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ABSTRACT 

Rain and snow water samples were collected from Sep. 2010 to Jun. 2011 at a semi-rural site in Ya’an, a city located in 
the rain-belt along the Tibetan Plateau, to characterize the chemical composition and the sources of precipitation. The 
collected samples were severely acidified with an annual volume-weighted mean (VWM) pH of 4.03 and an annual acid 

rain frequency of 79%.  and  were the most abundant ions, followed by Ca2+, H+, , Cl−, K+, Na+, F− 

and Mg2+. The acidity of samples was predominantly generated by H2SO4 and HNO3, which were neutralized by  

and Ca2+ as much as 65%. NH3 played a major role in neutralizing the acid rain. The average ambient concentration of 
NH3 was 174.2 μg/m3 during sampling periods. Different source apportionment methods, including principle compo- 
nent analysis (PCA), enrichment factor (EF), correlation and back-trajectory analysis were used to track the sources of 
rainwater. The methods suggested that the pollutants in rainwater were from both local and long-distance transport 
(1:2.2), or they were from anthropogenic actions (86.4%), sea salts (8.1%) and crustal (5.5%) respectively. 
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1. Introduction 

Acid rain has received worldwide attention during the 
past decades for its notably negative effects on aquatic 
and terrestrial ecosystems. Specifically, acid rain acidi- 
fies surface waters and soils, leads to widespread loss of 
fish population, forest decay and crop yield decline, and 
accelerates rust process of wild architectures [1,2]. Acid 
rain can also bring direct and indirect harm to human 
health. The main risk components are acidity and heavy 
metal elements [3].  

In the past decades, many studies were conducted on 
acid rains in south China [4-6]. South China has been 
regarded as the third largest acid region in the world fol- 
lowing Northeast America and Central Europe [4,7]. In 
these previous studies, major attentions were paid to ur- 
ban areas because more anthropogenic pollutants, i.e. 
SO2 and NOx, are emitted in the industrialized sites. Al- 
though the negative effects of acid rain on rural areas, 
such as on forests, farmlands and water bodies, are as 
important as on urban areas, and acid rains in rural areas 

are usually obvious and caused by a significant influence 
of long range transport air pollutants [8], the knowledge 
of acid rains in extensive non-urban areas is still limited.  

Ya’an is a famous rainy city located on the rain-belt 
along the Tibetan Plateau in the southwestern China. In 
Ya’an, about half of the days in a whole year are rainy. 
Ya’an is dominated by light rains and the annual average 
precipitation amount is around 1800 mm. Two reasons 
make us study the chemical composition and the sources 
of rainwater at a semi-rural site in Ya’an. By the first 
reason, Ya’an has abundant rains and it is close to the 
Tibetan Plateau (see in Figure 1(A)). Due to these uni- 
que topographic and climatic conditions, a large amount 
of pollutants in the long-distance transport air masses in 
Ya’an are obstructed by high mountains, washed out by 
rains and deposited in this area. These pollutants, repre- 
sented by a majority of regional pollutions, can be used 
to track the origins of air pollutants in the research area. 
By the second reason, we are in shortage of a study as- 
sociated with acid rains at rural-urban transit site on the 
rain-belt along the Tibetan Plateau. As far as we know, 
the transit regions are usually heavily influenced  *Corresponding author.  
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Figure 1. Locations of Ya’an and the sampling site (TSPSAU). 
 
by anthropogenic actions, and in the regions environ- 
mental pollution has obvious impacts on extensive eco- 
logical lands.  

Rain is an effective way to remove particulates and 
dissolved gases in the atmosphere [9]. The chemical 
compositions and pH values of rainwater are affected by 
the scavenging of atmospheric pollutants. These pollut- 
ants can be of many origins, for example, SO2 and NOx 
emitted from fuel burning and vehicles transforming into 

 and 3  through photochemical reactions and 
being washed out by rains; NH3 coming from agricultural 
sources, such as livestock breeding, fertilizer, soil emis- 
sion and biomass burning [10], and undergoing gas-to- 
particle conversion processes to give rise to 4 . Ca2+ 
mainly originates from daytime convection and vehi- 
cle/wind-driven roadside dust [11]. Other ions (e.g. Cl−, 
Na+, Mg2+ and K+) are primarily from natural sources 
such as soils, forest fires, and sea salts [12]. The acidity 
of rainwater is a result of the balance between acidic ions 
and alkaline ones upon their neutralization reactions [13]. 
To better understand the formation mechanism of the 
severe acidity of rainwater, it’s necessary to gain a deep 

insight into the chemical compositions of precipitation. 

