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Abstract: The South China Sea (SCS) is one of the world’s largest oligotrophic marginal seas.
Increases in biomass and primary production in the surface layer of the northern SCS are affected
by anthropogenic aerosol use among north Asian peoples. The seasonal variation of dry deposition
and its contribution to new production in the ocean are vital to determining the effect that such
dry deposition has on the biogeochemical cycle of the SCS. This study collected 240 samples of
total suspended particles at Dongsha Island in the northern SCS from April 2007 to March 2009;
the major ions and water-soluble nitrogen species in the samples were analyzed. The analysis results
indicated that the concentration distributions of major water-soluble ions and nitrogen species in
total suspended particles exhibited significant seasonal (source) variation. The north-east monsoon
seasons (autumn to spring) brought relatively high concentrations because most air masses during
this period arrived from the northern continental region. We found that the concentration of nitrogen
species shows a latitude distribution, gradually decreasing from north to south. In addition, this study
also discovered that the ratio of organic nitrogen to total dissolved or water-soluble nitrogen also
varies in a similar manner, resulting in a concentration of <20% for locations north of 30◦ N and >30%
for those south of 30◦ N. Aerosols at Dongsha Island mainly comprised sea salt; however, significant
chloride depletion was observed during the north-east monsoon season. The molar ratio of NH4

+ to
non–sea salt (NSS) sulfate (nss-SO4

2−) was 0.8, indicating that the amount of artificially produced
NH4

+ in the region was insufficient for reaction with nss-SO4
2−. Therefore, NH4

+ was mainly present
in the form of NH4HSO4. The fluxes of water-soluble inorganic nitrogen (WSIN) and water-soluble
organic nitrogen (WSON) within the region were 23 ± 13 and 27 ± 15 mmol m−2 y−1, respectively.
The new production converted from atmospheric water-soluble nitrogen species in the northern SCS
was estimated to be 0.52–0.81 mmol C m−2 d−1. This flux made about 5.6–8.7% (the global average
was about 3.5%) contribution to the primary production (9.24 mmol C m−2 d−1) of the SCS surface
water. This result indicates that the ocean’s external nitrogen supply, provided by anthropogenic
aerosols, is vital for the biogeochemical cycle in Asian marginal seas, particularly the northern SCS.

Keywords: South China Sea; ocean’s external nitrogen supply; water-soluble inorganic nitrogen;
water-soluble organic nitrogen; new production

1. Introduction

Anthropogenic and natural sources of aerosols have a substantial effect on global weather
and atmospheric chemistry, and they have a particular influence on the marine ecosystem in the
pelagic zone [1]. North-east Asia has experienced rapid development of economic and agricultural
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activities; the use of vast quantities of fossil fuels and fertilizers has resulted in a significant increase
in anthropogenic gas emissions and particulates [2]. In addition, high concentrations of dust and
anthropogenic aerosols produced in the springtime in continental Asia are transmitted to the North
Pacific region by monsoon systems. Occasionally, these concentrations might even be transmitted to
North America on westerly winds, affecting the global radiation balance and atmospheric chemistry
as well as the biogeochemical cycle [3].

Generated by the effect of wind on the ocean’s surface, sea salt aerosols are one of the major
components of the total aerosol mass near the Earth’s surface. The major ions they contain are similar to
those in seawater, with chloride ions contributing to the majority of aerosol mass and concentration [4].
Na+, Mg2+, and Cl− in the atmosphere mostly originate from sea spray and are either swiftly deposited
on land or returned to the ocean. High concentrations of Na+ and Cl− are common in aerosols near
the coast. During the deposition process, sea salt aerosols not only react with acidic compounds to
form volatile hydrogen chloride gas, which quickly vaporizes, but also absorb non–sea salt (NSS)
ions (e.g., NH4

+ and nss-SO4
2−) during atmospheric transmission [5]. This reaction, which leads to a

decrease in the Cl− concentration in aerosols, is known as chloride depletion and proceeds as follows:

HNO3(g) + NaCl(s) → NaNO3(s) + HCl(g) ↑ (1)

H2SO4(g) + 2NaCl(s) → Na2SO4(s) + 2HCl(g) ↑ (2)

The level of chloride depletion is calculated as follows [6]:

Cl−depletion (%) = (1.17 × [Na+]measured − [Cl−]measured)/1.17 × [Na+]measured × 100% (3)

where 1.17 is the molar concentration of Cl− and Na+ in seawater and [Na+]measured and [Cl−]measured
are the concentrations of Cl− and Na+ (nmol m−3) in the aerosol, respectively.

Hsu et al. noted that chloride depletion from aerosols occurs at a high level in the South China Sea
(SCS), reaching 30% for coarse particle aerosols and up to 85% for fine particle aerosols [7]. The level
of chloride depletion from sea salt aerosols often depends on particle size; for example, the degree
of chloride depletion in aerosols comprising coarse particles decreases with particle size. However,
for fine particles, the degree of chloride depletion is strongly affected by particle size enrichment of
SO4

2−. This phenomenon is also apparent in aerosols situated around coastal areas and in the pelagic
zone [8].

