 0.01) (Fig. 2). The anion deficiency might be due to
the HCO3

−/CO3
2– and organic acids in rainwater (Migliavacca et al.,

2005; Xu et al., 2011). Given that the acceptable USEPA (United States
Environmental Protection Agency) range of ion difference in rainwater

was 15–30% for samples with total ion concentrations> 100meq L−1,
the data shown herein was credible.

2.3. Data analysis

The annual or seasonal volume-weighted mean (VWM) concentra-
tions of ionic species in rainwater were calculated using the following
formulate:

=
=

=
C C R R/

i

n

i i i

n
i

1
1 (1)

where C was the annual or seasonal VWM concentrations of the ion
(μeq L−1); Ci was the ion concentration of an individual rainwater
sample i (μeq L−1); Ri was the rainfall corresponding to the rain event i
(mm); n was the total number of the rainwater samples.

The wet deposition flux of the specific ion was calculated using the
following equation:

=WD C R /100w t (2)

whereWD was the annual wet deposition flux of the ion (kg ha−1 yr−1);
Cwwas the VWM concentration of the ion (mg L−1); Rt was the total
annual rainfall (mm); 100 was a unit conversion factor.

The H+ concentration and the annual mean pH value of the rain-
water samples were calculated using the following equations:
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=
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where Ciwas the H+ concentration of the rainwater sample i (mol L−1);
pHi was the pH value of the rainwater sample i; [H+]mean was the an-
nual mean VWM concentration of H+ (μeq L−1); Vi was the rainwater
amount (mm) of each rain event; n was the total number of the rain-
water samples; pHmean was the annual mean pH value.

2.4. Enrichment factor (EF) analysis

Enrichment factor (EF) was typically used to identify the origin of
chemical components in rainwater (Vermette et al., 1988; Singer et al.,
1993; Okay et al., 2002; Cao et al., 2009). In the present study, EF of an
ion in rainwater relative to the ion in seawater (EFseawater) was calcu-
lated according to the following equation:

= MEF [X/ ] /[X/M]seawater rainwater seawater (4)

where, X was the concentration of the ion of interest, M was the con-
centration of the sea-salt tracer ion, [X/M] rainwater was the ratio of X to
M in the rainwater samples, [X/M]seawater represented the ratio of X to
M in seawater. The rules for selecting a sea-salt tracer ion are as follows

Fig. 1. The sampling locations in Shanghai (HK: Hongkou; JA: Jingan; ZB:
Zabei; PT: Putuo; XH: Xuhui; HP: Huangpu; YP: Yangpu; CN: Changning; HK:
Hongkou; JA: Jingan; ZB: Zabei; PT: Putuo; XH:Xuhui; HP: Huangpu; YP:
Yangpu; CN: Changning; CM: Chongming; BS: Baoshan; JD: Jiading; QP:
Qingpu; SJ: Songjiang; JS: Jinshan; FX: Fengxian; PD: Pudong; MH: Minghang;
The eight regular sampling sites during 2011–2016 lied in the urban area of
Shanghai (red area), another added 9 observation sites in 2014 were distributed
in the different administrative districts across the whole city; the five functional
areas were represented by the different color: green color represents agri-
cultural area, grey color represents industrial area, brown color represents fi-
nancial & trade area, red color represents urban area, and blue color represents
technology & cultural area). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Linear regression of the sum cations vs. the sum anions for all of the
rainwater samples in urban Shanghai during 2011–2016.
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(Church et al., 1982; Keene et al., 1986; Zhang et al., 2012a):

(a) If the ratios of Cl−/Na+ and Mg2+/Na+ were equal or greater than
the corresponding values in the sea-water (Cl−/Na+:1.17, Mg2+/
Na+: 0.23), then Na+ was selected as the sea-salt tracer ion;

(b) If the ratios of Na+/Cl− and Mg2+/Cl− were equal or greater than
the corresponding values in the sea-water (Na+/Cl−: 0.86, Mg2+/
Cl−: 0.20), then Cl− was selected as the sea-salt tracer ion;

(c) If the ratios of Na+/Mg2+ and Cl−/Mg2+ were equal or greater
than the corresponding values in the sea-water (Na+/Mg2+: 4.40,
Cl−/Mg2+: 5.13), then Mg2+ was selected as the sea-salt tracer ion;

The ratios of the different ions in seawater were taken from Brewer
and Shirrow (1975) and Qin (1995). By the calculation, the ratios of
Cl−/Na+ and Mg2+/Na+ in the present study were 1.20 and 0.45 on
average, respectively. Therefore, Na+ was selected as a seawater tracer
ion. So the sea –salt fractions (SSF) and the non-sea-salt fractions
(NSSF) of the selected ions in rainwater were calculated using the fol-
lowing two equations:

= × ×+ +%SSF 100% [Na ] [X/Na ] /[X]rainwater seawater rainwater (5)

=%NSSF 100% %SSF (6)

2.5. Positive matrix factorization (PMF) analysis

Positive matrix factorization (PMF), using the mathematical ap-
proaches for quantifying the contributions of sources to samples based
on chemical compositions, is one of the recognized and effective source
apportionment method for air pollutants (Paatero and Tapper, 1994;
Wang et al., 2013; Tiwari et al., 2016). US EPA'S PMF (version 5.0) was
used to identify the sources of ion species in the rainwater samples in
urban Shanghai.

