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Abstract The ionic compositions of aerosol samples collected during the 26th Chinese National Antarctic Re-
search Expedition were analyzed and the sources of ions were distinguished. Cl−, Na+, SO2−

4 , NO−

3 , and Mg2+

were the most abundant ionic components in the marine aerosols. Cl− and Na+ contributed over 70% in the
total ionic composition, indicating the sea salt is still the primary composition in marine aerosols, followed by
the sulfate as the secondary ionic component existed as NH4NO3, NH4HSO4, (NH4)2SO4. The maximal sea
salt concentrations were found at around 40◦S and could be attributed to greater winds. The concentrations of
methane sulfonic acid (MSA) appeared increasing trend from the low to high latitudes, possibly caused by lower
temperature in air and higher marine biological processes in the marginal waters in Antarctica. The correlation
and factor analyzes were used to investigate possible sources of these ions. Cl−, Br−, Na+, K+, Mg2+ and Ca2+

had predominantly marine sources; while F−, NO−

3 and NH+
4 had mostly anthropogenic sources; MSA had marine

biogenic sources. The concentrations of SO2−
4 were influenced by both marine and anthropogenic sources.
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0 Introduction

Marine aerosol is the major component of the global at-

mospheric aerosol, and the specific physical and chemical

properties of aerosols have a key role in atmospheric pro-

cesses and processing[1]. Aerosol is the main route of

transferring marine species onto land, and a major chan-

nel through which terrestrial species are transported to

the oceans[2]. So an understanding of the composition

and provenance of marine aerosol is important to evalu-

ate the relative impact of anthropogenic and biogenic

processes on the global biogeosphere and climate.

There were many studies of the composition of ma-

rine aerosols in polar areas[3−5]. During the first Chinese

National Antarctic Research Expedition (CHINARE),

from November 1984 to March 1985, 31 marine aerosol

samples from around the Pacific Ocean and Antarctic

Peninsula area were analyzed by Ion Chromatography

(IC)[3]. The results showed that the concentration of

non-sea-salt sulfate (nss-SO2−
4 ) in the marine aerosol

rapidly decreased from the North Pacific Ocean to the

South Pacific Ocean. The sea-air flux of sulfur was cal-

culated in the waters of the Antarctic Peninsula. To un-

derstand the latitudinal distribution of marine aerosols,

several aerosol samples were collected during the first
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(CHINARE-Arctic, between July 1 and September 9,

1999)[4], Na+, NH+
4 , K

+, Mg2+, Ca2+, Cl−, NO−

3

and SO2−
4 were determined using IC. During the 2nd

CHINARE-Arctic (between July 15 and September 28,

2003), aerosol samples were also collected[5], and the

concentrations of Na+, NH+
4 , K

+, Mg2+, Ca2+, Cl−,

MSA, SO2−
4 , NO

−

3 , C2O
2−
4 and CH3COO

− were deter-

mined and the distribution and potential sources were

discussed. The results showed that sodium and chloride

ions were the dominant species in marine aerosols, ac-

counted for 60.2% of the total aerosol loading, followed

by sulfate.

To understand the global sulfur cycle, and better

quantify the atmospheric sulfur fluxes, the effects of the

main marine and terrestrial sources of sulfur (dimethyl

sulfide (DMS) and hydrogen sulfide (H2S) respectively)

on the aerosol have been a matter of keen interest. In

particular, methane sulfonicacid (MSA) and DMS pre-

cursors have been the subject of many measurements,

because MSA is found in precipitation and in aerosol

samples. DMS is formed in the oceans by the photo-

chemical and enzymic cleavage of Dimethyl sulfonium

propionate (DMSP), a phytoplanktonic metabolite, into

DMS and acrylic acid. DMS is very insoluble in seawa-

ter, and is released quickly from the sea surface to form

atmospheric DMS. This DMS subsists in the atmosphere

for about 24 h before it is oxidized by either the OH

or IO radical to form MSA and SO2 (the ratio being

dependent on temperature, and degree of anthropogenic

influence). Because MSA is one of the most water solu-

ble compounds in the atmosphere, it is quickly scavenged

onto aerosol particles. The final proportions in remote

non-polar areas is about 85% MSA and 15% sulfate[6].

