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Abstract Rainwater chemistry was investigated at a semi-
rural site in Ya’an, Sichuan basin with rain samples collected
fromMay 2013 to July 2014. The rainwater pH values ranged
from 3.25 to 6.86, with an annual volume-weighted mean
(VWM) of 4.38, and the acid rain frequency was 74 %.
Such severe acidification, 15 % of the total events showed a
pH below 4.0, attributed to the deficiency of Ca2+, significant
anthropogenic pollution contribution, and rainy pattern to this
area. The annual VWM of total ions concentration was
477.19 μeq/L. NH4

+ was the most abundant ionic species,
followed by SO4

2−, NO3
−, Ca2+, Cl−, Na+, K+, Mg2+, and F−

in a descending order. The total ionic concentrations presented
a seasonal trend of lower values in autumn and summer but
higher ones in winter and spring. Based on enrichment factor,
correlation analysis and principle component analysis, three

factors were identified: factor 1 (NH4
+, SO4

2−, NO3
−, K+, and

Cl−, 47.45 % of the total variance) related to anthropogenic
sources (coal/fuel combustion, biomass burning and agricul-
ture), factor 2 (Ca2+, Mg2+, Na+, and Cl−, 34.01 % of the total
variance) associated with natural sources, and factor 3 (H+,
11.78 % of the total variance) related to free acidity. Back
trajectory analysis indicates that the rainwater chemistry in
Ya’an was mainly affected by regional air masses from
Sichuan basin. Long-range transported air masses from south-
west with heavy anthropogenic pollution increased the total
ion concentration and acidity of rainwater. Considering its
special topography, anthropogenic emissions from regional
and long-range transport (especially from southwest) must
be controlled effectively to improve the acid rain condition
of non-urban areas in Sichuan basin.
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Introduction

Acid rain has been becoming a serious regional and even
global environmental issue since the past decades. Acid pre-
cipitation has negative impacts on aquatic as well as terrestrial
ecosystems, such as acidification to surface water and soil,
declination of aquatic organisms, forests and crops, and dev-
astation of outdoor constructions including buildings, statues,
and roads (Larssen et al. 1999). More critically, acid rain can
cause direct and indirect harms to human health (Goyer et al.
1985). China was the third largest region suffered from heavy
acid deposition followed by North Europe and North
America, where have been being controlled by the strict re-
duction regulations of SO2 and NOx emissions. Comparing
the 3-year average annual non-sea-salt sulfate deposition
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values between 2000–2002 and 2005–2007, it was found that
>60 % of North American sites had a decrease of 0–42 %
while >82 % of the European sites had a decrease of 0–
58 % (Vet et al. 2014). However, the situations in China are
still serious because of rapidly growth of economies, large
energy consumption, great agricultural production, and indus-
trialization (Liu et al. 2013; Lynch et al. 2000; Tørseth et al.
2012; Yang et al. 2010). Since the 1990s, Chinese SO2 emis-
sions contributed about one fourth of the global anthropogenic
emissions, in particular, the combination of NOx-N and NH3-
N emissions fluxes in eastern China was revealed the highest
in 2011 (Lu et al. 2010; Vet et al. 2014). In the CHINA-MAP
program, Streets and Waldhoff (2000) reported that SO2 and
NOx emissions are projected to increase from 25.2 to 12.0 mt,
respectively, in 1995 to 30.6 mt and 26.6–29.7 mt, respective-
ly, in 2020. Even though emission controls are implemented to
some extent, the emissions of the two species are still concen-
trated in the populated and industrialized areas of China, in-
cluding Sichuan basin.

Sichuan basin is located in southwest China, where is one
of the four major acid rain regions, polluted by acid rain in the
earliest times, and ranked the first place of acid deposition flux
in China (Huang et al. 2014; Lu et al. 2013). According to
recent assessment on the global S wet deposition (Vet et al.
2014), the highest global values were measured at the
IMPACTS (Integrated Monitoring Programmer on
Acidification of Chinese Terrestrial Systems) Chongqing-Tie
Shan Ping site in Sichuan basin in 2000–2002, and the
EANET (Acid Deposition Monitoring Network in East
Asia) Chongqing-Jinyunshan site in Sichuan basin in 2005–
2007. However, most previous studies conducted in Sichuan
basin were mainly focused on megacities, such as Chongqing
and Chengdu (Lu et al. 2013; Wang and Han 2011). Limited
researches on acid rain were reported in semi-rural and subur-
ban sites. Ya’an, a typical semi-rural area, is famous as a rain
city lined on the rain-belt and within the transition zone be-
tween the Chengdu plain and the Qinghai-Tibetan plateau
showing high terrain of north, west, and south but low-lying
east. Due to its unique topography, there is a large amount of
regionally transported pollutants are stuck in Ya’an by high
mountains, washed out by the frequent rain, and deposited in
to this area. Chemical characterization of rainwater not only
supplies the blank knowledge on the non-megacity but also
provides a full understanding on the regional deposition pat-
tern of this region. Furthermore, the data are valuable for the
further researches on the ecosystem and offering scientific
evidence on establishment of emission reduction policies in
the Sichuan basin.

There are two aims of this study, including: (1) to measure
the pH and concentrations of inorganic anions and cations in
rainwater collected in Ya’an fromMay 2013 to July 2014; and
(2) to determine the seasonal variations and perform source
apportionment with calculation of enrichment factor (EF),

principle component analysis (PCA), and back trajectory
analysis.

Experimental section

Sample collection and analysis

Ya’an (102°51′–103°12′E, 29°40′–30°14′N) is located in the
west margin of Sichuan basin, which is within the transition
zone between modern urban centers and natural ecological
areas. Figure 1 presents the map of Sichuan basin and sam-
pling location at Ya’an. It is a special terrain where is suffered
from abundant rainfall (i.e., ∼60% of the rainy days in a year).
The air masses passing through Ya’an are raised up by the
Qionglai range with a high elevation. As the air masses rise,
moisture gets saturated and then forms rain. Therefore, Ya’an
is known as a BRainy Area of West China^ and BRain city.^
The average annual rainfall is ca. 1800 mm. It has character-
istics of high relative humidity (RH), less sunshine, and low
annual average temperature (14.1∼17.9 °C).

