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ABSTRACT

Twenty-two atmospheric wet deposition samples were collected along the large-scale transect from China to
Antarctica, and the major ion components as well as their sources were analysed. It is the first time that
chemical composition variation of precipitation has been investigated on such a large-scale transect. The results
show that the precipitations exhibit near-neutral pH on the average. On the whole, ionic levels on an equivalent
basis are presented as C1~ >Na™ >Mg?* >S0;” >Ca’" >K ™ >NH; >NOj, and ionic contents of rainfall
are generally higher compared with values of snowfall. Ionic concentrations vary greatly on the study transect,
and the values of the Northern Hemisphere are relatively higher. Both enrichment factor and principal
component analyses reveal that C1~, Na*, K and Mg?>* are mainly related to sea salt, namely, the marine
source. The good correlations between marine-sourced ions and wind speed indicate that seawater sprays are
important sources of precipitation ions. Land-based sources, for example, human activities, are the primary
sources of NO3, NH; and Ca® ™. SOi’ partly originates from sea salt, but anthropogenic and biogenic sources
are also important contributors. Backward trajectories illustrate well the different main sources and transport
routes of the precipitation ions.
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1. Introduction concentrations in the wet deposition are dominated by
various factors, such as aerosol sources and distribution,
transport processes and so on (Celle-Jeanton et al., 2009);
in general, the meteorological factors are considered to
be the main influencing factors (Strayer et al., 2007). In
terms of the ionic origins, both anthropogenic and natural
sources should be considered, which include human-related

With the world’s rapid economic growth, an increasing
consumption of fossil fuel results in emission of more air
pollutants, of which S,O, and N,O, are the two major
atmospheric contaminants (Bayraktar and Turalioglu,
2005). These gases could be converted to acids (mainly
HNO; and H,SOy) under a series of oxidation conditions.
Parts of these chemicals enter the terrestrial and marine
ecosystems with the atmospheric depositions during trans-
portation, and others may reach remote polar areas with

emissions from fuel consumption and agricultural activ-
ities, marine aerosols, etc. However, it is quite difficult
to quantitatively discriminate the ionic sources because
of the complicated contributions, and to date the multi-
variable analysis or air mass backward trajectory model
has been the common method for ionic source identifica-
tion (Celle-Jeanton et al., 2009).

Atmospheric deposition, which is essential for marine

the transportation of air mass. For instance, the higher
NO; levels in Greenland snowfall in recent years indicate
the anthropogenic inputs of N,O, (Mayewski et al., 1990).

Wet atmospheric deposition is an important method
of removing atmospheric pollutants, which could account
for half or more of the bulk atmospheric pollutant de-
position fluxes (Morselli et al., 2003; Shi, 2009). The ionic

primary production, is a significant nutrient input to the
remote open ocean (Baker et al., 2006). On the contrary,
the atmospheric deposition process of ions is of great
importance to understand the global biogeochemical cycles
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deposition have been performed (Chantara and Chunsuk,
2008), and regional variations of wet deposition chemicals
have been well documented (Akkoyunlu and Tayang,
2003). However, the ion variations of precipitation in
large-scale spaces are limited because of the sparse sam-
pling and monitoring. This study aims to characterise the
ionic constituents in the wet depositions collected along the
cruise tracks from China to Antarctica (31°N-69°S),
present spatial variations of the ions, and also identify
the main sources of ions, as well as their transportation
trajectories. The results of this research would be mean-
ingful to the establishment of a database on global
precipitation chemistry; moreover, revealing the variability
of ions in wet deposition along the large-scale transect
would be helpful to further understand ocean—atmosphere
interaction processes.