2
4SO − NO−

NH+

The objectives of the present study are: 1) to analyze 
chemical compositions and characterize seasonal varia- 
tion of precipitation at a semi-rural site in Ya’an; 2) to 
discuss the formation mechanism of the acidity of the 
rainwater; and 3) to investigate the possible pollution 
sources as well as their relative contributions to the rains 
at the research site. 

2. Materials and Methods 

2.1. Site Description 

The sampling site is situated on the roof of a two-story 
building (29˚58'58" N, 102˚58'44" E) about 7 m tall in 
Teaching and Scientific Park of Sichuan Agricultural 
University (TSPSAU). The total area of TSPSAU is 33.3 
ha. It comprises a dozen of laboratory buildings, a live- 
stock farm (a small number of animals are experimen- 
tally fed in this farm), a small wastewater treatment plant 
and a large area of experimental fields. The sampling site 
is kept at least 100 m from possible emission source, and 
no high obstruction stands nearby. 
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Figure 1 presents the geographic locations of TSPSAU 
and Ya’an. As we can see from Figure 1, the campus of 
Sichuan Agricultural University, which belongs to urban 
area, is located in the east of TSPSAU. At the same time, 
the extensive farmland, a typical rural area, is located in 
the west of TSPSAU. The collection site is a good repre- 
sentative of transit place between urban and rural area. 

2.2. Sampling Method 

Rainwater samples of four different seasons were col- 
lected in 17-28 Sep. 2010 (autumn), 31 Dec. 2010-14 Jan. 
2011 (winter), 1-18 Apr. 2011(spring) and 3-16 Jun. 
2011 (summer) respectively. All the samples were 
manually collected using polystyrene funnels on the 
event basis 1.5 m above the roof. The funnels were also 
used as rain gauges to record the precipitation amount. 
Samples collected from 20:00 on the first day to 20:00 of 
the next day were mixed as one sample. Before collec- 
tions, the funnels were cleaned with 6 M hydrochloric 
acid solution and rinsed several times by Milli-Q water 
(resistivity: 18.2 MΩ/cm). In order to prevent contamina- 
tions from dry deposition, the funnels were opened and 
covered as quickly as possible at the beginning and the 
end of each rain event. Meteorological parameters (i.e. 
temperature, relative humidity and wind speed) were 
measured by a pocket weather meter (4500, Kestrel, 
USA) three times at 08:00, 14:00 and 20:00 every day. In 
total, 25 rainwater and 3 snow water samples were col- 
lected. 

2.3. Chemical Analysis 

At the end of each rainfall episode, rainwater was taken 
back to laboratory immediately. The pH values and con- 
ductivities for the rainwater samples were analyzed with 
a pH meter (pHS-3C+, Fangzhou, China) and a high- 
precision conductivity meter (DDS-12W, Lida, China) 
respectively. Subsequently, the samples were filtered 
through 0.45 µm hydrophilic microporous membrane 
equipped with a clean syringe. All water filtrates were 
preserved at 4˚C in a refrigerator until for analysis.  

Anions (i.e., F−, Cl−, 3  and ) were meas- 
ured by ion chromatography (ICS-90, Dionex, USA) 
equipped with a conductivity detector. Anions were sepa- 
rated on AS11-HC column using 25 mmol/L KOH (EGC 
II, Dionex) as eluent kept at a flow rate of 1.0 mL/min. 
Moreover, K+ and Na+ were measured by a flame pho- 
tometer (6400 A, Shanghai Analy. Instru. Co., China), 
Ca2+ and Mg2+ were measured by a flame atomic absorp- 
tion spectrometry (MK M6, Thermo, USA),Ⅱ  and 4  
was measured by a flow injection analytical instrument 
(FIAstar 5000, Foss, Sweden). 

NO− 2
4SO −

NH+

Accompanied with the acid rain monitoring, NH3 in 

the real-time atmosphere was also collected by a multi- 
functional sampler (6120, Laoshan elec. Co., China) us- 
ing 0.005 M sulfuric acid as absorbent solution. The 
concentrations of NH3 in the absorbent solutions were 
analyzed colorimetrically by a visible-light-spectropho- 
tometer. Blank samples were prepared as the same as 
field samples only no flow rate. More detailed descrip- 
tion of the measurement procedure please referred to Li 
et al. 2013 [14]. 