The sampling site was on the roof of a seven-story building
on the campus of Sichuan Agricultural University. There were
no obvious pollution sources nearby except a campus cafeteria
located 100 m away from the site. The rainwater sample was
collected into a 1000-mL polyethylene bottle with a funnel,
which was placed approximately 120 cm above the floor. The
bottle was soaked with acid (2–3 mol/L HCl), rinsed with
deionized water, and dried before use. To avoid contamination
from dry deposition or particle fallout, the bottle was initially
closed and immediately opened once rainfall commenced.
The pH of rainwater samples was measured at once after each
rainfall event. The pH meter (PHS-320, Shanghai Leici
Instruments Co., China) was calibrated by standard pH 4.00
and 6.86 buffer solutions before each measurement. In the
laboratory, the samples were filtered through a 0.45-μm
Millipore membrane filter and stored in a refrigerator at 4 °C
before further chemical analysis conducted within a month. A
total of 54 rainwater samples were collected from May 2013
to July 2014. It should be noted that no samples were collected
in October 2013, January and February 2014 due to personnel
availability, holidays, and insufficient precipitation. Ions were
analyzed by an ion chromatography system (IC, Dionex 600,
Sunnyvale, CA) equipped with an electrochemical detector.
The anions (SO4

2−, NO3
−, Cl− and F−) were determined by

an ASI4A column and a gradient elution solution consists of a
mixed solution of Na2CO3 and NaHCO3. The cations (NH4

+,
Ca2+, Mg2+ and K+) were determined by a CSI2A column,
and an isocratic elution solution consists of methanesulfonic
acid. The concentrations of NOx, SO2, PM10, and amount of
rainfall were obtained by automatic monitoring from govern-
ment departments.
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Data quality

In this study, the sampling and analysis procedures were
followed with the technical specifications recommended by
acid deposition monitoring in China (State Environmental
Protection Administration of China 2004). The quality assur-
ance was routinely conducted using standard reference mate-
rials purchased from the National Research Center for
Certified Reference Materials, China. The quality procedures
included the routine running of blanks and duplicate samples.
All of the reported data were deducted from the blank values.
Standard deviation of two repeated samples and analytical
precision were both less than ±5 %. Ion balance was used to
assess the data quality of the individual rainwater samples,
reflecting the reliability of analysis data as well as the possi-
bility of any missing ion (Lu et al. 2011). Out of the total
collected samples, 13 % (7 samples) has been discarded from
the final analysis due to poor ion balance and another 3.7 % (2
samples) has been discarded due to insufficient volume (2–
4 mL which is short for complete chemical analysis).
Therefore, a total of 46 samples, 85.2 % of the collected
samples, were valid and used for discussion. The ion bal-
ance between total anions (F−, Cl−, NO3

−, and SO4
2−) and

total cations (K+, Na+, Ca2+, Mg2+, and NH4
+) was evalu-

ated through linear regression analysis (Fig. 2). High cor-
relation coefficient (R2 = 0.90) indicates an acceptable data
quality. The slope (0.9) less than 1 and positive intercept
(12.04 μeq/L) both illustrate the anion deficiency. This can
be ascribed to the exclusion of the HCOO−, CH3COO

−,
and HCO3

− from the measurements in this study. For those
pH value >5.0, chemical formula of 5.1 × 10−6/[H+] repre-
sents the concentration of bicarbonate in equilibrium with
suburban/industrial measurements (Vet et al. 2014).

Considering annual volume-weighted mean (VWM) pH
was only 4.38 in this study (discuss later), the concentra-
tion of HCO3

− should not be higher than 0.12 μeq/L. It is
reported that higher concentrations of organic ions in rain-
water are generally observed in forested tropical areas near
the equator with a gradual drop toward the poles (Vet et al.
2014). The total concentrations of formic acid and acetic
acid were in the range of 3.3–10.0 μeq/L according to
several studies conducted in local sites in Thailand (Vet
et al. 2014) and at Shenzhen in China (Huang et al.
2010). As the low pH values and the relation of geography
position among Ya’an, Thailand and Shenzhen, the inter-
cept value (12.04 μeq/L) approximately covers the non-
analyzed organic acids and HCO3

− in this study.

Fig. 1 Map of Sichuan basin showing the special terrain and Ya’an location

Fig. 2 Linear regression between sum of anions and sum of cations for
rainwater samples in Ya’an
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Results and discussion

pH variation

The pH value of samples is a fundamental and extensive stan-
dard to judge the acidity of rainwater. The frequency distribu-
tion of the rainwater pH is shown in Fig. 3. Table 1 summa-
rizes the VWM pH and ionic concentrations in rainwater as
well as the concentrations of PM10, SO2, and NOx in Ya’an.
The pH of cloud water in equilibrium with atmospheric CO2

was usually used as a criterion for acid rain (Charlson and
Rodhe 1982). Rainwater samples with pH values >5.6 may
suggest inputs from alkaline substances into precipitation. The
pH of the rainwater samples ranged from 3.25 to 6.86, with an
annual VWM pH of 4.38. Approximately 74 % of pH values
of the rainwater samples was <5.6. The frequency of acid rain
in Ya’an was in the medium level of south China, where had
the range of 71–89 % reported from various studies (Huang et
al. 2008a, b, 2009, 2010; Wang and Han 2011; Zhao et al.
2013). Fifteen percent of the events recorded a pH below 4.0,
indicating severe acidification caused by strong impact of an-
thropogenic pollution in this area.