MSA was first measured using IC by Saltzman et

al.[7] in marine aerosol. According to many observations,

MSA was ubiquitous in Marine Boundary Layer (MBL)

and even in coastal cities[8]. Some research showed that

MSA concentrations were closely related to acidic pre-

cipitation, and global climate change[9−10]. The flux

of marine sulfur into the atmosphere has a great im-

pact on acid precipitation formation processes and the

oxidizing ability of the atmosphere[11]. SO2−
4 particles

produced by the oxidation of reduced sulfur compounds

are the main source of the cloud condensation nuclei

(CCN) in the remote marine atmosphere. These parti-

cles determine the cloud albedo, which can influence the

global climate greatly[12]. Precipitation samples from

the 12th CHINARE cruise showed that MSA exhibited

an increasing trend from Tropic Ocean to Sub-Antarctic

Ocean, with two abruptly increasing areas corresponding

to around 15◦S and 60◦S–65◦S, respectively[13]. These

coincided with areas of upwelling MSA/nssSO2−
4 ratio

was found to be sensitive to the temperature change,

which is shown by δD values of the samples and the

simultaneous temperature records. Generally speaking,

the MSA research in the atmosphere of remote open

Oceans and Antarctic area is relatively sparse in China.

This work discusses the composition and prove-

nance of ionic components of high volume (hi-vol) ma-

rine aerosol samples along the cruise track of the 26th

CHINARE, from October, 2009 to April, 2010. There is

a focus on MSA and nss-SO2−
4 .

1 Sampling and methods

The 26th CHINARE started from Shanghai on October

11, 2009, and returned to Shanghai on April 15, 2010.

The cruise was approximately through Christchurch to

Great Wall Station, to Ushuaia-Zhongshan Station to

Casey Station to Melbourne to Zhongshan Station to Fre-

mantle to Shanghai, the detailed cruise track and sam-

pling points are presented in Figure 1.

48 aerosol samples were collected by using a high-

volume sampler M400 (made in USA), and Whatman 41

filters (20.3 cm×25.4 cm, Whatman International Ltd,

England), see Table 1. The filters were placed on the up-

per deck of M/V Xuelong about 25 m above the sea sur-

face. The sampling head was also covered by a cylindri-

cal polyethylene hood to protect from sea surf or rainfall.

During the cruise, most of major samples were collected

in 3 d. The sampling date, latitude and longitude, air

temperature, pressure and other meteorological parame-

ters were recorded at the start and end of the sampling

periods. After sampling, filters were removed from the

filter holder with disposable gloves and stored in cleaned

airtight plastic containers. After labeling, the samples

were stored in the refrigerator at 4◦C aboard the M/V

Xuelong. To avoid contamination by the products of fuel

combustion from the vessel’s generator set etc, the

sampling system was controlled with a wind speed and

direction system which only allowed sampling when the
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Figure 1 Cruise track of the 26th CHINARE with sampling points. The solid line represents the cruise track. Symbols

represent the start of sampling periods; the triangles on the outbound journey and the squares on the inbound journey.

wind was from a sector between left and right 90◦ down

the middle line of the ship’s head and at wind velocities

>0.2 m·s−1. Each filter sampled about 5 000 m3 of air

at a flow rate about 1 m3
·min−1.

A Dionex ICS-2500 ion chromatograph was used to

analyze the soluble aerosol ions. The cations were an-

alyzed with a CS12A analytical column and a CG12A

guard column, and the anions were analyzed with an

AS18 analytical column and an AG18 guard column.

Experimental methods were as follows: One eighth

of each filter was rinsed with 25 mL of deionized water,

ultrasonicated for about 40 min and leached overnight.

Then samples were injected into the IC system via 0.45

µm filters. The time sequence for the elution of the

cations was Na+, NH+
4 , K

+, Mg2+, Ca2+, and that for

anions was F−, MSA, Cl−, Br−, NO−

3 , SO
2−
4 . The detec-

tion limits for above ions were Na+ 0.015 mg·m−3, NH+
4

0.009 mg·L−1, K+ 0.017 mg·L−1, Mg2+ 0.020 mg·L−1,

Ca2+ 0.046 mg·L−1, F− 0.000 9 mg·L−1, MSA 0.000 4

mg·L−1, Cl− 0.009 5 mg·L−1, Br− 0.000 5 mg·L−1, NO−

3

0.006 9 mg·L−1, SO2−
4 0.003 2 mg·L−1. To consider the

Whatman 41 blank, ion concentrations from 7 blank fil-

ters were determined, and the average blank was (unit:

mg·L−1): Na+ 330, NH+
4 330, K

+ 40, Mg2+ 50, Ca2+

100, F− 10, MSA 30, Cl− 690, Br− 30, NO−

3 350, SO
2−
4

190. These blank values have been subtracted from all

aerosol results.

2 Results and discussions

2.1 Majorions constituents and formation

Concentrations and percentages of major water soluble

ions of aerosol samples are presented in Figures 2 and

3. The concentration sequences for various ions were:

Cl− >Na+ > SO2−
4 >Mg2+ >NO−

3 >NH+
4 >Ca2+ >K+

>MSA>Br−>F−. The average concentrations for major

water soluble ions were: Na+ 1 136.37 ng·m−3, Mg2+

148.32 ng·m−3, NH+
4 91.33 ng·m

−3, Ca2+ 75.34 ng·m−3,

K+ 45.44 ng·m−3, Cl− 1 999.36 ng·m−3, SO2−
4 587.76

ng·m−3, NO−

3 94.31 ng·m−3, MSA 23.10 ng·m−3, Br−

4.83 ng·m−3, F− 1.56 ng·m−3. The major water sol-

uble ion constituents (Cl−, Na+, SO2−
4 , Mg

2+, NO−

3 )

accounted for the 94.3% of the total aerosol loading.