2.4. QA/QC 

The sampling and analytical procedures for rainwater 
were performed according to the technical specifications 
established by Chinese Environmental Protection Admin- 
istration (HJ/T165-2004 [15]). The detection limits (S/N 
= 3) were 0.056, 0.042, 0.015, 0.046, 0.033, 0.036, 0.056, 
0.061 and 0.028 mg/L for F−, Cl−, 3 , , KNO− 2

4SO − +, Na+, 
Mg2+, Ca2+ and 4 , respectively. The relative stan- 
dard deviations (RSD) for the ionic analysis were better 
than 5%. Field blanks were taken by pouring ultra-pure 
water into funnels, and the background values were sub- 
tracted from the concentrations of field samples.  

NH+

Moreover, the data quality for rainwater samples was 
checked by ionic balance. Data acquired in this study 
(more than 90%) is within the acceptable range of ion 
difference given by Rastogi et al. 2005 [16], 15% - 30% 
between cations and anions for rainwater samples with 
ionic sum higher than 100 μeq/L. The linear regression 
between ∑anions and ∑cations is fairly good (see in 
Figure 2(A), R2 = 0.91).  

3. Results and Discussion  

3.1. pH Value and Conductivity 

Table 1 lists the chemical compositions of the rainwater 
collected during sampling periods. The frequency distri- 
bution of the pH values of the rainwater is presented  
 

 

Figure 2. Linear regressions between ∑cations and ∑anions 
(A) and between summed concentrations of H+ + Ca2+ + 

 and  +  (B). +
4NH −

3NO 2
4

−SO
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Table 1. Chemical composition of rainwater collected at TSPSAU. 

Autumn (n = 6) Winter (n = 6) Spring (n = 9) Summer (n = 7) Annual (n = 28) 
 

VWM VWM VWM VWM VWM Mean  Min-Max 

pH 4.17 3.59 3.77 4.33 4.03 4.61 3.36 - 6.68 

H+ (μeq/L) 68.25 259.46 167.90 46.44 92.75 96.60 0.21 - 436.77 

Na+ (μeq/L) 16.04 71.11 35.63 17.65 24.24 47.48 3.99 - 185.54 

K+ (μeq/L) 31.88 54.16 43.81 13.60 30.05 50.75 5.44 - 254.48 

Ca2+ (μeq/L) 66.85 302.50 244.78 19.52 98.36 233.75 9.68 - 992.03 

Mg2+ (μeq/L) 3.35 32.42 36.60 12.21 13.18 37.44 n.d. - 185.85 

4NH+  (μeq/L) 124.68 427.78 312.96 210.20 203.71 330.06 50.13 - 872.93 

F− (μeq/L) 8.67 40.32 30.27 4.68 13.30 28.19 n.d. - 134.75 

Cl− (μeq/L ) 42.59 57.50 52.13 16.82 37.50 69.89 2.48 - 394.57 

2
4SO −  (μeq/L) 112.00 548.43 382.84 190.34 212.30 419.85 28.81 - 1420.36 

3NO−  (μeq/L) 38.01 363.70 77.67 74.76 84.36 180.54 9.65 - 926.70 

∑ions (μeq/L) 512.32 2157.36 1384.59 606.23 809.75 1494.54 302.15 - 4524.22

Conductivity (μS/cm) 83.80 119.95 100.68 53.65 79.59 110.69 30.00 - 274.00 

Rainfall (mm) 74.0 14.4 21.2 47.1 156.7 

 
in Figure 3. From Table 1 and Figure 3, it can be seen 
that the pH values for the individual precipitation are var- 
ied from 3.36 to 6.68, with an annual VWM (volume- 
weight mean) of 4.03. Up to 68% of the pH values were 
in the range of 3.0 - 4.5, indicating a severe acidification 
of the rainwater at TSPSAU. On the other hand, 21% 
samples had the pH values above 5.60, which is the pH 
value of unpolluted water equilibrated with atmospheric 
CO2. Compared with the VWM pH values measured for 
other areas in China, 5.12 (Beijing [17]); 4.49 (Shanghai 
[5]); 4.49 (Guangzhou [6]); 4.54 (Jinhua, Zhejiang Prov- 
ince [4]); 4.10 - 4.13 (Tie Shan Ping, Chongqing [8]); 
4.44 (Lei Gong Shan, Kaili, Guizhou Province [8]); and 
for the overseas areas, 4.52 (Tokyo [18]); 4.60 (Newark, 
New Jersey, USA [19]); 5.20 (São Paulo, Brazil [20]); 6.0 
(Kampangsan, Thailand [21]), the VWM pH value for 
TSPSAU was low. The VMW pH value of the rainwater 
collected at TSPSAU are even obviously lower than that 
of Chengdu [22] (5.1, Jan.-Dec., 2008), which is located 
about 150 km to the northeast of Ya’an. The lacking of 
alkaline substances like Ca2+ in rainwater and the signifi- 
cant anthropogenic influences in the semi-rural atmos- 
phere may be the main causes for the severe acidification 
of the rainwater collected at TSPSAU. 