Table 2 compares the pH and ionic concentrations in Ya’an
with other regions. Our value showed a slightly increase from
the VWM of pH 4.03 measured in Ya’an during 2010–2011
(Zhao et al. 2013). Even though the ranges of pH (3.25–6.86
in the study vs 3.36–6.68 in Zhao et al. (2013)) were very
close between these two periods, there was an obvious diver-
sity on the frequency of distributions. Up to 68 % of samples
was within the range of 3.0–4.5 in 2010–2011, while only
43.5 % in 2013–2014. The percentages of samples having a
pH value below 5.6 were 79% in 2010–2011, but 74% in this
study. All of these differences could be explained by the vari-
ety of sampling programs and calculation of weighed mean
method. In comparison of the two sampling programs

(Table S1, Table S# and Fig. S# denotes materials provided
as supporting information), there were less winter samples
(8.7 %) and more summer samples (43.5 %) in 2013–2014
study, but they were more even distributed of 21.4 % (winter)
and 25 % (summer) in 2010–2011. Furthermore, the lowest
pH values occurred in winter and relatively high pH values
occurred in summer in both of the studies (discussed later).
Based on the calculation of pH with weighted mean method,
both frequency and rainfall amount had significant impacts on
the average value. Even though the factor of rainfall could be
ignored, the relatively low frequency of low pH values in the
winter samples and high frequency of high pH values in the
summer samples could result in higher annual VWM of pH in
this study.

Compared with the values in northern cities (e.g., Beijing
and Xi’an), lower pH was measured in Ya’an due to the lower
contents of alkaline matters in soil in south China, which
contains only 0.1 and 0.5 % of calcium and magnesium, re-
spectively, but up to 3 and 1.5 %, respectively in north China
(Fan 2002; Tang et al. 2005). Many researches proved that the
concentration of Ca2+ had a remarkably positive correlation
with pH, and Ca2+ from mineral aerosol played an important
role in buffering rainwater acidity (Larssen et al. 1999; Qiao
et al. 2015; Tang et al. 2005; Wang and Han 2011; Xu et al.
2015). In general, rainwater dominated by Ca2+ has a high pH,
while dominated by SO4

2− has a low pH (Table 2).
Furthermore, it is interesting to find that the VWM of pH in
Ya’an was the lowest among all south China cities, such as
Chongqing and Chengdu in Sichuan basin. This may be at-
tributed to its characteristic climate, a high frequency of con-
tinuous rains, and of 60% rainy days throughout a year. These
phenomena agree with the observation of that the acidity of
rainwater increased after continuous rains in Ghore EI-Safi
area (Al-Khashman 2009). Jiuzhaigou National Nature
Reserve (JNNR) also experienced acid rain mainly caused
by SO4

2− in wet seasons, while the ambient alkaline dust
concentration was low (Qiao et al. 2015). Semi-continuous
washing is efficient in diluting the concentrations of alkaline
particles, causing a decrease in concentrations of base cations
in rainwater and a consequent reduction in acid-neutralizing
capacity (Zhang et al. 2012). In addition, the rainwater pH in
Ya’an was lower than those of most abroad cities and coun-
tries (e.g., India (5.9), Jordan (6.91), Spain (5.55), Korea (4.7),
Japan (4.52), and Newark (4.6)) except Singapore (4.2). It is
worth noting that NH4

+ was the most abundant ion in Ya’an
but did not show significant buffering function due to its lower
ability of than Ca2+. Conclusively, the lack of alkaline sub-
stance Ca2+, significant anthropogenic influences, and rainy
pattern were potential causes for very low pH in rainwater in
Ya’an.

The samples were grouped in four seasons, including
spring (May 2013, and March to May 2014, n=16), summer
(June to August 2013, and June to July 2014, n=20), autumnFig. 3 Frequency distribution of pH values of rainwater in Ya’an
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(September and November 2013, n = 6), and winter
(December 2013, n=4). Figure 4 shows the seasonal variation
of acidity in precipitation. It is obvious that the lowest pH
(3.72) was seen in winter, and higher values were found in
summer (4.44) and spring (4.47). Precipitation can incorporate
both particles and gases, and then rainwater would wash out
the components in the air while it falls on the ground (Huo
et al. 2012). High concentrations of acid gases (SO2 and NOx)
and particulate ions (sulfate and nitrate) were scavenged, lead-
ing to raise the acidity of rainwater. The lowest VWM pH in
winter might be explained by the largest emissions of SO2

(0.03 mg/m3) and NOx (0.03 mg/m3), as precursor gases of
SO4

2− and NO3
−, respectively, from coal burning and cold

start of vehicles, as well as the highest concentration of
PM10 (0.11 mg/m3). In addition, the lowest rainfall amount
(69 mm) can be contributed to the lowest pH. The relative
high pH values of rainwater in summer were mainly attributed
to the dilution effect with the highest rainfall in record
(961 mm). At a similar rainfall level in autumn, higher
VWM pH value was measured in spring due to the stronger
buffering ability with higher concentrations of NH4

+ and Ca2+

(354.92 and 70.55 μeq/L, respectively) caused by spring
plowing than those in autumn (91.93 and 42.74 μeq/L,
respectively).