Sea salt particles were the primary marine aerosol con-

stituents, followed by sulfate.

The charge balance was calculated using equivalent

concentrations. The usual method was used, i.e., equiv-

alent concentration (neq·m−3) = chemical valence mass

concentration(ng·m−3)/molecular weight. Strong linear

correlations existed between the two electrically charged

groups of anions and cations with a slope of 1.04, tending

to 1(R2=0.992), see Figure 4. This suggests that a good

charge balance existed between the two groups. There-

fore the sampling and measurement methods in the study

were reliable[14].

From the results, it can be seen that sulfate

was an important aerosol component of the marine

atmosphere[15]. Previous work suggested that the sul-

fate aerosol had both direct and indirect impacts on so-

lar radiation. It also acted as the CCN source, which

had greatly affected the radiation balance and hence cli-

mate change. For these reasons, scientists of atmospheric

chemistry have focused on sulfate aerosol. Generally sul-

fate in tropospheric aerosol can be divided into two parts.
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Table 1 Sampling dates of aerosol samples of the 26th CHINARE cruise

Sample number Sampling time Sample number Sampling time

A1 2009/10/12 02:23–10/15 01:37 A25 2009/12/25 22:08–12/28 14:10

A2 2009/10/15 01:42–10/18 02:05 A26 2009/12/28 14:18–12/31 05:12

A3 2009/10/18 02:09–10/23 01:51 A27 2009/12/31 05:18–2010/01/04 13:15

A4 2009/10/23 01:56–10/26 01:57 A28 2010/01/04 13:20–01/07 16:45

A5 2009/10/26 02:03–10/28 10:58 A29 2010/01/07 16:50–01/10 11:16

A6 2009/10/28 11:02–10/30 21:06 A30 2010/01/10 11:16–01/12 04:50

A7 2009/10/30 21:11–11/02 22:02 A31 2010/01/12 04:50–01/15 04:38

A8 2009/11/02 22:07–11/05 23:23 A32 2010/01/15 04:43–01/17 13:10

A9 2009/11/05 23:30–11/09 00:55 A33 2010/01/17 13:17–01/20 11:10

A10 2009/11/09 01:00–11/11 23:35 A34 2010/01/20 11:16–01/24 04:09

A11 2009/11/11 23:40–11/15 09:57 A35 2010/01/24 04:13–01/27 18:55

A12 2009/11/15 10:01–11/17 02:50 A36 2010/02/03 07:00–02/07 10:50

A13 2009/11/17 02:55–11/20 22:40 A37 2010/02/07 10:55–02/11 06:43

A14 2009/11/20 22:45–11/23 22:33 A38 2010/02/11 06:48–02/14 07:30

A15 2009/11/23 22:46–11/26 18:42 A39 2010/02/14 07:34–02/19 08:45

A16 2009/11/26 18:45–11/29 18:08 A40 2010/03/06 03:14–03/09 07:15

A17 2009/11/29 18:12–12/02 18:12 A41 2010/03/09 07:15–03/13 01:33

A18 2009/12/02 18:16–12/05 11:35 A42 2010/03/13 01:33–03/16 01:45

A19 2009/12/05 11:40–12/08 14:08 A43 2010/03/16 01:45–03/24 04:12

A20 2009/12/08 14:12–12/11 18:34 A44 2010/03/24 04:12–03/27 08:15

A21 2009/12/11 18:50–12/15 08:30 A45 2010/03/27 08:15–03/30 02:30

A22 2009/12/15 08:33–12/19 03:26 A46 2010/03/30 02:35–04/02 09:55

A23 2009/12/19 03:31–12/22 05:10 A47 2010/04/02 10:00–04/05 10:20

A24 2009/12/22 05:15–12/25 22:02 A48 2010/04/05 10:20–04/07 06:15

One part sourced from sea salt, namely sea-salt SO2−
4 (ss-

SO2−
4 ), and the other part sourced from the emissions of

anthropogenic and biogenic activities, called non-sea-salt

SO2−
4 (nss-SO2−

4 ). Based on assumptions of the compo-

sition of seawater,

nss-SO2−
4 =[SO

2−
4 ]Total − [Na

+]×0.2516

where 0.251 6 is the value of SO2−
4 /Na

+ in seawater.