 

Figure 3. Frequency distribution of pH values for rainwater 
samples collected at TSPSAU. 
 
VWM conductivity of rainwater collected at TSPSAU 
was obviously higher than those of coastal sites in the 
southeastern China, such as Jinhua [4] (20.3 µS/cm) and 
Shenzhen [23] (25.52 µS/cm), however, comparable to 
that of Beijing [17] (76.88 µS/cm), and lower than those 
of inland arid areas, such as Urumqi [24] (91.04 µS/cm) 
and Jordan [25] (95.00 µS/cm). 

Electrical conductivity (EC) of rainwater collected at 
TSPSAU was ranged from 30.00 to 274.00 µS/cm, with a 
VWM value of 79.59 µS/cm. EC can be looked as a good 
indicator for the total concentrations of soluble ions. The  

3.2. Ionic Composition 

Average concentration and standard deviation of ∑ions 
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for rainwater collected at TSPSAU were 1494.54 ± 
1193.17 µeq/L, with a VWM value of 809.75 µeq/L dur- 
ing one whole year (see in Table 1). Major ions show a 
general trend: 4  > 4  > Ca2+ > H+ > 3  > 
Cl− > K+ > Na+ > F− > Mg2+ in the VWM concentrations. 

, as the dominant anion with the highest level 
among all ionic species of a VWM of 212.30 µeq/L, ac- 
counted for 26.2% of the total ionic concentrations (see 
in Figure 4). It suggests that acid rain at the research site 
is of sulfuric-acid type caused mainly by the input of 
sulfuric acid from anthropogenic sources. 

2SO − NH+ NO−

2
4SO −

Moreover, 4  was the predominant cation with a 
VWM of 203.71 µeq/L during sampling period. The 
formation of 4  is tightly connected with gas-to- 
particle conversion of NH3 in atmosphere. Table 2 
presents the ambient concentrations of NH3 monitored 
during sampling periods. The average concentration of 
NH3 was 174.2 μg/m3 at TSPSAU. Biswas et al. 2008 
[26] reported that the average ambient concentrations of 
NH3 ranged from 21.2 to 81.3 μg/m3 with a mean of 50.1 
μg/m3 in Lahore, a large city of Pakistan, during 23 Dec. 
2005 to 14 Feb. 2006. The high levels of atmospheric 
NH3 in Ya’an were comparable to Lahore. It suggests 
that NH3 in the areas around the Tibetan Plateau is often 
very abundant in the lower troposphere. 

NH+

NH+

As a major crustal element, Ca2+ is come from cal- 
careous soils and dusts driven by winds and anthropo- 
genic construction actions, and it accounted for 12.15% 
of ∑ions of rainwater. H+ accounted for 11.45% of the 

total ionic concentration, showing an obvious lack of 
alkaline ions and a severe acidification of rainwater at the 
research site (see in Figure 4). 

3.3. Seasonal Variation 

Figure 5 shows the temporal trends of water soluble ions 
in rainwater samples collected during one-year long term 
observation. From Figure 5, it can be seen that the major 
ions in the autumn rainwater include , 3 , Cl−, 

4 , Ca2+, K+ and H+. The concentrations of Cl− and K+ 
were correspondingly higher than those of 3  and 

4  on 27 Sep. 2010, suggesting an obvious influence 
from biomass burning. Moreover, the dominating ions in 
the winter and spring samples were 4 , 3 , Ca2+ 
and 4 . The concentrations of Ca2+, an indicator 
element of soil dust, were higher in the winter and spring 
than in the summer and autumn, indicating soil dust is 
heavier in the former seasons than in the latter. Further- 
more, the important ions in the summer rainwater were 

, 3  and 4 , implying a strong photo- 
oxidation processing during this time. All rainwater 
chemical species showed the highest concentrations in 
winter compared to the other three seasons possibly due 
to the short rainfall amount in this season only except for 
Mg2+ (see in Table 1).  

2
4SO −

2SO −

NO−

NO−

NO−

NH+

NH+

2
4SO −

NH+

NO− NH+

3.4. Correlation Analysis 

Table 3 presents a Pearson correlation analysis result for  
 

Table 2. Ambient concentrations of NH3 monitored at TSPSAU (24 hr intervals).  