2. Methodology

2.1. Sample collection and analysis

Samples were collected along the voyage route of the
27th Chinese National Antarctica Research Expedition
(October 2010—April 2011). The route, about 37000 km,

Table 1.
tracks

covered a broad span of latitudes (31°N-69°S), and
the main voyage segments were Shanghai—Shenzhen—
Fremantle-Zhongshan Station—Fremantle—Shanghai (see
Fig. Al in supplement material). Sampling was performed
in the top deck, more than 20m above sea level, and the
sampling locations were set up in the windward sides to
avoid contamination by the vehicle emissions. Wet-only
precipitation samples were collected with a high-density
polyethylene rain gauge with a 500 cm?® aperture, placed 1.
8m above the top deck. The samplers and buckets were
not installed until the rainfall/snowfall started. The wet
deposition was collected as soon as the precipitation
events were over. If the period between two precipitation
events was less than 4h, the two samples were mixed
together as an event. If the volume of the collection bucket
was smaller for the heavy continuous rain, then the
precipitation was collected separately; these samples were
considered as an event. When a single sample volume was
not enough for analysis (<5 mL), the deposition sample
was discarded. After each collection campaign, samples
were weighed and parts of these were measured for pH
(YSI 60). Meanwhile, meteorological data during the
collection periods were obtained from the automatic
weather station installed on the ship (Table 1). All the

Meteorological factors during the sampling period and the major ion concentrations in the wet depositions along the cruise

Ton concentrations (in peq L~ 1)

SN WS(@ms™ ) WD) T(CC) NO; Cl- o NH; K+ Mg>*+ Na* Ca’t
1 8.0 54 19.2 8.39 230.41 123.05 15.89 8.20 5221 185.03 34.22
2 11.5 68 20.2 13.57 915.70 199.71 7.85 22.38 198.42 707.41 66.13
3 122 73 21.5 4.84 152.11 37.50 11.11 25.64 33.33 147.83 15.00
4 10.0 268 253 11.49 233.59 32.68 2.44 5.73 54.17 192.33 26.77
5 72 185 27.6 10.90 287.75 43.99 3.82 7.76 67.00 236.39 21.41
6 8.8 258 27.4 2.95 71.80 27.87 3.32 2.26 17.16 57.17 19.63
7 9.4 230 29.3 8.98 129.68 28.23 6.05 4.13 28.69 104.93 17.49
8 3.0 193 28.0 20.74 224.82 54.80 14.41 6.50 54.99 178.98 47.32
9 10.2 322 3.2 1.47 208.57 60.31 6.89 9.63 90.52 318.26 26.06
10 5.9 174 0.8 1.39 192.32 40.11 3.63 4.19 4333 146.62 16.13
11 14.0 191 —0.6 1.54 622.77 80.51 10.15 15.08 137.72 489.91 35.98
12 19.5 66 —1.1 0.91 276.95 32.95 1.31 5.45 61.67 226.14 11.19
13 18.5 45 —08 0.96 772.22 84.97 1.07 14.07 151.37 607.04 26.55
14 113 221 —8.7 1.69 7.32 1.73 0.14 0.39 1.51 6.36 0.88
15 17.1 159 3.5 0.93 524.59 54.13 1.19 9.76 106.52 416.59 18.87
16 10.8 54 279 16.23 1182.21 137.66 2.84 23.92 256.90 905.65 48.79
17 7.6 118 25.8 1.33 338.62 40.53 4.57 7.89 75.66 263.22 16.71
18 49 201 25.7 0.72 25.40 4.33 6.72 1.00 6.98 21.43 2.16
19 5.4 155 27.0 0.78 35.37 8.94 7.88 1.29 9.29 30.17 5.15
20 13.3 79 27.0 2.82 1934.94 205.49 0.24 38.70 412.78 1554.58 70.00
21 20.7 71 26.4 2.10 1730.84 178.43 0.33 32.95 378.63 1405.79 59.87
22 6.0 172 16.6 39.03 4338 145.42 12.78 12.21 22.02 4343 120.00

Note: Wind speed, direction and temperature are the mean values of each sampling campaign.
SN, Sample number; WS, wind speed; WD, wind direction; T, temperature.
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samples were kept in polyethylene-sealed bottles and
preserved in freezing condition (< —20°C). Totally, 22
samples were included for major ion analysis, and the
collection information is summarised in Table Al in the
supplement material. All the vessels (funnels, buckets,
storage bottles, etc.) used in sampling were washed with
laboratory detergent, subsequently with water and finally
with Milli-Q water (>18.0 MQ) for three times to avoid
contamination. After the cleaning procedures, the collec-
tion vessels were enclosed in plastic bags for transport to
the sampling sites.