According to the correlations between various wa-

ter soluble ions (see Table 3), the secondary aerosol ions:

NO−

3 , NH
+
4 and nss-SO

2−
4 had a significant positive cor-

relation each other(Pearson Correlation Coefficient>0.5,

and p <0.01), which accounted for the NH+
4 existing as

NH4NO3, NH4HSO4 and NH4(SO4)2. Several studies

have shown that the likely chemical scheme of reactions

to produce NH+
4 is as follows

[16−17]:

NH3(g) + HNO3(g)→ NH4NO3 (1)

NH3 +H2SO4 → NH4HSO4 (2)

NH3 + (NH4)HSO4 → (NH4)2SO4 (3)

NO−

3 is mostly produced by the chemical equation (1),

and the reaction (4) occurs on the sea salt surface and can

absorb additional NO−

3 . NH
+
4 is produced by reactions

(1), (2), (3).

HNO3 +NaCl→ NaNO3 +HCl. (4)

Figure 2 Major ions in marine aerosol along the Xuelong’s

route during the 26th CHINARE.
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Figure 3 The pie map for major soluble ions in TSP during

the 26th CHINARE cruise.

Figure 4 The charge balance between total anions and

cations during the 26th CHINARE cruise.

In addition, the concentrations of Na+, K+, Mg2+ cor-

related obviously with Cl−, Br− (Pearson Correlation

Coefficient>0.6, p <0.01) from Table 3. This may in-

dicate that the ions were present as NaCl, KCl, MgCl2,

NaBr, KBr, MgBr2 and so on. This would be similar to

the components in sea water.

2.2 The latitudinal distribution characteristics of

various components

To examine the distribution of aerosol ions along the

route of 26th CHINARE, latitudinal distributions of

aerosol ions are shown in Figure 5. The sea salt concen-

tration was used to represent the concentration of marine

aerosol sea salt particles, and the sea salt was calculated

from:

Sea Salt(ng ·m−3) = Cl−(ng ·m−3) +

Na+(ng ·m−3)× 1.47

Where 1.47 is the value of (Na++K++Mg2++

Ca2++SO2−
4 +HCO

−

3 )/Na
+ in sea water. This assumes

that all of the Na+ and Cl− in the aerosol is sourced from

the sea water, and all non-sea-salt components of K+,

Mg2+, Ca2+, SO2−
4 and HCO−

3 have been excluded
[18].

Figure 5(a) shows the latitudinal distribution of sea salt

on the route of the 26th CHINARE, and the high val-

ues were found south of 40◦S. Some previous work[19]

reports that Na+ and Cl− are mainly sourced from the

sea, and their concentrations are controlled by the wind

speed over the sea surface. In this study, the sea salt con-

centration was also affected by the wind speed. In the

south of 40◦S, which was close to the latitudes of pre-

vailing westerly winds. Both wind-speed and waves were

high and sea spray, which was enriched with sea salt, was

emitted into the atmosphere. So the general tendency of

sea salt concentrations was high. As for NH+
4 , shown

in Figure 5(b), the general concentrations were about

50–100 ng·m−3, and high values(295.4 ng·m−3) occurred

over the East China Sea. This sample was collected at the

end of spring, 2010, when Western and Northern China

were experiencing severe sandstorms, so the dust could

be transported long distances to the Chinese marginal

seas. Therefore, a series of atmospheric photochemical

reactions occurred on the surface of the particles and

produced high concentrations of secondary aerosols. The

concentrations of SO2−
4 and NO−

3 were also high, demon-

strating that chemical reactions (1), (2) and (3) took

place on the aerosols surface. Hence these samples were

very altered by the influence of the transported terrestrial

substances. The latitudinal distribution of NO−

3 is shown

in Figure 5(c). The tendency of the NO−

3 is clearly simi-

lar to that of NH+
4 , and high values also occurred in the

samples collected in Chinese marginal seas, Fremantle

port and the offshore of Philippines. These high concen-

trations were inevitably affected by the emissions from

anthropogenic activities, and chemical reactions (1), (4)

happened on the surface of particles with the participa-

tion of HNO3. And chemical reaction (4) may the main

process of NO−

3 production in the remote ocean.

The MSA in marine aerosols was produced by a se-

ries of oxidation reaction of DMS, and the latitudinal

distribution is shown in Figure 5(d). According to the

distance of M/V Xuelong away from the continent and

the specific characteristics of different ocean areas, the

voyage track could be divided into 3 parts, i.e. Shanghai

to Fremantle (32◦S–30◦S), Indian Ocean (30◦S–60◦S)

and the Southern Ocean-Antarctic floating ice region
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Figure 5 Latitudinal distributions of aerosol ions concentration.(a) sea salt, (b) NH+
4 , (c) NO−

3 , (d) MSA and (e)nss-SO2−
4 .

(south of 60◦S). The MSA concentration increased

sharply from north to south in these three regions. That

is, as the latitude increased, the MSA concentration in-

creased, especially in the south of 60◦S, where the con-

centration of MSA was three times higher than that

in 30◦S–60◦S region. This could be explained by the

air temperature and related algal emissions in Southern

Ocean[12,20].