Chemical composition

The total ionic concentrations of rainwater ranged from 61.51
to 4145.85 μeq/L, with an annual VWM value of 477.19 μeq/
L, in Ya’an during May 2013–July 2014. The annual contri-
butions of measured species in rainwater were NH4

+>SO4
2

−>NO3
−>Ca2+>Cl−>Na+>K+≈Mg2+>F− in a descending

order (Fig. 5). SO4
2− was the most dominant anion and its

concentration ranged from 7.91 to 1043.27 μeq/L with an
annual VWM of 138.37 μeq/L, accounting for approximately
29 % of the total quantified ions and 59 % of the total anions,
respectively. This was consistent with the typical characteris-
tic of rainwater across China because coal burning is the major
energy carrier (Huang et al. 2010; Tu et al. 2005). The second
most abundant anion was NO3

− with an annual VWM of
71.38 μeq/L. The sum of SO4

2− and NO3
− accounted for

90 % of the total quantified anions. As Table 2, it could be
seen that the VWM concentrations of SO4

2−were in the range
of 138.4–489.7 μeq/L in most urban cities of China (e.g.,
Beijing, Xi’an, Chengdu, Chongqing and Guangzhou), which
were much higher than those in USA (38.1 μeq/L), Japan
(50.2 μeq/L), Spain (72.5 μeq/L) and Korea (70.9 μeq/L).
This obvious difference was due to the abatement strategies
for SO2 anthropogenic emissions and control measures that
were implemented in these countries (Aas et al. 2007; Mouli
et al. 2005; Sopauskiene and Jasineviciene 2006). The small
cities such as Ya’an, Puding, and Lijiang typically have dis-
similar composition profiles with the megacities (Beijing,
Xi’an, Chongqing, and Chengdu), where SO4

2− and NO3
−

were the dominant species from urbanization and industriali-
zation. In Ya’an, the most abundant cation was NH4

+ with the
concentrations ranging from 8.54 to 1797.42 μeq/L, which
accounted for approximately 36 % of the quantified total ions
and 70 % of the total cations. NH4

+ was also the most abun-
dant cation in Dalian (Zhang et al. 2012). The relative high
level coincides with the fact that the emission of ammonia
from agricultural activities is enormous in Asian regions, es-
pecially in southwest China (Vet et al. 2014; Yang et al. 2010).
Additionally, the unique meteorological characteristic with

Table 1 VWM of pH and ionic concentrations (μeq/L) in rainwater as well as the concentrations (mg/m3) of PM10, SO2 and NOx in atmosphere in
Ya’an

13-May 13-Jun 13-Jul 13-Aug 13-Sep 13-Nov 13-Dec 14-Mar 14-Apr 14-May 14-Jun 14-Jul 1-year

Rainfall events 2 7 3 5 2 4 4 3 6 5 4 1 46

NH4
+ 25.56 126.71 74.21 84.98 45.42 193.59 436.28 308.28 362.12 362.12 172.30 243.77 169.58

K+ 4.62 9.28 6.98 7.50 4.93 10.73 27.61 15.18 22.98 22.98 9.32 17.87 11.35

Na+ 7.93 13.85 15.22 9.52 7.86 25.53 45.80 29.94 23.98 23.98 16.17 42.14 16.47

Mg2+ 5.51 6.60 3.66 7.21 10.27 9.33 17.37 16.82 12.43 12.43 9.52 18.26 8.53

Ca2+ 12.55 14.71 11.05 24.73 33.38 63.23 115.69 122.98 68.05 68.05 55.02 142.01 37.91

Cl− 14.2 18.32 12.63 18.02 14.10 26.58 52.71 24.03 25.42 25.42 18.58 27.51 20.89

NO3
− 12.07 42.13 25.33 42.75 16.12 104.94 275.12 113.20 123.25 123.25 59.48 74.23 71.38

SO4
2− 31.15 91.44 81.93 105.31 96.79 177.12 344.59 211.11 243.49 243.49 121.06 169.69 138.37

F− 6.13 5.58 3.06 3.27 1.34 2.71

pH 4.13 4.71 4.48 4.21 4.28 3.89 3.72 4.43 4.46 5.37 6.09 5.48 4.38

PM10 0.04 0.06 0.04 0.05 0.07 0.11 0.04 0.05 0.06 0.03 0.03 0.05

SO2 0.02 0.02 0.02 0.02 0.03 0.03 0.01 0.01 0.01 0.01 0.01 0.02

NO2 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.01 0.02 0.02 0.02 0.02

There are no data in the blank
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high RH (78 %) promoted the transformation of gaseous NH3

into aerosol NH4
+, which was then scavenged by rainwater.

The second most abundant cation was Ca2+ with an annual
VWM of 37.91 μeq/L, accounting for approximately 8 % of
the total quantified ions. Such level was relatively low among
most cities in China (e.g., 9.29 % in Shenzhen (Huang et al.
2010), and 42.73 % in Beijing (Xu and Han 2009)). The low
contribution of Ca2+ in Ya’an not only related to the low con-
tents of alkaline matters in soil in south China but also corre-
lated with the serious acidification soil due to the accumula-
tion of acid deposition and high rainfall in past decades.

According to the global assessment of wet deposition which
was defined as the product of an ion or species concentration
in precipitation times the precipitation depth, the highest S
values of 34.90 and 49.82 kg S ha−1 a−1, respectively, were
measured at Chongqing-Tie Shan Ping site during 2000–2002
and Chongqing-Jinyunshan site during 2005–2007, while the
highest N value of 27.07 kg N ha−1 a−1 was also measured at
Chongqing-Jinyunshan site in 2005–2007 (Vet et al. 2014).
Consideredmuch higher annual average rainfall (1800mm) in
Ya’an, the estimated wet deposition of sulfur and nitrogen
could reach 39.85 and 60.72 kg N ha−1 a−1, respectively,

Table 2 Comparison of pH and ionic concentrations (μeq/L) in rainwater

Site Na+ NH4
+ K+ Mg2+ Ca2+ F− Cl− NO3

− SO4
2− pH SO4

2−/NO3
− Type Time Reference

Ya’an Chinaa 16.47 169.6 11.35 8.53 37.91 2.71 20.89 71.38 138.4 4.38 1.94 Semi-rural 2013–2014 This study

Ya’an Chinaa 24.24 203.7 30.05 13.18 98.36 13.3 37.5 84.36 212.3 4.03 2.52 Semi-rural 2010–2011 Zhao et al. 2013

Chengdu Chinaa 1.4 150.5 6.6 16.2 196.6 6.2 8.9 156.2 212.8 5.1 1.36 Megacity 2008 Wang and Han 2011