In the laboratory, the sample treatment was performed
under a sterile hood. Aliquots of the samples were taken
for the measurement of pH once again, and the other
parts of samples were filtered through a 0.45 um cellulose
acetate membrane leached with deionised water for the
analysis of ion concentrations. A Dionex ion chromato-
graphy (DX500) was used for the ionic measurement.
The cations (Na™, NH;, K*, Mg> " and Ca®") were
analysed using a Dionex column CS12 (2 x 250 mm), with a
guard column CGI12 (2 x 50 mm); the anions (C1—, NOj
and SOi') were analysed by the Dionex column ASI1
(2 x 250 mm), with a guard column AG11 (2 x 50 mm). The
eluent of cations was 18.00mM methanesulfonic acid;
gradient elution method was employed for anion analysis,
with the eluent of potassium hydroxide. The sequences of
cations separated were Na*, NH;, K*, Mg?>* and Ca’",
while the anion orders were C1~, NO; and SO severally
(see Fig. A2 in the supplement material). The detection
limits for C1~, NO;, SO;, Na®, NH;, K™, Mgt and
Ca’" were 0.3, 0.1,0.2,0.3,0.8,0.4, 1.0 and 1.5peq L ",
respectively. Additionally, three field blanks, six field
duplicates, were analyzed for the ionic concentrations, to
ensure accuracy and reliability of the measuring results
(QA/QC). During the experimental procedure, all the
reagents were GR grade and the water was Milli-Q
(>18.0MQ).

2.2. Data quality and data analysis

Charge balance of ions in all samples was checked for the
evaluation of data quality. The results (see Fig. A3 in
the supplement material) showed that there was an electric
equilibrium between the total cations and the sum anions,
implying the reliability of the major ions data. Further-
more, the ion percent differences between cations and
anions, namely (cations —anions)/(cations + anions), were
well below the criteria defined by Peden et al. (1986),
validating the ion data further.

The non-sea-salt fractions of SOif and Ca’* of
wet depositions could be obtained based on the following

equations by assuming Na* exclusively from sea salt (Seto
et al., 2000):

[nss-SO; "] = [SO; 7| —0.121 = [Na*] (1)
[nss-Ca™ ] = [Ca’] — 0.044 « [Na"] )

Ton concentration unit in the above two equations is
peq L.

Statistical analysis was carried out using the software,
Origin 6.0 (OriginLab Corp. USA). Principal component
analysis was performed using the SPSS software packages
(SPSS Inc., USA). The air mass backward trajectory
analysis was carried out by the HYSPLIT model, National
Oceanic and Atmospheric Administration, USA.

3. Results and discussion

3.1. pH of the wet deposition

Wet deposition is the scavenging of gaseous (e.g. SOy and
NOy) or fine particle species, and pH of the precipitation
is controlled by the balance between acids and bases.
In the case of precipitation, the acids are supposed to be
HNO; and H,SO,, whereas the predominant bases include
NH;3-H,0 and CaCOs;. For the acids of HNO3; and H>SOy,
NO; and SO  would be used as the surrogate in the
atmospheric neutralisation processes. For the bases, ions of
NH; and Ca’>™" could quantitatively represent NH;-H,O
and CaCOs; involved. There is a good stability between the
early and late pH measurements, and the values ranged
from pH 4.3 to pH 6.4, with an average of pH 5.6, which is
the same with the pH of rainwater in equilibrium with CO,
in the atmosphere (Charlson and Rodhe, 1982). Obviously,
there is a balance between the acidic and basic compounds
in the wet depositions from the pH 5.6. Meanwhile, 12 out
of the 22 precipitation samples have pH values of less than
pH 5.6. The observed acidity is probably because of the
remote sampling locations (e.g. Southern Ocean), where
the concentration of particle matter in the atmosphere is
relatively low. The particle matter in the precipitation
is rich in carbonates or bicarbonates of Ca, which could
buffer the acidity caused by both HNO; and H,SO,
(Al-Khashman, 2005; Baez et al., 2007). Furthermore,
NH;-H-O is also a significant contributor to the precipita-
tion alkalinity through the dissociation in the solution
(NH;3-H,O =NH; +OH 7). The fractions of different
acids and bases to the precipitation acidity will be analyzed
in the discussion section.