The concentrations of nss-SO2−
4 was low in the Open

Oceans and the seas around Antarctica, while the con-

centrations were high in the marginal seas (Figure 5(e)).

It has been reported[3] that nss-SO2−
4 concentrations de-

crease from north to south, and the nss-SO2−
4 concentra-

tion in theWest Pacific Ocean was twice as high as that in

South Pacific Ocean, while the nss-SO2−
4 concentration in

South Pacific Ocean was twice as high as that in Antarc-

tic Peninsula region. In the Northern Hemisphere, the

non-sea-salt sulfate accounted for 59% of the total sul-

fate, while in Pacific Ocean that was 39%, and in the seas

around Antarctica it was 28%. This study suggested that

pollution accounted for 90% of the source of sulfur to the

atmosphere in the Northern Hemisphere, probably from
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the combustion of fossil fuel which emitted SO2, which is

oxidized into SO2−
4 in the atmosphere. In the Northern

Hemisphere, sulfate aerosol is transported over the seas

by winds, and this gives a large contribution to the nss-

SO2−
4 . By way of contrast, in the Southern Hemisphere

the sea area spanned vastly greater distances than in the

North, not only across marginal oceans, but also across

the open ocean. Therefore, the average concentrations

of nss-SO2−
4 during the whole 26th CHINARE was rela-

tively higher than that in Open Oceans, but the value was

lower than that in Chinese marginal seas. Comparisons

of the marine aerosol nss-SO2−
4 and MSA ions concentra-

tion over the various concerned regions appears in Table

2[21−27]. The results consistently show that the nss-SO2−
4

concentrations were high in the Chinese marginal seas,

while the nss-SO2−
4 concentrations were low in South-

ern Ocean and in the seas around Antarctica. This

indicated that the nss-SO2−
4 concentration was mostly

controlled by the distance away from the anthropogenic

sources; According to Table 2 and this study, the MSA

concentration of marine aerosol in the Southern Ocean

and the seas around Antarctica were relatively high, ma-

rine organisms contributed much to the nss-SO2−
4 and

MSA concentrations in those regions. That is to say, in

marginal seas, the concentration of nss-SO2−
4 was high,

while the concentration of MSA was low. Hence, the

contribution of biogenic sources to nss-SO2−
4 was little,

the main part of the nss-SO2−
4 being sourced from an-

thropogenic emissions. However, the concentrations of

MSA were high, while the concentration of nss-SO2−
4 was

low in the Antarctic coastal area. Here, the nss-SO2−
4

to some extent may be formed by the oxidation of bio-

genic sulfur. To sum up, the source of nss-SO2−
4 was

not uniformly distributed, anthropogenic sources mostly

focused on marginal ocean, while the marine biogenic

sources mostly focused on Southern Hemisphere (espe-

cially Southern Ocean and the seas around Antarctica).

Meanwhile the complicated air conditions and solar ra-

diation change together made the process of identifying

different air masses, and hence different sources of nss-

SO2−
4

[28] rather complex.

The correlation between MSA and MSA/nss-SO2−
4

was significant, and the Pearson correlation coefficient

was 0.780, p <0.01. Our results indicate a good lin-

ear relationship between the MSA/nss-SO2−
4 ratio and

MSA, R2 >0.6, see Figure 6. As the concentration of

MSA increased, the contribution of biogenic sulfur to

total nss-SO2−
4 also increased. To some degree, as the

only precursor of MSA, the concentration and the oxida-

tion processes of DMS determined the MSA/nss-SO2−
4 .

Cosme et al.[29] studied the aerosol sulfate over Dumont

d’Urville station in East Antarctica and the inland Vos-

tok Station. The contribution of DMS to the sulfate in

aerosols in that study was more than 90% in summer.

Contributions from anthropogenic and volcanic emissions

contributed less than 3% to the sulfate, so the DMS con-

tributed mostly of the nss-SO2−
4 in Antarctic area.

In Figure 7, the correlation between the concentra-

tion of MSA and air temperature showed that the con-

centration of MSA decreased when air temperature rose.