Autumn 17-28, Sep., 2010 Winter 31 Dec. 2010-14, Jan., 2011 Spring 1-18, Apr., 2011 Summer 3-16, Jun., 2011 All days
 

Ave. Min-Max Ave. Min - Max Ave. Min-Max Ave. Min-Max Ave. 

NH3 (ppbv)a 96.7 46.7 - 148.0 26.5 3.6 - 68.3 207.2 71.6 - 410.9 605.0 354.1 - 963.3 229.0 

NH3 (μg/m3)a,b 73.5 35.5 - 112.6 20.2 2.7 - 52.0 157.6 54.4 - 312.5 460.3 269.4 - 732.8 174.2 

aThe ambient concentrations of NH3 has been subtracted by field blank values. bCalculated under the standard state of 0˚C, 101.3 kpa.  

 

 

Figure 4. % contribution of different ion species to ∑ions 
for rainwater samples collected in Ya’an (based on VWM 
values). 

 

Figure 5. Temporal trends of ionic concentrations for the 
ainwater samples. r 
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Table 3. Pearson correlation matrix for the ionic species measured in rainwater. 

Species H+ 4NH+  K+ Na+ Ca2+ Mg2+ F- Cl- 2

4SO −  3NO−  

4NH+  −0.072          

K+ −0.099 0.328         

Na+ −0.132 0.709** 0.550**        

Ca2+ −0.163 0.725** 0.428* 0.875**       

Mg2+ −0.220 0.730** 0.244 0.736** 0.664**      

F- −0.030 0.630** 0.512** 0.888** 0.879** 0.579**     

Cl- −0.199 0.412* 0.831** 0.597** 0.458* 0.290 0.574**    
2

4SO −  −0.110 0.920** 0.443* 0.873** 0.891*** 0.825** 0.815** 0.476*   

3NO−  −0.089 0.835** 0.436* 0.732** 0.774** 0.536** 0.582** 0.406* 0.851**  

*: Correlation is significant at P < 0.05 (two-tailed); **: Correlation is significant at P < 0.01 (two-tailed); Underlined: insignificant correlations. 

 
the major ions of the rainwater samples, which was per-
formed using SPSS 19.0. From Table 3, it can be seen 
that the correlations between the major ions are all very 
good, with the exception of the correlations between K+ 

and Mg2+, Cl− and Mg2+, and 4  and K+. The highly 
significant correlation of K+ and Cl− (R2 = 0.831) implied 
a common origin of them (i.e. biomass burning) and pos- 
sible combining form of KCl. 4 , 3  and  

showed good relationships between each other (p < 0.01), 
suggesting that they came from one anthropogenic source 
and shared a common photochemical formation process 
as of (NH4)2SO4 and NH4NO3 in the ambient atmosphere. 
Moreover, good correlations between the acidic ions 
( 3 ,  and F−) and the cations (Ca2+, Mg2+ and 
Na+) demonstrated that the existence of combining sub- 
stances, CaSO4, MgSO4, Na2SO4, NaNO3, etc., which 
were formed via neutralization reactions under atmos- 
pheric deposition processes. 

NH+

NH+ NO− 2
4SO −

NO− 2
4SO −

3.5. Acid neutralization Indicators 

Fractional acidity (FA) is an indicator often used to 
measure acid neutralization capacity of rainwater. FA is 
expressed in the following form:  

2
4 3

H
FA

SO NO

+

−

  =
  +  

− 
         (1) 

The FA values at TSPSAU were varied from 0.0002 to 
2.85, with an average of 0.35, indicating that about 65% 
of the acidity was neutralized by alkaline constituents. 
This result was higher than that of Jinhua [4] (0.24), of 
Guangzhou [27] (0.15), and of Pune [28] (0.013), but 
lower than that of Newark, New Jersey, USA [19] (0.47) 
and of Singapore [29] (0.64). FA values were in the 
middle level in Ya’an when compared to other locations 
all over the world. 

Similarly, the neutralization ability of different ions in 
rainwater can be estimated by neutralization factors (NF). 

NF is expressed as in Equation (2):  

2
4 3

[X]
NF

SO NO
x −

=
−   +   

            (2) 

where, X denotes the equivalent concentrations of 
alkaline components in rainwater. Average NF values for 

4 , Ca2+, Mg2+, K+ and Na+ were 0.71, 0.40, 0.05, 
0.13 and 0.10 at TSPSAU, respectively. 4  was the 
more important neutralization substance than Ca2+ in this 
study. It is different from many studies on other areas 
around the world (e.g. Shanghai [5]; Guangzhou [6]; 
Pune, India [28]), in those areas, the most important 
neutralization substance is Ca2+. It is agreement with the 
facts that the obvious NH3 emission and a small amount 
of soil dust in the air of Ya’an in continuous rainy and 
humid climate.  