3. Results and discussion

3.1. Chemical composition of rainwater in urban Shanghai

3.1.1. The VWM concentrations of water-soluble ions in rainwater
Table 1 presents a statistic summary of the annual mean VWM

concentrations of water-soluble ions in the rainwater samples collected
in urban Shanghai during 2011–2016. The average VWM concentra-
tions of the ionic compositions were in the following sequence:
SO4

2−>NH4
+>NO3

−>Ca2+>Cl−>Na+>H+>Mg2+>F−-

>K+. NH4
+, SO4

2−, NO3
− and Ca2+ were predominant water-soluble

ions in rainwater, in total, accounting for average of 75.8% of the total
ions. Similar characteristics were also observed in the other regions of

China, i.e., Nanjing (Tu et al., 2005), Lijiang (Zhang et al., 2012a), the
Yulong Snow Mountain region (Niu et al., 2014), and Shangdianzi (Pu
et al., 2017). Furthermore, NH4

+ was the most abundant cation, with
an average VWM concentration of 66.71 μeq L−1, accounting for
48.09% of the total cations. NH4

+ in rainwater was closely related to
NH3 in the atmosphere, which originated from the dissolution of NH3

and particulate ammonium into rainwater. Since Shanghai is sur-
rounded by developed agricultural areas (i.e., the Zhejiang and Jiangsu
Provinces), air masses derived from or passing over these NH3-rich
areas could increase NH3 levels in urban Shanghai under the influence
of the prevailing southeast winds (Huang et al., 2013; Wang et al.,
2015). In addition, industrial and traffic emissions are also two major
sources of NH3 in the urban atmosphere (Moeckli et al., 1996; Fraser
and Cass, 1998; Liu et al., 2014; Wang et al., 2015). According to the
Shanghai Statistical Yearbook, the vehicle number registered in
Shanghai increased from 2.52 million in 2011 to 3.59 million in 2016,
which could be one of the important reasons for the high concentration
of NH4

+ in Shanghai. In terms of the anions, SO4
2− and NO3

− were the
two most abundant ones, with an average VWM concentration of 72.35
and 39.86 μeq L−1, accounting for 52.27 and 28.80% of the total an-
ions, respectively. The high concentrations of SO4

2− and NO3
− could

be related to the large emissions of SO2 and NOx from the emissions of
coal and oil fuel combustion (Larssen et al., 2011; Zhang et al., 2017).
The average VWM concentrations of Cl− and Na+ were 21.75 and
16.90 μeq L−1, respectively. Cl− and Na+ are generally considered to
originate from sea-salt (Niu et al., 2013). In the present study, the ratio
of Cl−/Na+ was 1.29 on average, which was higher than the seawater
Cl−/Na+ ratio (1.17), indicating an additional source of Cl− in rain-
water in urban Shanghai.

Compared with the previous study reported by Huang et al. (2008b)
on the wet deposition of the ions in urban Shanghai in 2005, the VWM
concentrations of the major ions during 2011–2016 decreased by
17–80%, indicating a mitigation of air pollution in urban Shanghai in
recent years. It should be noted that both NH4

+ and NO3
− exhibited

lower decreases (17 and 20%, respectively) than the other ions, all of
which showed a great degree by>60%. First, selective catalytic re-
duction (SCR) for NOx removal was installed only in recent years re-
lative to the widespread installation of Flue-Gas Desulphurization
(FGD) for SO2 control. Only 29% of power plants in Shanghai have
installed SCR to control NO2 emissions, while FGD installation reached
up to 82% in 2011 (Fu et al., 2013). Second, the rapid growth of vehicle
numbers in Shanghai could be an important contributor to NOx and
NH3 in the atmosphere. Liu et al. (2017) reported that NOx presented
continuous increasing trends until 2011，due to the significant in-
creases of vehicle number, and has decreased only in recent years be-
cause of the strategies taken to control NOx emissions.

Table 1
The annual mean VWM concentrations (μeq L−1) of water-soluble ions in rainwater, the rainwater pH values and rainfall in urban Shanghai during 2011–2016.

2011 2012 2013 2014 2015 2016 Mean (11–16)

H+ 17.97 22.33 15.59 11.95 6.89 5.19 13.3 ± 6.59b

Na+ 22.03 13.65 18.78 17.71 13.68 15.55 16.90 ± 3.26
NH4

+ 104.35 53.07 61.95 57.98 54.74 68.19 66.71 ± 19.22
K+ 5.02 3.73 2.73 4.62 3.13 3.15 3.73 ± 0.91
Ca2+ 59.92 28.16 39.53 34.30 34.12 32.44 38.08 ± 11.31
Mg2+ 11.52 7.59 11.76 9.77 7.25 7.05 9.15 ± 2.16
NO3

− 64.15 30.06 41.36 31.62 30.91 41.08 39.86 ± 12.94
SO4

2− 116.59 61.06 70.86 70.35 55.36 59.86 72.35 ± 22.52
Cl− 26.42 17.72 22.74 27.11 17.31 19.21 21.75 ± 4.33
F− 6.41 3.99 4.35 3.90 4.24 3.84 4.46 ± 0.98
Rta 1134.61 1316.31 1132.03 1337.75 1657.87 1555.19 1355.63
pH 4.82 4.67 4.81 4.94 5.22 5.31 4.96

a Rainfall (mm).
b VWM ± standard deviation.
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3.1.2. The inter-annual variation of water-soluble ions
The inter-annual variations of the ions, including NH4