There was a significant negative correlation between the

concentration of MSA and air temperature, and the Pear-

son correlation coefficient was –0.462, p <0.01. The lab

simulation showed that the rate of the abstraction re-

action between DMS and OH was the function of air

temperature, the rate of the addition reaction between

Table 2 Comparison of the nss-SO2−
4 and MSA concentrations in marine aerosols for the various concerned regions

Area Location nss-SO2−
4 /(µg·m−3) MSA/(µg·m−3) Reference

East China Sea 26◦N–34◦N, 122◦E–130◦E 8.7±6.8 (0.96–24) 0.027±0.020 (N.D.-0.068) Nakamura T et al.[21]

South China Sea 21◦N–23◦N, 113◦E–115◦E 14.6(3.9–29.8) 0.006–0.102 Zhang X et al.[22]

New Zealand 41.42◦S, 174.88◦E 0.246 (0–0.96) 0.024 (0–0.162) Allen A G et al.[23]

Southern Ocean 60◦S 0.02–0.032 0.018–0.037 Berresheim[24]

(March-April)

West Antarctica 64.77◦S, 64.05◦W 0.0985±0.121 0.0488±0.0892 Savoie D L et al.[25]

(King George Island)

East Antarctica 78◦S, 139◦E 0.021 (0.09–0.041) 0.088 (0.065–0.13) Mora S J de et al.[26]

Mawson Station 67.6◦S, 62.6◦E 0.09 0.02 Savoie D L et al.[27]
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Figure 6 The relationship between the concentration of

MSA and MSA/nss-SO2−
4 .

Figure 7 Latitudinal distribution of air temperature and

MSA. (N represents air temperature, ¤ represents the con-

centration of MSA).

the two increased as the air temperature fell.

At 300 K, about 25% of DMS reacted with OH, while

at 250 K, 75% of DMS reacted with OH[30], so the concen-

tration of MSA in part depended on the air temperature

change, and the lower air temperature may produce more

MSA[31−33]. But the especially high value of MSA in the

60◦S sea area deserves closer study. The other sources

may derive from the oxidation of DMS in Southern Ocean

and the coastal area of Antarctica should be studied

further.

2.3 The source analysis of components

As discussed above, marine aerosol ions generally can be

divided into sea salt and non-sea-salt components. The

correlations between aerosol ions in Table 3 showed that:

1. Sea salt components Na+, K+, Mg2+, Cl−, Br−

had obvious correlations (Pearson value >0.6, p <0.01),

which represented the common characteristics of sea salt

ions.

2. Secondary aerosol ions nss-SO2−
4 , NO

−

3 , NH
+
4 had

obvious positive correlations each other (Pearson value

>0.5, p <0.01), which demonstrated that these three ions

had the similar sources.

Factor analysis is a multiple statistical analysis

method, it was used to explore the correlations among

observed variables and potential major sources of chemi-

cal species. The factor score indicated the relative impact

of the factor on sample compositions. In this study, fac-

tor analysis was carried out on 48 samples for 11 water

soluble ions with measurable concentrations, and repre-

sented the various sources of aerosols. Three factors ex-

plaining 91.3% of the variance in the data were obtained

and rotated according to the orthogonal varimax method.

Na+, Mg2+, Ca2+, K+, Cl−, SO2−
4 , Br

− had a high Fac-

tor 1 score; NH+
4 , SO

2−
4 , NO

−

3 , F
− had a high Factor 2

score; MSA had a high Factor 3 score. According to the

discussion above, it could be concluded that Factor

1 may be concerned with marine sources, Factor 2

Table 3 Correlations between soluble ions concentration during the 26th CHINARE cruise

Ions Na+ NH4
+ K+ Mg2+ F− MSA Cl− Br− NO3

− nss-SO2−
4 Ca2+

Na+ 1

NH+
4 –0.118 1

K+ 0.981∗ –0.015 1

Mg2+ 0.994∗ –0.079 0.980∗ 1

F− –0.253 0.691∗ –0.113 –0.218 1

MSA –0.271 0.215 –0.316 3 –0.277 –0.067 1

Cl− 0.997∗ –0.126 0.967∗ 0.988∗ –0.304 –0.274 1

Br− 0.975∗ –0.148 0.940∗ 0.965 1∗ –0.272 –0.264 0.977∗ 1

NO−

3 0.076 0.511∗ 0.246 0.116 0.669∗ –0.267 0.003 6 –0.032 1

nss-SO2−
4 0.047 0.713∗ 0.180 0.098 0.782∗ –0.050 –0.030 0.006 0.757∗ 1

Ca2+ 0.707∗ 0.086 0.732∗ 0.734∗ 0.099 –0.311 0.669∗ 0.665∗ 0.467∗ 0.410∗ 1

∗represents the obvious correlation under the 0.01 confidence interval (two-tailed test).
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may be concerned with anthropogenic sources, and Fac-

tor 3 may be concerned with the emission from organic

marine sources.

To sum up, the water soluble ions of aerosols col-

lected on the route of the 26th CHINARE could be as-

cribed to marine sources, anthropogenic sources and ma-

rine biogenic sources. The SO2−
4 can be impacted both

by Factor 1 and Factor 2, this demonstrated the impor-

tance of separating the ss-SO2−
4 and nss-SO2

4.