3.2. Ionic constituents in wet deposition

The major ion concentrations in the wet deposition
are tabulated in Table 1, and the statistical results are
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listed in Table 2. In general, ionic levels show an order of
Cl~ >Na' >Mg>* >80; >Ca’" >K " >NH; >NO;,
on an equivalent basis. Cv of the eight observed ions is
around 1, indicating higher levels of dispersion around
the averages. In terms of the two types of precipitation,
there is a difference between ion levels of rainfall and
snowfall, with the ratios (rainfall vs. snowfall) of 1.3 (Cl ),
6.7 (NO;), 1.7 (SO;), 1.3 (Na™), 2.0 (NH}), 1.7 (K™"),
1.4 Mg?™*) and 2.0 (Ca® ™), respectively. As for the non-
sea-salt fractions, the medians of nss-SOi’ and nss-Ca’> ™+
concentrations are 16.46 and 9.31peq L ™', respectively.
The nss-Ca®™ levels are relatively low in the southern
Indian Ocean, which validate the lower pH values in the
remote regions (section 3.1). As for the nss-SO?~, the great
variation (Cv=134%) indicates the varied sources of
SO;  in the atmosphere. The other observations around
the world are also listed in Table 2. On the whole, the sea-
salt-related ions, C1~ and Na™, show higher levels in the
broad open oceans and coastal areas. On the contrary,
NO;, NH; and Ca>* concentrations in the remote oceans
are relatively lower, comparable to the results of this study.
In terms of the studies performed in terrestrial areas,
Ca® ", NH;, NO; and SO; show higher values, especially
in the cities. It is noticeable that ionic concentrations in
Tibet, a remote and desolate region, which is far from the
oceans, are generally lower.

The percentage of each ionic constituent to the total ions
is illustrated in Fig. 1. CI ~ and Na™ are the most abundant
species, accounting for 78% of the total ions, followed by
Mg? ™ and SO; . The other four ions, NO;, NH;, K™ and
Ca’™, contribute about 5% to the total ions. On average,
the anions (C1~, NO; and SO; ) make up about half,
50.69%, of the total ions, indicating an equivalent con-
centration balance between total cations and anions in the
wet depositions. Furthermore, total cation concentrations
are well correlated with the sums of anions (r=0.99,
p=0.00), implying that the investigated ions are the
main constituents in the wet deposition, and the methods
for collection and analysis are reliable (Rastogi and
Sarin, 2005).

3.3. Interhemispheric variation of ions

The statistical results of ionic concentrations in Northern
Hemisphere (NH) and Southern Hemisphere (SH) are
illustrated in Fig. 2. Ionic levels in NH, in general, are
higher than those of SH, especially for the ions NO; and
Ca?™; and the ratios of NH/SH are 1.74 (NOy) and 1.66
(Ca>*), respectively. In terms of the total ion concen-
trations, the higher values are mostly located in the NH
(e.g. sample No. 2, 20 and 21). Most of the sampling sites
in SH are far from terrestrial areas, and the marine source

Table 2. Major ion concentrations in the wet depositions collected in different areas (in peq L ")

Areas Parameters NOjy Cl™ SO;~ NH; K~ Mg+ Na™ Cat
Median 2.46 232.00 49.06 4.20 8.05 58.33 209.24 23.74

This study Cy? 132% 117% 85% 84% 90% 111% 114% 86%

Oki, Japan (Seto and Hara, 2006; Seto 17.70 332.39 na 20.70 8.46 68.33 298.26 na
et al., 2007)

Eshidiya, Jordan 63.70 121.50 121.50 43.00 51.10 133.60 85.10 192.10
(Al-Khashman, 2005)

US East Coast (Song and Gao, 2009) 22.26 30.42 55.00 3.56 1.54 4.17 26.09 10.50

Mexico City, Mexico (Béez 42.62 9.56 61.94 92.35 2.16 2.46 7.00 26.44
et al., 2007)

Sardinia Coast, Italy 29.00 322.00 90.00 25.00 17.00 77.00 252.00 70.00
(Le Bolloch and Guerzoni, 1995)

Bhubaneswar, East Coast of India 10.00 18.00 19.10 18.70 1.80 5.20 15.00 20.20
(Das et al., 2005)

Amsterdam Island (Keene et al., 1986) 1.40 261.8 31.90 2.00 4.90 50.20 225.20 9.80