+, SO4
2−,

NO3
−, Ca2+ and F−, exerted coherent patterns during 2011–2016

(Fig. 3(a) and (c)). One can see that all of them first showed significant
decreases from 104.35, 116.59, 64.15, 59.92 and 6.41 μeq L−1 in 2011
to 53.07, 61.06, 30.02, 28.16 and 3.99 μeq L−1 in 2012, respectively,
with a decreasing rate of 26–53%. However, they then remained at
relatively stable levels during 2012–2016, with values of 53.07–68.79
μeq L−1, 55.36–70.86 μeq L−1, 30.06–41.36 μeq L−1, 28.16–39.53 μeq
L−1, and 3.84–4.85 μeq L−1, respectively. Similar variations were also
found in the concentrations of PM2.5 in urban Shanghai, with significant
decreases observed in 2012; then, the annual values seemed to be al-
most stable (Fontes et al., 2017). Furthermore, Wang et al. (2016)
found that the concentrations of SO4

2−, NO3
− and NH4

+ in PM2.5 in
Shanghai experienced large decreases in 2012, compared with those in
2011, then exhibited minor changes after 2012, which corresponded to
the variations of ions in rainwater in the present study. Obviously, the
large decreases of these ions in 2012 were attributed to the reduction
policies implemented by the Shanghai government during the 12th
(2011–2015) Five-year Plan (FYP) (Lin et al., 2013; 2014; Li et al.,
2017b; Hao et al., 2011). Atmospheric Ca2+ in this megacity of China
generally originated from construction activity and re-suspended road
dust (Huang et al., 2013). The marked Ca2+ decrease in 2012 could be
due to the intense controls (i.e., regularly cleaned roadsides, im-
plementation of various dust removal equipment, etc.) on the emissions
of roadside dust and on construction and demolition projects during the
China 12th FYP (Xia et al., 2016). However, it should be noted that the
major ions did not show significant changes in either rainwater or PM2.5

after 2012, which suggests that a greater effort should be taken to
improve air quality in Shanghai.

The VWM concentrations of Cl−, Na+, and Mg2+ in rainwater
showed similar tendencies, all of which fluctuated during the study
period (Fig. 3(b)). On the one hand, corresponding to the significant
decreases of PM2.5 concentration, the VWM concentrations of Cl−,
Na+, and Mg2+ in the rainwater in 2012 decreased by 38, 33 and 34%,
compared with those in 2011, respectively. On the other hand, the si-
milarity of the inter-annual variation indicated a common sea source
among them, since Na+ originated exclusively from the long-range
transport of sea salt aerosols, as mentioned above. Based on the results
of the correlation analysis, a significant relationship was identified for
Cl− and Na+ (r= 0.870, p< 0.01), Cl− and Mg2+ (r= 0.746,

p<0.01), as well as Na+ and Mg2+ (r= 0.727, p<0.01), respectively
(Table 2). Notably, the VWM concentration of Cl− in 2014 was elevated
significantly compared with that of Na+ and Mg2+. The ratio of Cl−/
Na+ in this year showed the highest value of 1.53 during the whole
study period, which was 1.31 times higher than 1.17 (the marine
equivalent Cl−/Na+ ratio), indicating an additional contributor for Cl−

in urban Shanghai, apart from the sea-salt.

3.1.3. The seasonal variation of water-soluble ions in rainwater
The seasonal variations of water-soluble ions in rainwater in urban

Shanghai associated with rainfall are depicted in Fig. 4. The rainfall in
Shanghai was 263.01mm in spring, 616.23mm in summer, 312.53mm
in autumn, and 162.90mm in winter. A marked elevation in rainfall
occurred in summer under the effect of the southeast monsoon winds.
Correspondingly, all of the ions in the rainwater showed the lowest
VWM concentrations in summer, which was most likely due to the di-
lution effect of the frequent and abundant rainfall. The significant ne-
gative correlations between the concentrations of the major ions and
the rainfall could support this scenario (Table 2). In addition, the great
instability of the meteorological conditions associated with a greater
wind speed in summer were favorable for the dispersion and the re-
moval of pollutants emitted by local sources, thereby lowering the
pollutant concentrations in the atmosphere (Rocha et al., 2003; Rao
et al., 2016). Acidic species, such as SO4

2− and NO3
−, exhibited the

maximum VWM concentrations in winter (84.86 and 46.08 μeq L−1),
which were 1.45 and 1.36 times higher than those in summer, respec-
tively (Fig. 4(a) and (c)). Under the influence of the prevailing north or
northwest winds in winter, the pollutants originated from NCP, where
extensive coal consumption for domestic heating occurred in this
season, and could be transported to the study region, thereby increasing
the pollutants in the atmosphere (Li et al., 2011; Wang et al., 2016).
Moreover, the stable meteorological conditions induced by the thermal
inversions of the atmosphere in the cold season were not beneficial to
the dispersion of pollutants. The collected rainwater samples often re-
flected several day accumulations of atmospheric pollutants since rain
events rarely occurred in winter. Similar seasonal patterns, therefore,
were also observed for Cl−, Na+, K+, Mg2+ and Ca2+, all of which
showed level peaks with 1.90, 2.00, 1.53, 1.70 and 1.50 times higher in
winter than those in summer, respectively (Fig. 4(b)–(d)).