Table 4 Rotated component matrix of ions in aerosols

during the 26th CHINARE cruisea

Ions Factor 1 Factor 2 Factor 3

Na+ 0.991 –0.053 –0.090

Mg2+ 0.990 –0.005 –0.094

NH+
4 –0.016 0.842 0.406

Ca2+ 0.738 0.347 –0.263

K+ 0.971 0.102 –0.141

Cl− 0.986 –0.112 –0.066

SO2−
4 0.652 0.710 –0.047

NO−

3 0.080 0.856 –0.319

MSA –0.209 –0.051 0.933

Br− 0.971 –0.115 –0.068

F− –0.227 0.887 –0.058

Eigen values 6.111 2.843 1.089

Variance /% 55.558 25.842 9.902

Accumulation /% 55.558 81.400 91.302

aValues of factor loading higher than 0.60 are in bold.

3 Conclusions

Aerosol samples collected on the route of the 26th

CHINARE were analyzed by IC. The main results in-

clude:

1. Cl−, Na+, SO2−
4 , NO

−

3 , and Mg
2+ were the most

prevalent ion components, and Na+ and Cl− contributed

to ∼75% of the total ions. Sea salt is the primary com-

ponent of aerosols, and sulfate aerosol is the second ma-

jor aerosol component. As a secondary aerosol ammo-

nium existed in the forms of NH4NO3, NH4HSO4 and

(NH4)2SO4.

2. The sea salt concentration peaked at 40◦S, which

may correlate with the wind speed. The concentration of

MSA increased from the low latitudes to high latitudes,

possibly caused by temperature change and algal emis-

sions. The concentrations and the oxidation processes

of DMS determined the MSA/nss-SO2−
4 ratio to some

degree. The concentrations of NO−

3 and NH
+
4 were gen-

erally influenced by the distance from the continents and

the anthropogenic activities. The nss-SO2−
4 had low con-

centrations in open ocean and Southern Ocean area and

high concentrations in the marginal sea.

3. Cl−, Br−, Na+, K+, Mg2+ and Ca2+ came mainly

from marine sources; F−, NO−

3 and NH+
4 were mostly

from anthropogenic sources; MSA was mostly from ma-

rine biogenic sources; The concentration of SO2−
4 was

influenced both by marine and anthropogenic sources.

Therefore separating ss-SO2−
4 and nss-SO2−

4 was impor-

tant for climate evaluation models.

Acknowledgments This work was supported by the National

Natural Science Foundation of China (Grant no. 40671062),

the National High Technology Research Development Project

(Grant no. 2008AA121703), the Chinese International Coopera-

tion Project from the Ministry of Science and Technology(Grant

no. 2009DFA22920) and the Chinese International Cooperation

Project from the Chinese Arctic and Antarctic Administration,

SOA (Grant no. IC201114) and the Special Fund for Marine Re-

searches in the Public Interest(Grant no. 201205013). We also

thank all members of the 26th CHINARE for their supports and

helps.

References

1 Fitzgerald J W. Marine aerosols: A review. Atmos Environ.

Part A. General Topics, 1991, 25(3–4): 533–545

2 Duce R A, Liss P S, Merrill J T, et al. The atmospheric in-

put of trace species to the world ocean. Global Biogeochem

Cy, 1991, 5(3): 193–259

3 Chen L Q, Yang X L, Huang J H. The sources and the distri-

bution of sulfate in the Pacific atmosphere. Acta Scientiae

Circumstantiae(in Chinese), 1988, 8(1): 27–31

4 Sun J Y. Soluble species in aerosols collected on the route

of the first Chinese National Article Research Expedition.

Journal of Glaciology and Geocryology(in Chinese), 2002,

24(6): 744–749

5 Xu J Z, Sun J Y, Qin D H. Characterization of solu-

ble species and their sources in aerosols collected on the

route of the Second Chinese National Arctic Research Ex-

pedition. Acta Scientiae Circumstantiae(in Chinese), 2007,

27(9): 1417–1424

6 Kim K H, Lee G, Kim Y P. Dimethylsulfide and its oxidation

products in coastal atmospheres of Cheju Island. Environ-

mental Pollution, 2000, 110: 147–155

7 Saltzman E S, Savoie D L, Zika R G, et al. Methane sul-

fonic acid in the marine atmosphere. J Geophys Res, 1983,

88(10): 897–910

8 Pakkanen T A, Kerminen V M, Korhonen C H, et al. Ur-

ban and rural ultrafine (PM0.1) particles in the Helsinki

area. Atmos Environ, 2001, 35: 4593–4607



174 XU GuoJie, et al. Adv Polar Sci September(2011) Vol.22 No.3

9 Sasakawa M, Uematsu M. Relative contribution of chemi-

cal composition to acidification of sea fog (stratus) over the

northern North Pacific and its marginal seas. Atmos Envi-

ron, 2005, 39(7): 1357–1362

10 Andreae M O, Crutzen P J. Atmospheric Aerosols: Bio-

geochemical Sources and Role in Atmospheric Chemistry.