Bermuda (Keene et al., 1986) 4.10 193.60 33.70 3.30 3.50 37.20 167.80 11.10

Coast of Singapore (Balasubramanian 16.79 22.11 58.71 17.27 3.96 7.46 31.08 21.73
et al., 2001)

Central Mediterranean (Mihajlidi- 47.98 138.23 132.78 43.94 21.68 58.62 235.94 147.41
Zelic¢ et al., 2006)

Tibet, China (Zhang et al., 2003) 1.70 2.90 6.0 14.90 10.3 10.4 12.1 93.2

Note: Coefficients of variation of the observed ions range from 84 to 132%, suggesting that standard deviations are large compared to the
means. In this case, the mean is not a good statistical description of the results, whereas the median could better depict the typical outcome.

na, not available.

4Cv, coefficient of variation, is the ratio of the standard deviation to the mean.
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Fig. 1.  Contribution percentages of each ion to total ionic
concentrations, in peq L "

probably dominates the ionic concentrations; whereas the
sampling locations in NH are close to continents (see Fig. A1l
and Table A1 in the supplement material), and the precipita-
tion is likely affected by the anthropogenic emissions in
addition to the marine sprays. Hereby, the varied sources
result in the interhemispheric variation of ions, and a similar
spatial variation pattern was also observed for the aerosol
elements (Baker et al., 2006).

3.4. Discussions

Enrichment factor analysis could present the ion accumu-
lation in the wet deposition, and it is helpful in discriminat-
ing marine sources by comparison with seawater ion
levels (Bayraktar and Turalioglu, 2005). The expression
of calculating enrichment factors (EFs) is as follows:

EFx = (X/Na+)sample/(X/Na+)seawaler (3)

where seawater is the reference material and Na™ is the
reference ion (Keene et al., 1986). X is the observed ions in
precipitation, and the ionic ratios in seawater are from

= Northern Hemisphere % Southern Hemisphere

1000

f=3
(=}
:

Ion contents in wet deposition (pueq L)

10 §
Cl- NOy SO Na* NH,* K* Mgt Ca?* total total
anions cations
Tons
Fig. 2. lonic concentrations in the samples collected in both

Northern Hemisphere and Southern Hemisphere, in peq L™,
Error bars are the standard deviations.

Keene et al. (1986). EFs of the ions are shown in Fig. 3, and
most of EFs of C1 ~, K and Mg? " are around 1, implying
that their sources are similar to that of Na™, the reference
ion. Moreover, the four ions, C1~, Na*, K* and Mg>*,
are correlated very well at a 99% confidence level (Table 3),
indicating their common sources. It could be inferred that
marine source is the primary origins of C1~, Na™, K* and
Mg " in the wet deposition. Furthermore, EFs of SOAZ[
and Ca®* are relatively higher, indicating that they are
probably controlled by other sources.

Principal component analysis is a powerful tool for
source identification. The results of principal component
analysis of the eight ions are shown in Fig. 4. Overall, the
two components extracted could explain 83.03% of the
total variance of the ions. Component 1 accounts for
57.12% of the eight ion variances, with an eigenvalue of
4.57. In the first component, C1~, Na™, K™ and Mg® " are
highly loaded (>0.92), suggesting that they are from the
same source, which validate that marine source controls
Cl~, Na*, KT and Mg®* levels. Moreover, there are
good linear relationships between the four ions and wind
speed (Fig. 5). This implies the increased amount of sea-salt
aerosols emitted from the oceans to the atmosphere at
greater wind speeds. Wind speed over oceanic areas has a
direct impact on sea-salt levels in the atmosphere, conse-
quently influencing ionic levels of precipitation.

Component 2 accounts for 25.91% of the total variance,
with an eigenvalue of 2.07, and NO;, NH; and Ca®™*
show great loadings, namely, 0.93, 0.73 and 0.77, respec-
tively, indicating that they are from similar sources. NO;
in the atmosphere is mainly associated with N;Oy, and
previous studies have revealed that industrial (associated
with NO37) and agricultural (related to NHJ) sources
contribute to high atmospheric nitrogen contents in NH,
and biomass burning is an important source of atmospheric
nitrogen in SH (Baker et al., 2006). Also, Ca is a major
Earth crustal element (Kulshrestha et al., 2003), and higher
Ca’* concentrations are presented in the depositions close
to the continents in this observation. On average, nss-Ca” "
accounts for about 55% of Ca>™" in the wet depositions,
with relatively lower percentages in the remote open ocean
areas. Therefore, it could be concluded that component
2 represents anthropogenic source in terrestrial areas.
It is noticeable that Ca®* also exhibits a positive loading
(0.51) in component 1, together with a moderate correla-
tion between Ca’>" and marine-sourced ions (Table 3),
implying that marine source is the secondary contributor to
precipitation Ca® ™.