It was widely reported that Ca2+ in rainwater generally showed a
level peak in spring due to frequent dust events (Xu and Han, 2009; Wu

Fig. 3. The inter-annual variation of the VWM concentrations of water-soluble ions in rainwater in urban Shanghai during 2011–2016 (a for SO4
2−, NO3

− and NH4
+;

b for Cl−, Na+ and Mg2+; c for K+, F− and Ca2+).
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et al., 2016). However, the VWM concentration of Ca2+ shown herein
exhibited the highest value in winter (45.17 μeq L−1), followed by
those in spring and autumn (39.37 and 37.76 μeq L−1), and the lowest
level in summer (30.28 μeq L−1) (Fig. 5(c)), which precluded the
possibility of the major contribution of dust to Ca2+ in urban Shanghai.
In addition, it was found that the seasonal variation of Ca2+ was mainly
dominated by rainfall, and a higher VWM concentration of Ca2+ was
observed in the season featured by larger rainfall. Such a scenario in-
dicated a stable source of Ca2+ in the atmosphere of urban Shanghai.
Huang et al. (2013) reported that since the daily intensity of con-
struction activity was relatively stable in urban Shanghai, it could thus
be speculated that Ca2+ in rainwater was probably related to con-
struction emissions.

NH4
+ in rainwater was closely linked to NH3 emissions because

NH3 can easily dissolve in rainwater, and then react with SO4
2− and

NO3
− to form (NH4)2SO4 and NH4NO3 (Pu et al., 2017). It has been

well documented that NH3 emissions show an evident seasonal feature,
of which the largest emission occurred in summer due to the enhanced
NH3 volatilization from fertilized soils, livestock and human excretion
induced by high temperatures (Wang et al., 2015). A relatively lower

NH3 emission was generally observed in winter because of the rare
occurrence of agricultural activities and the low temperature (Pan
et al., 2018). However, the VWM concentration of NH4

+ in the rain-
water in Shanghai was 14% lower in summer than those in other three
seasons (Fig. 4(a)). The remarkably low concentration of NH4

+ in
summer can probably be attributed to the significant dilution effect of
the abundant rainfall. In addition, the VWM concentration of NH4

+ in
rainwater showed no obvious decrease in winter compared with those
in spring and autumn, which was inconsistent with the seasonal dis-
tributions of NH3 emissions. NH3 accumulation under unfavorable
meteorological conditions and the rare occurrence of rainfall in winter
could elevate the concentration of NH4

+ in rainwater, thereby off-
setting the seasonal difference caused by NH3 emissions.

3.1.4. The spatial distributions of pH value and the major ions in rainwater
The spatial patterns of the rainwater pH and the VWM concentra-

tions of SO4
2−, NO3

− and NH4
+ presented distinct local characteristics,

as shown in Fig. 5. Two of the most severe acid rain zones were dis-
tributed in the JS and PD districts, where the industrial and the popu-
lated areas of Shanghai are located, respectively (Figs. 1, 5(a)). Higher

Table 2
Matrix of the correlation coefficients among the mean ion concentrations, the rainwater pH values and the rainfall (Rt) in urban Shanghai during 2011–2016.

pH Rt F− Cl− NO3
− SO4

2− Na+ NH4
+ K+ Mg2+ Ca2+

pH 1
Rt 0.012 1
F− −0.186⁎⁎ −0.134⁎⁎ 1
Cl− −0.057 −0.255⁎⁎ 0.147⁎⁎ 1
NO3

− −0.243⁎⁎ −0.311⁎⁎ 0.469⁎⁎ 0.320⁎⁎ 1
SO4

2− −0.261⁎⁎ −0.332⁎⁎ 0.486⁎⁎ 0.339⁎⁎ 0.853⁎⁎ 1
Na+ 0.007 −0.253⁎⁎ 0.162⁎⁎ 0.870⁎⁎ 0.334⁎⁎ 0.345⁎⁎ 1
NH4

+ −0.147⁎⁎ −0.278⁎⁎ 0.392⁎⁎ 0.243⁎⁎ 0.790⁎⁎ 0.823⁎⁎ 0.220⁎⁎ 1
K+ −0.103⁎⁎ −0.213⁎⁎ 0.293⁎⁎ 0.457⁎⁎ 0.383⁎⁎ 0.459⁎⁎ 0.353⁎⁎ 0.292⁎⁎ 1
Mg2+ −0.038 −0.269⁎⁎ 0.294⁎⁎ 0.746⁎⁎ 0.488⁎⁎ 0.530⁎⁎ 0.727⁎⁎ 0.301⁎⁎ 0.527⁎⁎ 1
Ca2+ −0.057 −0.300⁎⁎ 0.418⁎⁎ 0.354⁎⁎ 0.665⁎⁎ 0.745⁎⁎ 0.317⁎⁎ 0.461⁎⁎ 0.441⁎⁎ 0.598⁎⁎ 1

Rt: rainfall (mm).
⁎⁎ Significant at 0.01 level.
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Fig. 4. The seasonal variation of the VWM concentrations of water-soluble ions inrainwater and the mean seasonally rainfall in urban Shanghai (a for SO4
2−, NO3

−

and NH4
+; b for Cl−, Na+ and Mg2+; c for K+, F− and Ca2+; Vertical bars represent the standard deviation around each seasonlly mean among 2011–2016).
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VWM concentrations of SO4
2− and NO3

− (approximately 84–100,
40–54 μeq L−1 for SO4

2− and NO3
−, respectively) were also observed

in these two districts (Fig. 5(b) and (c)). According to the Shanghai
Statistical Yearbook, the mean coal consumption in the JS and PD
districts reached up to 8.76×106 and 8.72×106 tons in 2014, to-
gether accounting for 30% of the total energy consumption in Shanghai.
The total SO2 and NOx emissions in the above two districts were 1.5–2.0
times higher than those in other areas in Shanghai (Shanghai Statistical
Yearbook). Therefore, the large emissions of SO2 and NOx from coal and
fossil fuel combustion could be responsible for the high SO4