Chengdu Chinaa 22.6 250.7 20.8 33.2 192 19.7 42.3 30.4 431.5 4.4 14.19 Megacity 1989 Lei et al. 1997

Chongqing Chinab 20.7 223.8 60.4 40.2 595.6 30.5 96.9 90 717.8 5.76 7.98 Megacity 2000–2009 Lu et al. 2013

Chongqing Chinaa 138.3 285.5 41.8 338 4.89 8.09 Megacity 2002 Zhou et al. 2003

Chongqing Chinaa 39.8 386.6 15.2 13.2 207.2 26.7 40.3 43.2 421.8 4.6 9.76 Megacity 1989 Lei et al. 1997

Beijing Chinaa 21.5 346 9.17 53.3 273 12 50.9 42.6 357 4.85 8.38 Megacity 2011–2012 Xu et al. 2015

Beijing Chinaa 8.51 174 6.69 38.5 291 10.5 67.8 139 270 5.32 1.94 Megacity 2008 Xu et al. 2012

Beijing Chinaa 25 185.6 17.7 40.4 607.2 15.65 104 109 315.8 5.12 2.90 Megacity 2006 Xu and Han 2009

Beijing Chinaa 234 191.2 84.1 248.9 6.01 2.96 Megacity 2001–2003 Yang et al. 2004

Beijing Chinac 57.2 135 33.3 86 464 26.9 97.2 54.5 359 6.87 6.59 Megacity 1995–1998 Feng et al. 2001

Beijing Chinac 77.4 224.4 38.2 760 59.1 81 337.5 6.74 4.17 Megacity Zhao et al. 1988

Xi’an Chinaa 31.1 229.8 13.8 36.6 425.6 28.7 38.7 128.8 489.7 6.64 3.80 Megacity 2010 Lu et al. 2011

Chizhou Chinaa 3.09 38.2 3.33 5.71 189 6.12 14.1 10.3 178 4.56 17.28 Urban 2011–2012 Xu et al. 2015

Shenzhen Chinaa 10.5 24 1.1 2.26 21.4 0.53 19.8 12.3 38.4 4.9 3.12 Coastal 2005–2009 Huang et al. 2010

Guangzhoua 18 66 9 9 131 12 21 52 202 4.49 3.88 Coastal 2005–2006 Huang et al. 2009

Tie Shan Ping Chinaa 3 76 8 9 58 11 35 184 4.1 5.26 non-urban 2003 Aas et al. 2007

Cai Jia Tang Chinaa 7 112 10 10 60 11 60 155 4.33 2.58 non-urban 2003 Aas et al. 2007

Lei Gong Shan Chinaa 3 33 4 5 25 4 26 75 4.44 2.88 non-urban 2003 Aas et al. 2007

Liu Chong Guan Chinaa 8 51 18 38 155 7 18 255 4.89 14.17 non-urban 2003 Aas et al. 2007

Li Xi He Chinaa 30 22 8 14 54 22 11 80 4.67 7.27 non-urban 2003 Aas et al. 2007

Puding Chinaa 10.79 33.14 9.1 3.9 155.8 2.82 54.52 16.99 152.4 5.44 8.97 Rural 2008 Wu et al. 2012

Lijiang Chinac 0.98 20.8 2.01 10.9 50.1 0.6 2.04 7 23.7 6.07 3.39 Background 2012 Niu et al. 2014

Jiuzhaigou Chinaa 38 13.4 21.2 41.1 149.8 21 37.2 12.7 70.5 5.95 5.55 Background 2010–2011 Qiao et al. 2015

Seoul Koreaa 10.5 66.4 3.5 6.9 34.9 18.2 29.9 70.9 4.7 2.37 Various 1996–1998 Lee et al. 2000

Tokyo Japana 37 40.4 2.9 11.5 24.9 55.2 30.5 50.2 4.52 1.65 Megacity 1990–2002 Okuda et al. 2005

Singaporea 32.79 19.13 7.2 6.54 16.06 34.21 22.34 83.47 4.2 3.74 Island 1999–2000 Hu et al. 2003

Newark USAa 10.9 24.4 1.3 3.3 6 1.1 10.7 14.4 38.1 4.6 2.65 Megacity 2006–2007 Song and Gao 2009

Pune Indiaa 55.2 5.1 3.5 23.1 53.2 1.3 62 8.3 34.3 5.9 4.13 Megacity 2006–2009 Budhavant et al. 2011

Oleiros Spainb 188.2 32.5 15.1 53.7 121.7 180.6 31.5 72.5 5.55 2.30 Coastal 2011–2012 Moreda-Piñeiro et al. 2014

GhoreEl-Safi Jordanb 130.6 75.36 85.21 93.12 165.3 142.4 67.31 112.4 6.91 1.67 Various 2006–2007 Al-Khashman 2009

Mexicoa 7 92.35 2.16 2.46 26.44 9.56 42.62 61.94 5.08 1.45 Megacity 2001–2002 Baez et al. 2007

Avignon Francea 30.7 14.1 5.7 10 51.7 37.2 24 47 5.2 1.96 Coastal 1997–1999 Celle-Jeanton et al. 2009

There are no data in the blank
aVolume-weighted means
b Concentrations of ions and pH were calculated with VWM and arithmetic means, respectively
c Arithmetic means
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which were almost equal to or even higher than those of
Chongqing. It should be noted that the deposition of NH4

+-
N (42.73 kg S ha−1 a−1) was more than twice of the NO3

−-N
deposition (17.99 kg S ha−1 a−1) in Ya’an, implying that the
benefit of nitrogen deposition (e.g., enhancing the biological
activities and providing nutrients by NH4