It is to be noted that SO~ shows a positive loading of
0.63 in component 1, corresponding to marine sources. But
the EFs of SO are higher than the marine-sourced ions,
indicating other contributions, and the non-sea-salt frac-
tions (nss—SOf[) make up more than 40% of total SOif in
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Fig. 3.

Enrichment factors of ions in wet depositions. Error bars represent the standard deviation of the 22 observed samples. The values

of NO; and NH; are not available because of their greatly varied concentrations in seawater; consequently, the typical ratios of NH; /Na™

and NO; /Na™ cannot be given.

the observed samples. In component 2, SOﬁ’ also presents
a small positive loading, suggesting human inputs. Besides,
dimethylsulphide produced by phytoplankton in the sea-
water is a non-negligible source of SOi". Dimethylsulphide
is considered to be of significance to precipitation by
acting as cloud condensation nuclei (Charlson et al., 1987).
In remote marine atmosphere, the oxidation of bio-
genic-sourced sulphur gases, mainly dimethylsulphide, is
an important source of atmospheric SO, (Andreae and
Raemdonck, 1983). Consequently, the biogenic sulphur gas
could be an important source of SO; in remote marine
atmosphere. However, further studies are needed to
quantify the percentages of each source contributing to
precipitation SOi’.

For further exploration of ionic sources in wet deposi-
tions, the NOAA HYSPLIT model was used for the air
mass backward trajectory analysis. Four sites distributed
evenly along the cruise track were selected for trajectory

Table 3. The correlations between concentrations of marine-
sourced ions (C1~, Nat, K* and Mg?>*) and Ca®* and in the
wet deposition on an equivalent basis (n =22)

Tons Cl- Na™® K* Mg+ Ca®t
Cl™ 1 0.99%** 0.88%* 0.99%* 0.46*

Nat 0.00 1 0.89%* 0.99%** 0.46*

K+ 0.00 0.00 1 0.88%** 0.57**
Mg>* 0.00 0.00 0.00 1 0.48*

Ca’* 0.03 0.03 0.01 0.02 1

Note: The upper right part of the table is the correlation
coefficient, and the lower left part is the significance.
*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).

analysis, and the results are shown in Fig. 6. Sampling
location in Fig. 6a is dominated by East Asian monsoon,
where the ions are from both East China Sea/the Yellow
Sea and inlands of China. Figure 6b shows a typical site in
the equatorial region, with lots of islands distributed, and
both anthropogenic inputs and oceanic sprays are probably
the principal contributors to atmospheric ions. Site in
Fig. 6¢ is located in remote open Indian Ocean, in the
belt of the Westerlies. On one hand, large amounts of sea

1.0

Component Plot in Rotated Space

o
NO3~
o NH,'

o
«n

Component 2
o
o

IS L S S
-1.0 : :
-1.0 -0.5 0.0 0.5 1.0
Component 1
Fig. 4. lonic loadings in the two components extracted by

principal component analysis. The raw data were normalised
through log transformation. Varimax with Kaiser normalisation
rotation method was used to highlight the main influence factors,
and regression method was selected to calculate factor score
coefficient. Consequently, two components were extracted, and the
horizontal and vertical axes were represented as the loadings of the
eight observed variables in component 1 and component 2,
respectively. The loadings were obtained from the eigenvalues of
the two components and their corresponding eigenvectors.
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salt are emitted from the seawater by the westerly wind,
contributing sea-salt ions to the precipitation. On the other
hand, the westerly wind could bring the pollutants of
southern South America to this area, influencing wet
deposition constituents. The site close to east Antarctica
is controlled by air materials from both upper atmospheric
transport and ambient ocean (Fig. 6d). However, the
material inputs by the air mass transport are complicated
because of the Antarctic vortex as well as air mass
transportation in the constant stress layer of ice sheet,
and more investigations are needed to identify the ionic
sources. In conclusion, ions in the precipitations are
influenced by both long-distance transport of materials
and regional emissions.