2− and
NO3

− levels in these two areas (Hu et al., 2000; Croiset and
Thambimuthu, 2001). In addition, the VWM concentration of NO3

− in
the PD district was 1.5 times higher than that in the JS district, prob-
ably resulting from the extensive traffic emissions from the tremendous
number of visitors, since the PD district attracts a large number of
tourists every year. It has been documented that NO3

− in the atmo-
sphere increased by 30% due to intensive NOx emissions from the in-
creasing vehicles induced by the tourists in the PD district during the
2010 Shanghai World Expo (Huang et al., 2013). The highest VWM
concentration of NH4

+ (74–84 μeq L−1) was observed in the developed
agricultural areas of Shanghai, i.e., the QP and SJ districts (Figs. 1,
5(d)). Wang et al. (2015) conducted long-term continuous measure-
ments of NH3 at different locations (i.e., YP and QP, which represents
urban and rural sites, respectively) in Shanghai and found that the at-
mospheric NH3 in rural sites was 2 times higher than those in urban
sites due to intensive agricultural activities (i.e., the use of synthetic
fertilizers, the excreta of domesticated animals, etc.) (Bouwman et al.,
1997; Streets et al., 2003; Paulot et al., 2014; Van Damme et al., 2014).
Therefore, the higher NH4

+ in the QP and SJ districts could be related
to the larger NH3 emissions. In addition, the PD district also displayed
relatively higher NH4

+ level in rainwater, which was mostly attributed

to the intense population and extensive traffic emissions (Huang et al.,
2013). The CM island, located at the mouth of the Yangtze River, was
identified as the largest alluvial island in the world. The VWM con-
centrations of SO4

2− and NO3
− in rainwater on CM island were in the

range of 60–76 μeq L−1 and 22–30 μeq L−1, respectively, both of which
were relatively low. This may be related to the series of efforts made by
the Shanghai government to protect the ecological environment of CM
island, i.e., prohibiting some development activities that conflicted with
the protection of the environment and encouraging the local residents
to participate in the protection of the island.

At the spatial scale, the wet deposition flux of SO4
2−, NO3

− and
NH4

+ ranged from 23.03 to 65.75 kg ha−1 yr−1, from 13.25 to
48.00 kg ha−1 yr−1, and from 8.12 to 28.44 kg ha−1 yr−1, with an
average value of 47.57, 27.93, and 15.10 kg ha−1 yr−1, respectively.
The wet deposition of SO4

2− in severely affected areas of Shanghai was
similar to ones of the Henan and Jiangsu provinces, where the wet
deposition flux of SO4

2− ranged from 48 to 76 kg ha−1 yr−1 (Ge et al.,
2014). The wet deposition flux of total inorganic N (NO3

− - N and
NH4

+−N) varied from 62.61 to 131.47 kg ha−1 yr−1, with an average
value of 98.73 kg ha−1 yr−1, significantly exceeding the critical loads of
10–20 kg N ha−1 yr−1 for terrestrial ecosystems (Bouwman et al., 2002;
Holland et al., 2005; Bobbink et al., 2010). Oxidized N (NO3

−-N) was
the main form of total inorganic nitrogen wet deposition in Shanghai,
with a relative contribution fraction of 67.5% on average, which was in
contrast to the result that suggested inorganic nitrogen wet deposition
was dominated by NH4

+-N (63–78%) in Northern China (Pan et al.,
2012).

The spatial patterns of wet deposition flux of SO4
2−, NO3

− and
NH4

+ were closely related to rainfall, as shown in Fig. 6. Two clear
regions located in the central and northwest areas of Shanghai pre-
sented higher wet deposition fluxes of SO4

2−, NO3
− and NH4

+, ranging

Fig. 5. The spatial distributions of the rainwater pH values, the VWM concentrations of SO4
2−, NO3

− and NH4
+ in Shanghai in 2014 (a for pH; b for SO4

2−; c for
NO3

−; d for NH4
+).
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from 48 to 62 kg ha−1 yr−1 for SO4
2−, 32 to 46 kg ha−1 yr−1 for NO3

−,
and 14 to 28 kg ha−1 yr−1 for NH4

+, respectively (Fig. 6(b)–(d)). The
rainfall in these two regions was approximately 2.5 times higher than
those in other regions (Fig. 6(a)). It was well documented that the
rainfall could substantially influence the wet deposition of SO4

2− and
inorganic N (Kryza et al., 2012; Rogora et al., 2016). Based on the re-
sults of the correlation analysis, a significant relationship was found
between rainfall and SO4

2−, NO3
− and NH4

+, with a correlation
coefficient of 0.785, 0.659, and 0.643, respectively (p<0.01), in-
dicating that the spatial distributions of SO4

2−, NO3
− and NH4

+ wet
deposition were mainly controlled by rainfall in Shanghai.