NH+

NH+

A good linear regression between the concentrations of 
the main anions ([ ] + [

3

2
4SO − NO−

− NH+

]) and the main cations 
([H+] + [Ca2+] + [ 4 ]) is shown in Figure 2(B) (R2 = 
0.873). It can be inferred that the acidity of rainwater was 
primarily affected by , 4 , 3  and Ca2+. In 
order to assess the balance between acidity and alkalinity 
of rainwater, ratios between the neutralizing potential 
(NP) and the acidifying potential (AP) is evaluated in the 
following Equation (3):  

NH+

2
4SO NO−

2
4

2
4 3

Ca NHNP

AP SO NO

+ +

− −

   +   =
   +   

         (3) 

The NP/AP values were varied from 0.67 to 2.15 with 
an average of 1.10 in this study. It was close to the values 
reported for Beijing [30] (1.2) and Shenzhen [23] (1.24). 
The high NP/AP value indicates strong neutralization 
effects, alkaline inorganic ions offsetting the acidity 
caused by high loadings of H2SO4 and HNO3 in rain- 
water. It is worthy noting that the average pH value of 
rainwater collected at TSPSAU (VWM pH values: 4.03) 
is much lower than that of Beijing [30] (6.0), despite the 
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fact that the NP/AP values for the two different sites are 
similar. The fact is tentatively explained by that the 
dominant cations in Beijing and Ya’an are different: Ca2+ 
is the dominant cation in Beijing while 4  in Ya’an. 
Acidity of rainwater is largely determined by the neu- 
tralization reactions between 

NH+

2
4
+Ca NH+  and 

/ 3 . The pH values of rainwater comprising 
mainly calcium salts are higher than those of rainwater 
comprising mainly ammonium salts due to that calcium 
hydroxide is a stronger base than NH3.  

2
4SO − NO−

3.6. Source Analysis 

3.6.1. Trajectory Analysis  
To explore the origins of pollutants in rainwater, 48-h air 
mass backward trajectories were computed for each rain  

event using NOAA HYSPLIT4 Model and Reanalysis 
meteorological data from 1500 meter above ground level 
at the starting point. Based on the acquired backward 
trajectories, the air masses in the rainy days in this cam- 
paign can be divided into 3 clusters (see in Figure 6).  

Air masses in Cluster 1 (SW) contributed 87.5% of the 
total rainfall during one-year observation. This cluster of 
air masses, originated from Tibet, Yunnan in China, and 
Burma and the Bay of Bengal, accounted for 71.9% of 
∑ions during sampling periods (see in Table 4). Air 
masses in Cluster 2 (NW), accounting for 8.4% of the 
rainfall, were transferred from Qinghai, Gansu and Xin- 
jiang. This cluster of air masses, characterized by very 
high loadings of ionic species, was severely polluted due 
to low rainfall amount and heavy anthropogenic emission  

 

 

Figure 6. Representative wind directions drawn by HYSPLIT Trajectory Model. 
 
Table 4. The VWM ionic concentrations of rainwater collected under different clusters of air masses and the ionic mass of 
rainwater collected under different clusters of air masses contributable to those of the total collected rainwater (based on 
back trajectory analysis). 

Cluster H+ 4NH+  K+ Na+ Ca2+ Mg2+ F− Cl− 2

4SO −  3NO−  ∑ions 

The VWM ionic concentrations of rainwater collected under different clusters of air masses (μeq·L−1) a 

1 75.24 179.05 27.15 20.44 82.70 11.47 10.80 35.67 177.20 58.52 678.23 

2 283.04 466.67 59.08 77.58 330.00 35.36 43.98 62.73 598.29 396.76 2353.49 

3 75.60 237.07 36.99 13.70 82.34 13.53 7.73 32.36 257.03 65.78 822.13 

Ionic mass of rainwater collected under different clusters of air  
masses contributable to those of the total collected rainwater (%)b,c 