+) was higher than
the damage to ecosystem caused by NO3

−.
Sulfate and nitrate were the two main anions in precipita-

tion. Table 2 compares SO4
2−/NO3

− ratios measured at various
locations in the world. On the whole, the SO4

2−/NO3
− ratios

were larger than 1, representing that sulfuric acid was still the
dominant factor on the control of acidity of rainwater. In China,
with the increasing number of motor vehicles and the transfor-
mation of energy structure, the type of acid rain gradually shifts
from Bsulfuric acid^ to Bmixture.^ Compared to the ratio of
2.52 in 2010–2011 (Zhao et al. 2013), our value (1.94)

suggests that the emission of SO2 had been controlled to some
extent, and the traffic emission, NOx, has become more enor-
mous with the increasing number of private cars. The traffic
emissions control measures should be taken urgently. The low-
est SO4

2−/NO3
− ratios occurred in winter, consistent with the

findings reported in Zhao et al.’s study (2013), which could be
attributed to the increasing of NO3

− in winter due to the cold
start of vehicles and favorable gas-to-particle phase inversion
fromHNO3 to NO3

−. Compared with the data obtained in other
cities, the SO4

2−/NO3
− ratio in Ya’an was lower than those of

megacities and background areas in China, while was very
close to most abroad cities. Ya’an locates in western China
with less industrialization, but, as an ecotourism city, more
and more tourists travel with self-driving private cars. Even
though the number of private cars in other megacities is much
higher than that in Ya’an, the contribution from heavy industry
is much more crucial to those. In contrast, the lower ratio in the
abroad cities was mainly due to the stringent control of
sulfuric production (e.g., the reduction of sulfur contents
in oil by-products) but less control of NOx emissions
(Al-Khashman 2009; Okuda et al. 2005).

Seasonal variation of components in rainwater

Figure 4 presents the seasonal variation of measured ions in
precipitation. It could be seen that the highest value of total
ionic concentrations occurred in winter (1315.16 μeq/L),
followed by spring (910.00 μeq/L), autumn (350.15 μeq/L)
and summer (315.32 μeq/L). The seasonal trend should be
mainly affected by the meteorological factors and source
strengths. Rainfall is a primary meteorological factor. The
highest total ionic concentration was accompanied with the
lowest rainfall in winter (69 mm), while the lowest one was
accompanied with the highest rainfall in summer (961 mm).
The remarkable decrease in the event-average ionic concen-
trations was found when the precipitation amount increased in
many other studies (Huang et al. 2008a, b, 2009, 2010; Zhao
et al. 2013). In addition, for the crustal species, the long resi-
dence time of floating particles in the air during the spring and
winter could result in the accumulation of ions, giving rise to
high ionic concentrations in rainwater (Chen and Mulder
2007), while wet soils meaning that little surface dust is incor-
porated into the air during summer and autumn (Huang et al.
2008b). In comparison with north China, higher concentra-
tions of NH4

+, SO4
2−, and NO3

− in Ya’an were mainly caused
by the meteorological conditions instead of a large quantity of
coal burned for heating in the cold seasons (spring and win-
ter). Furthermore, the high frequency of haze and smog and
the formation of inversion layer in winter would inhibit the
diffusion of airborne pollutants and lead to their accumulation,
causing exceedingly high ionic concentrations in rainwater.
The high concentration of NH4

+ in spring could be explained
by frequent agricultural activities in semi-rural area. The

Fig. 4 Seasonal variations of VWM of pH and targeted ion species in
precipitation in Ya’an

Fig. 5 Percentage contributions of ion species of rainwater in Ya’an
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lowest concentrations of NH4
+ and K+ did not occur in sum-

mer, which was mainly due to the decomposition of potash
and nitrogen fertilizers at a high temperature (Coelho et al.
2011; Gioda et al. 2013). The highest contributions of Cl−

and Na+ to the total quantified ions (5.39 and 4.18 %, respec-
tively) occurred in summer, probably causing by long-range
transport with the influence of subtropical monsoon climate.

Origins of major ionic species

Enrichment factors

Enrichment factors have been normally applied to identify the
origin of an element in precipitation (Gioda et al. 2013; Han
et al. 2010; Jawad Al Obaidy and Joshi 2006). EF calculation
is based on an elemental ratio between ions found in the pre-
cipitation as compared to that for a reference material, and can
provide useful clues about the sources of elements.
Commonly, Na is usually taken as a good reference element
for sea salt since it is assumed to be exclusively of marine
origin (Huang et al. 2010; Zhang et al. 2007). Al and Ca are
two typical lithospheric elements and are normally used as
reference elements for continental crust since their composi-
tions in soil, the only natural source for lithospheric elements,
are hardly changed (Lu et al. 2011). In order to estimate the
marine and terrestrial contributions to rainwater, the EF values
for rainwater compositions were calculated by using Ca as a
reference element for continental origin and Na as a reference
element for marine origin as follows (Han et al. 2010):

EFseawater ¼ X=Naþ½ �rainwater= X=Naþ½ �seawater ð1Þ

EFsoil ¼ X=Ca2þ
� �

rainwater
= X=Ca2þ
� �

soil
ð2Þ

where X is the concentration of the desired ion and [X/Na+]

seawater is from the seawater composition and [X/Ca2+]soil is
from crustal composition. Table 3 lists the EFseawater and
EFsoil values for rainwater components in Ya’an. As NO3

−

and NH4
+ are not significant components neither in sea salt

nor in crustal material (Zhang et al. 2007), their EFseawater and
EF soil values were not calculated. An EF value much less than
1 or much higher than 1 is considered to dilute or enrich
relative to the reference source (Fan 2002). EFsoil value of
Na+ was 0.763, which indicates that Na+ was also derived
from terrestrial source except frommarine source as expected.
EFsoil and EFseawater values of Cl

− were 183.7 and 1.087, re-
spectively, which suggest that the main sources of Cl− were
frommarine and anthropogenic activities instead of soil. EFsoil
and EFseawater values of SO4

2− were 192.1 and 67.23, respec-
tively, which also indicate that SO4

2−was mainly from anthro-
pogenic sources instead of soil and marine sources. For Mg2+

and K+, EFseawater values were larger than 1, suggesting that
marine source contributed a little fraction; while EFsoil values

less than 1 demonstrate the contribution from terrestrial
source.