3.2. The pH value of rainwater and the neutralization effect of major
alkaline ions

The rainwater pH in urban Shanghai varied from 3.46 to 7.90, with
a mean VWM value of 4.96 during 2011–2016. Rainwater with
pH < 5.60 was considered acid rain because the pH value of natural
water in equilibrium with atmospheric CO2 was 5.60 (Charlson and
Rodhe, 1982). An analysis was made of the acid rain frequency during
2011–2016 (Fig. 7). One can see that the frequency of the acid rain first
increased to the highest value of 82% in 2012, then presented a de-
creasing trend during 2012–2016, but was still as high as 52% in 2016,
indicating that Shanghai was still suffering from acid rain pollution. It is
well known that SO4

2− and NO3
− are the main acidic ions in rainwater

(Larssen et al., 1999). The pH value of the rainwater herein presented
the inconsistent inter-annual variations with the VWM concentrations
of SO4

2− and NO3
−. For instance, significant declines were observed

for SO4
2− and NO3

− in 2012 compared with those in 2011, whereas the
annual mean rainwater pH decreased from 4.82 in 2011 to 4.67 in

2012, and the frequency of acid rain increased by 10% in 2012
(Table 1, Fig. 7). Moreover, the rainwater pH showed an increasing
trend in the same period despite the relatively stable concentrations of
SO4

2− and NO3
− during 2012–2016. Such a scenario indicated that

rainwater pH was not only related to SO4
2− and NO3

−, but is also in-
fluenced by the other species. Supposing that all of SO4

2− and NO3
−

ions in rainwater were in the form of the free acids associating with H+,
defined as the potential acidity (PA), and the relevant pH was defined

Fig. 6. The spatial distributions of the rainfall (Rt) and the wet deposition flux of SO4
2−, NO3

− and NH4
+ in Shanghai in 2014 (a for Rt; b for SO4

2−; c for NO3
−; d

for NH4
+).
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as the potential pH correspondingly, then according to the equations of
[H+]=PA= [SO4

2−]+ [NO3
−] and pH=−Log (-H+), the PA and

the potential pH value in each year could be calculated (Table 3). All of
the measured pH values were 16–30% higher than those of the poten-
tial pH, indicating that a fraction of the rainwater acidity was neu-
tralized by the alkaline species in the atmosphere, i.e., NH4

+ and/or
Ca2+. The strong linear correlation between the equivalent ratio of
(NH4

+ + Ca2+)/(SO4
2−+NO3

−) and the pH value (R2= 0.32,
p < 0.01) during 2011–2016 further corroborated the important ef-
fects of NH4

+ and Ca2+ on rainwater pH (Fig. 8).
The neutralization factor (NFx=X/(SO4

2−+NO3
−)) was generally

used to identify the relative neutralization effect of different alkaline
species of NH4

+ and Ca2+ (Kulshrestha et al., 1995; Moreda-Piñeiro
et al., 2014; Roy et al., 2016). Given that SO4

2− and Cl− evaporation by
soil could combine some basic ions that were not included in the above
neutralization factor equation, this method may overestimate the neu-
tralization factor (Draaijers et al., 1997). Here, the linear regression
analysis was therefore used to quantify the neutralizing capacity of the
basic ions (Migliavacca et al., 2005). The multiple linear regression
mode was established using the method of stepwise regression, in which
the concentrations of SO4

2− and NO3
− were selected as the dependent

variables, and NH4
+ and Ca2+ as the independent variables.

The analyzed formula of the linear regression model for SO4
2− and

NO3
− was listed as following:

= + ++ +[SO ] 0.491[NH ] 0.342[Ca ] 26.3444
2

4
2 (7)

= + ++ +[NO ] 0.311[NH ] 0.181[Ca ] 15.6023 4
2 (8)

where [SO4
2−], [NO3

−], [NH4
+], and [Ca2+] were the mean VWM

concentrations of SO4
2−, NO3

−, NH4
+, and Ca2+ in rainwater during

2011–2016, respectively. The R value of the linear regression model
was 0.616 and 0.617 (p < 0.01) for SO4

2− and NO3
−, respectively,

indicating the good performance of the multiple linear regression
model. In general, the two independent variables of NH4

+ and Ca2+

together could explain 37.8% and 37.9% variability of SO4
2− and

NO3
−, respectively. In addition, for SO4

2−, its standardized coefficient
with NH4

+ and Ca2+ was 0.519 and 0.189, respectively (p < 0.01). In
the case of NO3

−, its standardized coefficient with NH4
+ and Ca2+ was

0.483 and 0.227, respectively (p < 0.01) (Table 4). Such a scenario
suggested that the neutralizing effect of NH4

+ on SO4
2− and NO3

− was
higher than that of Ca2+.

3.3. The source apportionment of major ions in rainwater

3.3.1. The EF analysis
Results of EFseawater, %SSF and %NSSF for Cl−, SO4

2−, K+, Ca2+

and Mg2+ are shown in Table 5. In general, an element with an EF
value that is significantly higher than 1.00 is considered to be con-
centrated relative to the reference source, or else it is considered to be
dilute. The EFseawater value of Cl− was relatively low (1.10), and the %
SSF for Cl− was 91.25%, suggesting a dominant contribution from a sea
salt source. In addition, 8.75% of Cl− could be related to anthropogenic
source (Xu and Han, 2009). The high EFseawater values of SO4

2− and
Ca2+ (34.11 and 49.81) indicated a non-sea salt origin for both, and the
%NSSF reached up to 97.07% and 97.99% for SO4

2− and Ca2+, re-
spectively. Mg2+ was derived from both sea-salt and non-sea salt. Ap-
proximately 41.91% of Mg2+ in the rainwater originated from the sea,
suggesting a considerable sea-salt contribution.