1 70.96 76.17 78.55 71.59 69.90 73.97 70.14 82.53 71.80 58.64 71.91 

2 25.71 19.12 16.46 26.17 26.86 21.96 27.51 13.98 23.34 38.28 24.03 

3 3.33 4.71 5.00 2.24 3.25 4.07 2.34 3.50 4.86 3.08 4.07 

aIf Ii refers to the ionic concentration of rainwater and Ri refers to the rainfall amount for a rain event, the VWM ionic concentrations of the rainwater collected 

under a cluster of air masses can be calculated according to the following equation: ( )i i iC I R= × iR  . bTotal rainfall amounts for the rain events of clus- 

ter 1, 2 and 3 are 137.1, 13.2 and 6.4 mm, respectively. c. If Ci refers to the VWM ionic concentrations of rainwater and Rci refers to the total rainfall amount for 
a cluster of rain events, the ionic mass of rainwater collected under different clusters of air masses contributable to those of total collected rainwater can be 

alculated according to the following equation: c ( )i Ci i CiC R C Rη = × ×  
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along the passing areas in wintertime. Air masses in 
Cluster 2 accounted for 24.0% of ∑ions during sampling 
periods. Moreover, air masses in Cluster 3 (NE-E-SE) 
contributing 4.1% of the total sampled rainfall, was pri- 
marily from a series of central cities in Sichuan basin, 
such as Chongqing, Chengdu, Leshan, Yibin and Dazhou. 
Air masses in Cluster 3 accounted for 4.1% of total ions. 
Air masses in Cluster 3 were slightly heavier polluted 
than those of cluster 1. It is agreement with the fact that 
there are denser population and more obvious anthropo- 
genic influences in Sichuan Basin along path 3 than 1. 

3.6.2. Principal Component Analysis 
A varimax rotated principal component analysis was 
conducted using SPSS 19.0 to reveal the association 
among the major ions and further identify the source ap- 
portionment of chemical species measured in rainwater 
(the result is shown in Table 5). Three factors with high 
eigenvalues more than 1 were extracted, which ac- 
counted in total for 86.0% of the variance. The first fac- 
tor (PC1) explains 52.3% of the total variance, charac- 
terized by high loading of 4 , K+, Na+, Ca2+, Mg2+, F−, 
Cl−,  and 3 . It demonstrates a well mixed 
source influenced by crustal, anthropogenic and marine 
origins, possibly transported over a long distance. The 
second factor (PC2) is shown by high loading of K+ and 
Cl−, accounting for 23.1% of the total variance and im- 
plying a local biomass burning source. The third factor 
(PC3) is highly loaded by H+ with a variation of 10.5%.  

NH+

2
4SO − NO−

PC3 is explained to be closely related to the neutraliza- 
tion process of the acidity of rains, which is affected by 
the NH3 emission and the gas-to-particle conversion of 
NH3 obviously. 

3.6.3. Enrichment Factor Analysis  
Enrichment factors (EF) have been popularly used in 
source identification of rainwater elements. In EF me- 
thod, Na is regarded as the reference element, and Na is 
assumed to be from only one marine origin. The enrich- 
ment factors relative to seawater values (EFseawater) for 
target ions can be calculated according to Equation (4). 

rainwater

+
seawater

X

Na
EF

X

Na

+
 
  =
 
  

          (4) 

In Equation (4), X represents the different target ions. 
[X/Na+]seawater refers to the molar concentration ratios be- 
tween the target ions and Na in seawater, which have 
already been measured (referred in Keene et al., 1986 
[31]). In addition, [X/Na+]rainwater refers to the molar con- 
centration ratios between the target ions and Na in rain- 
water samples. Because that 4 , 3  and F− are 
not significant components in sea salts, anthropogenic 
sources are responsible for the most of them, the EFsea-

water values are calculated only for K+, Ca2+, Mg2+,  
and Cl−. 

NH+ NO−

2
4SO −

Table 6 presents the EFseawater values calculated for the  
 

Table 5. Factor analysis on the chemical species of rainwater. 

Rotated component matrix 
 

PC1 PC2 PC3 

H+ −0.063 −0.086 0.985 

4NH+  0.897 0.131 −0.007 

K+ 0.211 0.922 −0.014 

Na+ 0.830 0.442 −0.044 

Ca2+ 0.873 0.300 −0.057 

Mg2+ 0.836 0.018 −0.234 

F− 0.751 0.468 0.082 

Cl− 0.257 0.905 −0.125 

2

4SO −  0.960 0.242 −0.031 

3NO−  0.820 0.239 0.016 

Eigenvalues 5.229 2.314 1.053 

Variance % 52.29 23.14 10.53 

Cumulative % 52.29 75.43 85.97 

B old data indicate that the loading for the variables is higher than 0.50. 
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target ions: the EFseawater value for Mg2+ is 3.41, indicat- 
ing that marine source contributes a small fraction to the 
ion; K+, Ca2+ and  have strikingly high EFseawater 
values of 64.5, 128.2 and 93.7 respectively, implying 
almost no marine contribution to these ions in rainwater 
samples; the EFseawater value for Cl− is 1.42, demonstrat- 
ing that Cl− involves an important proportion of marine 
origin in this study, which is ascribed to a long-range 
transport of sea salts from the Indian Ocean. However, 
the marine origin of Cl− may be overestimated using this 
method, because Cl− evaporates from rainwater to form 
gaseous HCl during transport when environmental condi- 
tion is favorable. 