Principle component analysis

PCA is used to identify the sources of ions in rainwater. In
PCA, the data are subjected to a varimax rotation, which max-
imizes the variance to obtain a pattern of loadings on each
factor that is diverse as possible, lending itself to easier inter-
pretation. The division of information into different groups
(common factor) suggests that the variables listed within the
same factor might have the same origin (Wang et al. 2011).
Table 4 shows the varimax-rotated principal component pat-
terns, and it was found that three major factors with an eigen-
value of >1 accounted for 93.23 % of the total variance. The
first factor (F1) accounted for 47.45 % of the total variance
with high loadings of NH4

+, SO4
2−, NO3

−, K+, and Cl−, is
identified as anthropogenic sources. The secondary origin spe-
cies of SO4

2−, NO3
−, and NH4

+ had strong inter-correlations
as expected (Table S1), because they were all formed by con-
version of gaseous precursors (Li et al. 2010). SO2, a known
precursor of SO4

2−, is mainly from combustion of fuel,

Table 3 Enrichment factors for rainwater components in Ya’an relative
to the soil and seawater

K+ Na+ Mg2+ Cl− SO4
2−

Soil ratio 0.504 0.569 0.561 0.003 0.019

Rainwater ratio 0.299 0.434 0.225 0.551 3.65

EFsoil 0.594 0.763 0.401 183.7 192.1

K+ Ca2+ Mg2+ Cl− SO4
2−

Seawater ratio 0.022 0.044 0.227 1.167 0.125

Rainwater ratio 0.689 2.302 0.518 1.269 8.404

EFseawater 31.33 52.33 2.282 1.087 67.23

Table 4 Varimax rotation of principal component analysis of species in
rainwater in Ya’an

F1 F2 F3

Na+ 0.51 0.75 −0.03
NH4

+ 0.92 0.28 0.03

K+ 0.85 0.42 0.04

Mg2+ 0.45 0.86 0.01

Ca2+ 0.31 0.93 0.06

Cl− 0.78 0.57 −0.13
NO3

− 0.86 0.39 −0.17
SO4

2− 0.88 0.4 −0.13
pH −0.078 0.03 1

Variance % 47.45 34.01 11.78

Cumulative % 47.45 81.46 93.23

Note: bold fonts represent higher loadings chemical composition of factors
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fertilizer application, and emissions thermal power plant and
oil refinery (Laouali et al. 2012). NO3

− is directly associated
with NOx emission, which comes mostly from fuel combus-
tion, including all kinds of industrial furnaces and motor ve-
hicles (Chen and Mulder 2007; Laouali et al. 2012). Cattle
breeding and fertilizer application could emit a mass of NH3,
which is converted to aerosol NH4

+ or directly scavenged by
rainwater. K+ is a typical lithospheric element and tracer of
biomass burning. However, K+ in F1 could be better explained
by biomass burning in this study. Smoke emitted from bio-
mass burning is mainly in the form of submicrometer and
accumulation mode, which could be entrained into clouds
and increase the rates of chemical reactions responsible for
secondary aerosol formed (Balasubramanian et al. 1999).
Although the EFseawater of Cl

− was only 1.078, the anthropo-
genic effect should be significant. The severe depletion of Cl−

can be due to the HCl-released reaction between sea salt
(NaCl) and H2SO4, especially in acidic particle (Yao and
Zhang 2012). The potential anthropogenic sources of Cl− in-
clude vehicle exhaust, production and application of organo-
chlorine compounds (e.g., dry clean agent), and biomass burn-
ing (Li et al. 2010). The high correlation between Cl− and K+

(R2 = 0.80, Table S1) proves that biomass burning was the
main source of Cl−, consistent with the previous result in
Ya’an reported by Zhao et al. (2013). Considered that Ya’an
is a semi-rural and less industrialized city, the high contribu-
tion of anthropogenic sources (F1) may be attributed to re-
gional and/or long-range transport influences, which will be
discussed later.

The second factor (F2) with high loadings of Ca2+, Mg2+,
Na+, and Cl−, accounting for 34.01 % of the total variance, is
identified as the combination of natural crustal and marine
sources. Ca2+ and Mg2+ could be reasonably explained by
the crustal source. High correlation between Na+ and Cl−

(R2=0.73, Table S1) indicates that Na+ is mainly frommarine
source in Ya’an. Na+ also have fair correlation with Ca2+

(R2=0.63) and Mg2+ (R2 =0.65) (Table S1), showing that it
was partly derived from rock dust. The similar results were
also reported in previous studies (Chen and Mulder 2007; Niu
et al. 2013, 2014). The third factors (F3) accounted for
11.78 % of the total variance. High loading of pH with ex-
tremely low loadings of other ions in F3 implies that the free
acidity could be attributable to the comprehensive effect of all

acidifying and neutralizing ions, rather than any single ion in
precipitation (Zhang et al. 2007).

Back trajectory analysis

To evaluate the influence of air masses from different directions
on the chemical composition of precipitation in Ya’an, air mass
backward trajectories were computed using NOAAHYSPLIT 4
Model (Zhang et al. 2007). For each precipitation event, 72-h
back trajectories were initiated at the recorded onset of precipi-
tation from 1000, 1500, and 3000m above ground level over the
sampling site. The predominant direction was decided by the
1500 m level considering that cloud formation and wet deposi-
tion frequently occurred around this height (Shen et al. 2012).
Based on the acquired trajectories, the sampleswere divided into
five sectors, their typical trajectories are presented in Fig. S1.
The air masses restricted within the Sichuan basin was firstly
defined as regional transport (Fig. S1. a). Other sectors were
classified according to the predominant direction outside of
Sichuan basin. Sector S-SE means that predominant direction
was south-southeast (Fig. S1. b), passing through Hunan,
Guangxi, Guizhou, and east of Chongqing in China, which
occurred mostly during summer and autumn. The air mass of
sector west-northwest (W-NW, Fig. S1. c) was mainly the upper
air wind and passed through Xingjiang and west of Gansu in
China. The air mass of sector southwest (SW, Fig. S1. d) was
mainly from India, Bangladesh, and theKingdomof Bhutan and
occurring prevailingly during winter and spring. Sector north-
northeast (N-NE, Fig. S1. e) passed through Inner Mongolia,
Xi’an, and the east of Gansu.