To further quantify the contribution of different sources to the
ionic composition of rainwater, all of NO3

−, F− and NH4
+ ions were

assumed to be derived from anthropogenic sources, and Mg2+ origi-
nated from marine and crustal sources. The crustal contribution for
Ca2+ and K+ could be estimated by the equation
[X]crustal = [Mg2+]rainwater-seawater × [X/Mg2+]crustal, where [X]crustal
represented the VWM concentration of Ca2+ or K+, which was con-
tributed by the crustal source, and [Mg2+]rainwater-seawater denoted the
VWM concentration of Mg2+, derived from the crustal source. [X/
Mg2+]crustal represented the ratio of Ca2+/Mg2+ and K+/Mg2+ in the
crust, and the corresponding values were 1.87 and 0.48, respectively
(Huang et al., 2008b). If SO4

2− from mineral dust was assumed to be
supplied by CaSO4

2−, SO4
2− contributed by crustal dust could be

calculated using the formula [SO4
2−]crustal = 0.47[Ca2+]crustal

(Delmas, 1981). Then, the SO4
2− fraction originating from anthro-

pogenic sources could be estimated using the equation
[SO4

2−]anthropogenic = [SO4
2−]total−[SO4

2−]seawater−[SO4
2−]crustal

On the basis of these equations, the contribution fractions of marine,
crustal and anthropogenic sources to the major ions in rainwater were
calculated, as shown in Table 6. One can see that all of the NH4

+, NO3
−

Table 3
Comparison of the potential acidity and potential raiwater pH values with the
measured rainwater pH values (the potential acidity and potential raiwater pH
values were calculated by the VWM concentrations of SO4

2− and NO3
− in

rainwater in urban Shanghai during 2011–2016).

Potential acidity (PA) Potential pH Measured pH

2011 180.74 3.74 4.82
2012 91.13 4.04 4.67
2013 112.22 3.95 4.81
2014 101.98 3.99 4.94
2015 86.27 4.06 5.22
2016 100.94 4.00 5.31
Mean 112.21 3.95 4.96
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Fig. 8. Relationship between the equivalent ratios of (NH4
+ + Ca2+)/

(SO4
2−+NO3

−) and the rainwater pH values in urban Shanghai during
2011–2016.

Table 4
The standardized coefficients of SO4

2− and NO3
− with Ca2+ and NH4

+

in rainwater in urban Shanghai during 2011–2016, respectively.

Ca2+ NH4
+

SO4
2− 0.258 0.459

NO3
− 0.227 0.483

Table 5
EFseawater, %SSF and %NSSF for Cl−, SO4

2−, K+, Ca2+ and Mg2+ in rainwater
in urban Shanghai during 2011–2016.

Cl− SO4
2− K+ Ca2+ Mg2+

EFseawater 1.10 34.11 10.08 49.87 2.30
SSF (%) 90.69 2.83 9.97 1.95 41.91
NSSF (%) 9.31 97.17 90.03 98.05 58.09

EFseawater= Enrichment factor, % SSF= Sea-Salt Fraction, % NSSF=Non Sea-
Salt Fraction.
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and SO4
2− originated mainly from anthropogenic sources. The sig-

nificant correlation between NO3
− and SO4

2− suggested similar che-
mical behaviors or/and a common source of their precursors (SO2 and
NOx) emitted by the combustion of fossil fuels (Table 2) (Kong et al.,
2014). NH4

+ in rainwater was closely linked to the NH3 precursor in
the atmosphere (Akpo et al., 2015). It is well known that agriculture
activities, industrial and traffic emissions are the main sources of at-
mospheric NH3 (Dentener and Crutzen, 1994; Bouwman et al., 1997;
Ianniello et al., 2010; Pandolfi et al., 2012; Phan et al., 2013; Paulot
et al., 2014; Van Damme et al., 2014). NH3 can quickly react with
H2SO4 and HNO3 during aging in the atmosphere; thus, NH4

+ in
rainwater is mainly in the form of (NH4)2SO4 and NH4NO3 (Dentener
and Crutzen, 1994; Akpo et al., 2015). In terms of Ca2+, 71.93% was
derived from anthropogenic sources. Since cement factories are one of
the important anthropogenic sources for Ca2+ (Xu and Han, 2009; Wu
et al., 2016), large construction among the whole city induced by the
increasing urban expansion of Shanghai might contribute to consider-
able Ca2+ levels. 68.43% and 21.60% of the total K+ were contributed
by crustal and anthropogenic sources, respectively. The washout of soil
dust might be the major origin of K+ in rainwater in urban Shanghai.

3.3.2. The PMF analysis
Five factors were further identified by the PMF analysis. The si-

mulation value of each component was in good agreement with the
measured value, and the correlation coefficients were>0.9 for all of
the components (see statistic details of the PMF outcome in

supplementary data). The factor profiles are presented in Fig. 9.
Factor-1 (Fig. 9(a)), featured by the significant presence of SO4

2−

(49.68%), NO3
− (51.89%) and NH4

+ (85.54%), was identified as sec-
ondary formation. It has been reported that these species are formed
through the gas-particle transformation of SO2, NOx and NH3 (Kong
et al., 2014; Xu et al., 2017). Factor-2 contributed high fractions of K+

(55.43%) and Mg2+ (71.64%), both of which are typical elements
originating from crustal/soil dusts in urban Shanghai (Fig. 9(b)). In
addition, this factor also accounted for the parts of SO4

2− (10.72%) and
NO3

− (9.22%). It has been documented that metal species can react
with H2SO4 and HNO3 to form metal sulfates (e.g., MgSO4) during the
long-range transport of crustal aerosols (Lee et al., 1999; Kong et al.,
2014). The significant correlations of K+ and Mg2+ with SO4

2−

(r= 0.459 and 0.530, respectively, p< 0.01) and NO3
− (r= 0.383 and

0.488, respectively, p< 0.01) in the rainwater samples could also de-
monstrate their similar behavior during aging in the atmosphere. The
factor-2 was thus identified as the crustal/soil dust.