Science, 1997, 276: 1052–1058

11 Doney S C, Mahowald N, Lima I, et al. Impact of anthro-

pogenic atmospheric nitrogen and sulfur deposition on ocean

acidification and the inorganic carbon system. PNAS, 2007,

104: 14580–14585

12 Charlson R J, Lovelock J E, Andreae M O, et al. Oceanic

phytoplankton, atmospheric sulphur, cloud albedo and cli-

mate. Nature, 1987, 326(6114): 655–661

13 Xiao C D, Sun J Y, Qin D H, et al. Latitudinal distribu-

tion of MSA in precipitation over the southern Pacific Ocean

and the sensitivityof its decomposition to temperature. Acta

Oceanologica Sinica (Chinese Edition), 2001, 23(3): 112–116

14 Song F, Gao Y. Chemical characteristics of precipitation at

metropolitan Newark in the US East Coast. Atmos Environ,

2009, 43(32): 4903–4913

15 Corinne L Q, Saltzman E S. Surface Ocean-Lower Atmo-

sphere Processes. Geophysical Monograph Series 187, Amer-

ican Geophysical Union, 2009: 17–35

16 Seinfeld J H, Pandis S N. Atmospheric Chemistry and

Physics. New York: John Wiley, 1998: 313–323

17 Dentener F J, Crutzen P J. A three-dimensional model of the

global ammonia cycle. J Atmos Chem, 1994, 19(4): 331–369

18 Quinn P K, Coffman D J, Bates T S, et al. Dominant aerosol

chemical components and their contribution to extinction

during the Aerosols99 cruise across the Atlantic. J Geophys

Res, 2001, 106(D18): 20783–20809

19 Erickson D J, Merrill J T, Duce R A. Seasonal estimates of

global atmospheric sea-salt distributions. J Geophys Res,

1986, 91(D1): 1067–1072

20 Grosjean D. Photooxidation of methyl sulfide, ethyl sulfide,

and methanethiol. Environ Sci Technol, 1984, 18(6): 460–

468

21 Nakamura T, Matsumoto K, Uematsu M. Chemical charac-

teristics of aerosols transported from Asia to the East China

Sea: An evaluation of anthropogenic combined nitrogen de-

position in autumn. Atmos Environ, 2005, 39(9): 1749–1758

22 Zhang X, Zhuang G, Guo J, et al. Characterization of

aerosol over the Northern South China Sea during two

cruises in 2003. Atmos Environ, 2007, 41(36): 7821–7836

23 Allen A G, Dick A L, Davison B M. Sources of atmospheric

methanesulphonate, non-sea-salt sulphate, nitrate and re-

lated species over the temperate South Pacific. Atmos Env-

iron, 1997, 31(2): 191–205

24 Berresheim H. Biogenic sulfur emissions from the sub-

Antarctic and Antarctic oceans. J Geophy Res, 1987,

92(13): 245

25 Savoie D L, Prospero J M, Larsen R J, et al. Nitrogen

and sulfur species in Antarctic aerosols at Mawson, Palmer

Station, and Marsh (King George Island). J Atmos Chem,

1993, 17(2): 95–122

26 Mora S Jde, Wylie D J, Dick A L. Methanesulphonate and

non-sea salt sulfate in aerosol, snow, and ice on the east

Antarctic plateau. Antarctic Science, 1997, 9 (1): 46–55

27 Savoie D L, Prospero J M, Larsen R J, et al. Nitrogen and

sulfur species in aerosols at Mawson, Antarctica, and their

relationship to natural radionuclides. J Atmos Chem, 1992,

14: 181–204

28 Savoie D L, Prospero J M. Comparison of oceanic and con-

tinental sources of non-sea-salt sulphate over the Pacific

Ocean. Nature, 1989, 339: 685–687

29 Cosme E, Hourdin F, Genthon C, et al. Origin of dimethyl-

sulfide, non-sea-salt sulfate, and methanesulfonic acid in

eastern Antarctica. J Geophy Res, 2005, 110, D03302, doi:

10.1029/2004JD004881

30 Berresheim H, Eisele F L. Sulfur chemistry in the Antarctic

tropospheric environment: An overview of project SCATE.

J Geophy Res, 1998, 103(D1): 1619–1627

31 Atkinson R, Pitts Jr J N, Aschmann S M. Tropospheric re-

actions of dimethyl sulfide with NO3 and OH radicals. J

Phys Chem, 1984, 88(8): 1584–1587

32 Grosjean D. Photooxidation of dimethyl sulfide, ethyl sul-

fide, and methanethiol. Environ Sci Technol, 1984, 18: 460–

468

33 Ayers G P, Cainey J M, Granek H, et al. Dimethylsulfide

oxidation and the ratio of methanesulfonate to non-sea-salt

sulfate in the marine aerosol. J Atmos Chem, 1996, 25:

307–325