The VWM of pH and concentrations of major ions in their
respective sectors are shown in Table 5. Obviously, the rainfall
events in Ya’an, with a frequency of 37 %, were mainly af-
fected by regional air mass, which was in agreement with the
special topography of Sichuan basin. The lowest frequency
(8.7 %) of rainfall events was from southwest. The contribu-
tions of other sectors were in the medium levels. The VWM
total concentration of each sector was in an order of SW
(1738 μeq/L) > N-NE (708 μeq/L) > regional (606 μeq/
L) >W-NW (432 μeq/L) > S-SE (218 μeq/L). The highest
concentration of total ions from SW could be explained by
the lowest rainfall amount (30 mm) in winter and spring and
the severe anthropogenic pollutions from India, Bangladesh,

Table 5 VWM of pH and concentrations (μeq/L) of major ions from five air mass sectors

Direction NH4
+ K+ Na+ Mg2+ Ca2+ Cl− NO3

− SO4
2− pH Rainfall (mm) Rainfall events

Regional 225.23 13.96 18.63 9.78 36.89 27.89 99.62 173.50 4.34 351 17

S-SE 57.84 6.66 10.97 5.76 18.47 13.31 27.52 74.63 4.38 396 8

W-NW 173.49 7.74 13.50 8.09 45.94 15.90 69.81 119.22 4.60 123 8

SW 734.90 47.07 27.40 16.24 93.83 42.84 280.40 494.93 4.27 30 4

N-NE 249.20 14.77 32.27 13.79 96.61 26.32 86.56 188.41 4.35 92 9
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and the Kingdom of Bhutan. Few researches demonstrated
that the air quality in India was extremely poor and the con-
centrations of PM10 and PM2.5 were extremely high, almost
5–10 times higher than the levels in European cities (Chhabra
et al. 2001; Sharma and Maloo 2005). The highest concentra-
tions of NH4

+, SO4
2−, NO3

−, K+, and Cl− (high loading spe-
cies in F1) and the lowest VWM of pH (4.27) were in the
sector of SW, further confirmed that the anthropogenic
sources from southwest long-range transport did have signif-
icant effects on the chemical composition and acidity of rain-
water in Ya’an. Compared with the regional transport, relative
higher concentrations of Na+, Mg2+, and Ca2+ (high loading
species in F2) were in sectors of N-NE and SW, indicating that
natural sources of rainwater were significantly affected by
long-range transport, especially from north-northeast and
southwest. The highest concentrations of Na+ and Ca2+ oc-
curred in N-NE sector, which were related to sea salt and dust
storm, respectively. The dust storm, originated from the west-
ern part of Mongolia, moved along the northern boundary of
Inner Mongolia, and passed through Gansu Province, was
identified as a serious sandstorm affecting large areas of north-
ern China (Zhang et al. 2007). The highest concentration of
Ca2+ in N-NE sector indicates that the influence of north sand-
storm had extended to Sichuan basin. The VWM of pH of
rainwater affected by N-NE air mass was close to that of
regional but higher than that of SW sector. In comparison,
higher pH in N-NE than SW was mainly caused by the de-
crease of SO4

2−. The rainwater affected by W-NW had the
highest pH (4.60), which could be explained by its relatively
good air quality and dominated natural sources.

Conclusion

In this study, the rainwater chemistry was studied at the semi-
rural city of Ya’an in Sichuan basin. The severe acidification
was mainly due to the lack of Ca2+, significant anthropogenic
influences, and rainy pattern on this area. The highest contri-
bution of NH4

+ measured in the busy farming season suggests
the characteristic of the semi-rural site with considerably fre-
quent agricultural activities. In comparison with most cities in
China, a relatively low contribution of Ca2+ was observed in
Ya’an. The abundant anions of SO4

2− and NO3
− and the low

SO4
2−/NO3

− ratio can be explained by the complex pollution
sources from high coal/fuel consumption in urbanization and
the rapid increasing number of motor vehicles. The total ionic
concentrations had a characteristic of lower in autumn and
summer but higher in winter and spring, due to both of mete-
orological factors and source strengths. Combined with EF,
correlation analysis, and PCA, NH4

+, SO4
2−, NO3

−, K+, and
Cl− were well related with anthropogenic sources. Other ions
such as Ca2+, Mg2+, Na+, and Cl−were associated with natural
crustal and marine sources. The free acidity could be

attributable to the comprehensive effects of all acidifying
and neutralizing ions, rather than any single ion in precipita-
tion. According to back trajectory analysis, the rainfall events
in Ya’an were mainly affected by regional air mass. Both
heavy anthropogenic and natural crustal sources from SW
long-range transport had significant effects on the chemical
composition and acidity of rainwater in Ya’an. Natural crustal
and marine sources were mainly affected by long-range trans-
port from N-NE. Air masses from W-NW dominated by nat-
ural crustal sources had relative high neutralization ability.
Considering that the special topography, the controls of an-
thropogenic emissions from regional transport (especially
from megacities, e.g., Chengdu and Chongqing) and long-
range transport (especially from southwest) should be taken
in order to reduce the acidity in the precipitation of rural and
semi-rural areas in Sichuan basin.
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