Factor-3 was characterized by the considerable fraction of Ca2+

(87.38%), but negligible fraction of crustal K+ and Mg2+ (Fig. 9(c)).
Combined with the EF analysis, 72% of the total Ca2+ in the rainwater
in urban Shanghai was derived from anthropogenic sources. It was thus
speculated that Factor-3 was related to anthropogenic emission. In
addition, it has been documented that anthropogenic Ca2+ is a typical
marker of civil construction activities (Huang et al., 2013). Factor-3
could represent construction emissions, which was consistent with the
seasonal Ca2+ variation. Factor-4 was regarded as marine sources with
high fractions of Na+ (76.35%) (Fig. 9(d)), which is a tracer of sea-salt.
The ions in rainwater could be significantly influenced by marine air
mass, since Shanghai is a coast city.

Factor-5 contributed a considerable fraction of Cl− (49.24%),
whereas the Na+ fraction was relatively low (8.97%), indicating a non-
sea-salt source (Fig. 9(e)). The chlorides-rich particle hosted with Zn,
Pb and Na could be emitted in the gas phase under high temperature,
and waste incineration was thus assumed to be an important source of
Cl− (Linak and Wendt, 1993; Wu and Biswas, 1993). Indeed, Jiangqiao
waste incineration plant, well known as the biggest waste incineration
plant in Asia, is located in the urban area of Shanghai. Hu et al. (2016)
also detected many of particles containing trace amounts of Pb, Cl, and
Na at a single-particle level in urban Shanghai. Factor-5 was thus
identified as waste incineration emission.

Table 6
The contribution fraction of marine, crustal and anthropogenic source to water-
soluble ions in rainwater (%)in urban Shanghai during 2011–2016.

Marine Crustal Anthropogenic

NO3
− 0.00 0.00 100.00

Cl− 90.69 0.00 9.31
Ca2+ 1.95 26.11 71.93
K+ 9.97 68.43 21.60
F− 0.00 0.00 100
NH4

+ 0.00 0.00 100
Mg2+ 41.91 58.09 0.00
SO4

2− 2.83 6.46 90.71
Na+ 100.00 0.00 0.00

50

100
(a)Secondary Formation

%
 o

f s
pe

ci
es

50

100
(b)Crustal/Soil Dust

50

100

(e)

(d)

(c)Construction Emission

50

100

Marine Sources

0

50

100

Na+SO4
2-Mg2+NH4

+F-K+Ca2+NO3
- Cl-

Waste Incineration emission 

Fig. 9. PMF extracted source profile (% of the species) of chemical constituents in rainwater collected in Shanghai in 2014.
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4. Conclusions

The spatiotemporal variations and the sources of water-soluble ions
in rainwater in Shanghai were studied. SO4

2−, NH4
+, NO3

− and Ca2+

were the predominant species in rainwater in urban Shanghai, together
accounting for 75.8% of the total ions. The average pH value in rain-
water presented a continually increasing trend from 4.67 in 2012 to
5.31 in 2016, except a slight decrease during 2011–2012; however, the
frequency of the acid rain was still as high as 52% in 2016, indicating
that Shanghai was still suffering from acid rain. The VWM concentra-
tions of all of the ions decreased by 26–53% in 2012 compared with
those in 2011, which was mainly attributed to the various stringent
reduction controls implemented by the Shanghai government.
However, most of the ions, including SO4

2−, NO3
−, NH4

+, Ca2+ and
F−, remained at relatively stable VWM concentrations during
2012–2016, suggesting that a greater effort should be taken to improve
air quality in urban Shanghai. The seasonal variations of all of the ions
except for NH4

+ followed the sequence of winter> spring/autumn>
summer. It was proposed that adverse meteorological conditions, rare
rain events, as well as more anthropogenic emissions have induced the
highest VWM concentrations of these ions in winter. NH4

+ in rainwater
exhibited the lowest VWM concentration in summer due to the dilution
effect of abundant rainfall and the favorable diffusion conditions. In
addition, the NH3 accumulation under unfavorable meteorological
conditions and the rarity of rainfall elevated the VWM concentration of
NH4

+ in rainwater in winter, thereby offsetting the seasonal difference
caused by the NH3 emissions in winter and spring/autumn.

The spatial pattern showed that the higher VWM concentrations of
SO4

2− and NO3
− coupled with lower pH values in rainwater were

observed in the industrial and populated areas of Shanghai (i.e., the JS
and PD districts) due to the intensive energy consumption, industrial
activities and vehicle emissions. The highest concentration of NH4

+

was concentrated in the agricultural areas of Shanghai (i.e., the QP and
SJ districts), which was attributed to the large emission of NH3 by
agricultural activities. The wet deposition fluxes of SO4

2−, NO3
− and

NH4
+ were mainly related to rainfall, with higher ion wet depositions

concentrated in the area featured by larger rainfall, i.e., the central and
the northwest areas of Shanghai.

Source identification indicated that almost all of the NH4
+, NO3

−,
SO4

2−, and F− ions, and 71.93% of Ca2+ in the rainwater in urban
Shanghai originated from anthropogenic sources, most of the Mg2+

(58.09%) and K+ (68.03%) were derived from crustal sources, and all
of the Na+ and most of the Cl− resulted from sea-salt. On the basis of
the PMF analysis, five sources, including secondary formation, crustal/
soil dust, construction emissions, marine sources and waste incineration
emissions were further identified.
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