2
4SO −

3.6.4. Quantification of Major Ions from Different 
Sources 

Providing that contributions from other natural sources 
are negligible, the ions in rainwater are absolutely from 
anthropogenic actions, crustal dusts and long-range 
transport of sea salts. To further evaluate the relative 
contribution of different sources to each kind of ion in 
rainwater, Na+ is used as marine reference, and the non- 
sea-salt fraction Mg2+ is regarded to be from crustal dusts 
only. The marine contribution for a given ion (i.e. K+, 
Ca2+, Mg2+, Cl− and ) can be calculated according 
to Equation (5): 

2
4SO −

[ ]marine
seawater

100
% X

EF
=        (5) 

%[X]marine represents the contribution proportion of sea 
salt to the target ion in rainwater. Moreover, the crustal 
sources of K+ and Ca2+ can be evaluated based on the 
equivalent ratios of ([K+]/[Mg2+])crust and ([Ca2+]/ 
[Mg2+])crust of 0.48 and 1.87 respectively [5]. In addition, 
providing  from crustal source is supplied by 
gypsum, the equivalent ([ ]/[Ca2+])crust ratio is 0.47 
[5]. Following this line of thought, the crustal source of 

2
4SO −

2
4SO −

K+, Ca2+ and  can be calculated based on the fol-
lowing relationship equations: 

2
4SO −

2

crust crust

2 2

crust crust

2 2
4 crust crust

% K % Mg 0.48

% Ca % Mg 1.87

% SO % Ca 0.47

+ +

+ +

− +

   = ×   

   =   

   = ×   

×       (6) 

Furthermore, the anthropogenic source contributions 
of K+, Ca2+ and  can be easily calculated accord-
ing to Equation (7):  

2
4SO −

[ ] [ ] [ ] [ ]anthropogenic rainwater crust marine
X X X X= − −  (7) 

Table 7 shows the quantificational result of the source 
apportionment of the major ions in rainwater samples 
collected at TSPSAU. Sea salt, crustal and anthropogenic 
sources accounted for 8.1%, 5.5% and 86.4% of ionic 
mass for the rainwater samples respectively. Acid rain 
pollutions were caused mainly by anthropogenic influ-
ences in Ya’an. 

4. Conclusion 

Rainwater samples were collected at a semi-rural site 
in Ya’an from Sep. 2010 to Jun. 2011. Conductivity, pH 
values, and ionic concentrations of the rainwater samples 
were measured. The VWM concentration of the total ions 
of rainwater during a whole year was 809.75 µeq·L−1. 
The annual VWM pH value was 4.03 and the annual acid 
rain frequency was 79%. Back-trajectory analysis indi- 
cated that the air masses in Ya’an can be divided into 
three types, prevailing in SW, NW and NE-E-SE respec- 
tively. Three principle factors were extracted from pri- 
mary component analysis. The factors were explained by 
long-distance transport air masses, local biomass burning 
and the rain neutralization process respectively. More-
over, EF method was also used to identify the sources of 
rainwater. It revealed that the pollutants in wet deposition 

 
Table 6. EFseawater values calculated for different ionic species. 

 Ca2+/Na+ K+/Na+ Mg2+/Na+ Cl−/Na+ 2

4SO − /Na+ 

[X/Na+]seawater 0.044 0.022 0.227 1.16 0.121 

[X/Na+]rainwater 5.64 1.42 0.77 1.65 11.34 

EFseawater 128.15 64.46 3.41 1.42 93.73 

 
Table 7. Source apportionment of major ions in rainwater. 

 K+ Ca2+ Mg2+ 4NH+  Na+ Cl- 2

4SO −  3NO−  F- ∑ions 

Marine source 1.55 0.78 29.33 0 100 70.42 1.07 0 0 8.1 

Crustal source 14.88 17.71 70.67 0 0 0 3.86 0 0 5.5 

Anthropogenic actions 83.57 81.51 0 100 0 29.58 95.08 100 100 86.4 
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at the research site were from anthropogenic actions 
(86.4%), sea salts (8.1%) and crustal (5.5%) respectively. 
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