In the wet deposition, H,SO4 and HNOj; are the major
acidic components, which will be completely dissociated
into H' and its counter anions, SOif and NOy, in water
solution; the weak bases, NH3-H,O and CaCOs;, will be
partially dissociated, eventually yielding OH ~, NH, and
Ca®™ in precipitation. However, these ions could also be
from the dissolution of salt in the rainwater, e.g.
CaSO4—Ca®>* +S0; . In this case, SO;  and NO; are
not always associated with the acids, and NH; and Ca® "
are not always related with bases in the wet depositions.
Generally, in view of the current studies of atmospheric
chemistry, it is a reasonable assumption that SOﬁ’ and
NO; are related with H,SO4 and HNOs, respectively, in
the wet deposition (Chan et al., 1987), and the acidity could
be estimated without any neutralisation from the sum of
nss-SOi’ and NO; (Morgan, 1982). The ratio nss-SOif/
NO; (equivalent concentration average) of the observed
precipitation is ca. 4, indicating that the fractions con-
tributing to the precipitation acidity are around 80%
(H,SO4) and 20% (HNO3), respectively. Meanwhile, the
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generally lower ratios of H™/(nss-SO;~ +NOy5) imply that
a considerable neutralisation occurred (Daum et al., 1984).
As for the correlations between ions, the sum of the two
anions (nss-SOﬁ’ +NOy), agree well with the total of the
three cations, (NH; +nss-Ca® ™ +H™), r=0.81, p <0.01,
showing that the acidity of atmospheric wet depositions
collected along the large-scale transect is mainly deter-
mined by the two acids, H,SO4 and HNO;, and two weak
bases, NH;3-H,0 and CaCOj;. Accordingly, the wet deposi-
tion acidity could be quantitatively discussed based on the
relative concentrations of the four surrogates, namely,
SO, NO;, NH; and Ca®". The ratios of NH; or nss-
Ca’ ™" to (nss-SO; +NOjy) could characterise the neutra-
lisation effect, and the ratios of nss-Ca’™* are generally
higher than those of NHj. Thereby, CaCO; (releasing
OH ™~ due to dissociation) plays a more important
role in neutralisation of precipitation than NH;-H,O,
which is different from the results of terrestrial study
(Béez et al., 2007).

4. Conclusions

Study of major ionic constituents in wet deposition along
a large-scale spatial transect, from 31°N to 69°S, was
performed. The average pH of wet deposition is pH 5.6,
showing neutral characteristics by and large. In general,
ionic concentrations vary greatly, and levels of rainfall
are higher than the values of snowfall. As for the eight
constituents, C1~ and Na™ are the most abundant ions
in wet deposition, whereas NO;, NH;, K* and Ca®*
contribute less to the total ionic concentrations. In terms of
latitudinal gradient, ionic levels of NH are relatively higher
than those of SH, maybe related to the terrestrial sources
and human inputs.
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Fig. 6. Air mass backward trajectories of four typical precipitation events at heights of 500, 1000 and 1500 m, respectively. The backward

trajectories were obtained with the aid of NOAA HYSPLIT model. Figures a, b, ¢ and d are illustrated for sample no. 2, 9, 18 and 14,
respectively. The date on each figure denotes the ending date of the total running time, namely, the sampling time.

Enrichment factor analysis and multivariate analysis
are useful tools for discriminating ion sources in wet
deposition. Enrichment factors of CI~, K+ and Mg>*
approaching 1 reveal that they are dominated by marine
source, which is validated by their great loadings in the
same principal component. The well correlations between

marine-sourced ions and wind speed indicate that seawater
sprays contribute most to the precipitation of C1—, Na™,
K" and Mg’ *. NO;, NH; and Ca® " are mainly related
to terrestrial emissions, whereas SOi’ origins are compli-
cated, and sea salts, human inputs as well as biogenic
sources are the possible contributors. Air mass backward
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trajectory analysis provides an intuitive demonstration of
ion sources, and ions in the wet deposition are dominated
by both regional emissions and long-distance transport
of materials.
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