The world’s population has increased by 78% since 1970, causing a concurrent increase in energy
use and food demand that has raised the level of reactive nitrogen (Nr) by 120% [9]. In 2010, 75%
of Nr on land was created through anthropogenic activities (210 Tg N y−1), which was three times
higher than that from natural continental sources (63 Tg N y−1). Contributions from natural marine
sources (140 Tg N y−1) also play a vital role in the global nitrogen cycle [10]. In 2010, China was the
world’s largest source of NH3 emissions (~15 Tg NH3-N y−1), most of which were products of animal
husbandry and agricultural fertilizer use [11,12]. Wu et al. stated that NH3 plays an essential role
in severe haze events, and that it is also a key factor in the formation of secondary aerosols in urban
areas, of which secondary inorganic aerosols, such as ammonium sulfate ((NH4)2SO4) and ammonium
nitrate (NH4NO3), are the most representative [13]. Through molecular dynamics simulation, Li et al.
revealed that ammonium bisulfate (NH4HSO4), which is formed on the surface of water droplets from
NH3 and SO3 hydrates, is the main precursor for the formation of ammonium sulfate [14]. Zhu et al.
noted that most NH4

+ and SO4
2− in aerosols are enriched in fine particles. NH4+ first neutralizes with

SO4
2−, which generates (NH4)2SO4 when the molar ratio is >2 and NH4HSO4 when the molar ratio is

<2. When the molar ratio is <2, the atmosphere contains relatively low NH4
+ content, which cannot

completely neutralize with SO4
2−, thus producing NH4HSO4 [15].

In 1860, the Nr deposition in most sea areas worldwide was <50 mg N m−2 y−1 and was
>200 mg N m−2 y−1 in a few areas. At that time, most oceanic deposition originated from natural
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sources, with anthropogenic sources only affecting a few coastal areas. Following industrialization
and the development of intensive farming, Nr deposition was affected by the strong deposition effect
of westward winds from areas with high population density, including Asia, India, the United States,
Europe, and West Africa in 2000 [16]. Nr deposition in most sea areas had reached 200 mg N m−2 y−1,
with some regions even reaching > 700 mg N m−2 y−1. Nr from anthropogenic sources provides
approximately one-third of the ocean’s external nitrogen supply, with an annual 3% (~0.3 Pg C y−1)
new production in the ocean [17]. Chen et al. noted that the water-soluble total nitrogen (WSTN)
from aerosols in the southern East China Sea was 4.86 g C m−3 y−1, contributing to 8.2% of the new
production of seawater, where the contribution rate of inorganic to organic nitrogen was 64:36 [17].
These results reveal the vital role that water-soluble nitrogen species in atmospheric aerosols play in the
nutrient biogeochemical cycle of marginal seas in East Asia [18]. Inorganic nitrogen is easily utilized
by marine organisms, whereas organic nitrogen can only be partially utilized. The bioavailability of
organic nitrogen in the atmosphere is mainly determined by the atmosphere’s chemical composition.
Most organic nitrogen substances, such as amino acids, urea, and amines, can be processed by marine
microorganisms within a short amount of time; however, humic-like substances are too difficult for
such organisms to use [19].

The SCS is located between the tropics and subtropics, and it is the largest marginal sea
(approximately 3.5 × 106 km2) of the north-western Pacific Ocean [20]. The SCS is surrounded
by densely populated regions undergoing rapid economic growth, including China, Taiwan,
the Philippines, the Malay Archipelago, and the Indochinese Peninsula. These regions are responsible
for emissions of large amounts of anthropogenic aerosols, which are deposited into the SCS through
rivers and the atmosphere. In the next few decades, the amount of Nr deposition caused by
anthropogenic activities in the SCS is estimated to exceed that in all other marginal seas combined [16].
The SCS is affected by the East Asian monsoon system, with a strong north-east monsoon in the winter
and spring, and a south-west monsoon in the summer [21]. Hsu et al. found that dust and large
amounts of pollutants transported from deserts and arid regions in northern China were detected
in the SCS and coastal areas during the winter monsoon [7]. Compared with adjacent marginal seas
(i.e., the East China Sea and Yellow Sea), the marine productivity of the SCS is relatively low, and large
amounts of atmospheric nitrogen input have caused the SCS to be more susceptible to the effects of
anthropogenic nitrogen deposition. Therefore, the SCS has become a key area for studying the effect of
anthropogenic nitrogen deposition on marine productivity.

Based on estimates from satellite data, Kim et al. calculated the input flux of atmospheric Nr
(including organic and inorganic nitrogen) in the SCS to be approximately 55 mmol N m−2 y−1 [22],
which in turn increased the new production of surface seawater to 50–80 mg C m−2 d−1. This flux
contributes to approximately 20% of new surface seawater production in the oligotrophic waters of
the SCS, indicating that atmospheric nitrogen deposition is a crucial external source for the SCS area.
Calculated accordingly, the total nitrogen flux for the entire SCS can reach approximately 77 Gmol N
y−1. The Mekong and Pearl Rivers in this region discharge 20 and 26 Gmol N y−1, respectively, to the
SCS [23,24], causing the flux of the rivers to be less than the atmospheric flux. Thus, the nitrogen input
of coastal rivers to the ocean may be less than that of the atmosphere [25].

Having established a preliminary scientific understanding of the biogeochemical cycle of nitrogen,
research is increasingly focusing on the effect of atmospheric nitrogen deposition in seas across
the globe. Currently, knowledge regarding the temporal variation and chemical composition of
water-soluble nitrogen species and major ions in the SCS region remains limited. Therefore, this study
undertook long-term monitoring of major ions and water-soluble nitrogen species in the dry deposition
of atmospheric suspended particles in the northern SCS (i.e., Dongsha Island) to explore their seasonal
variation, composition, distribution, and source. In addition, the flux of nitrogen species was estimated
for comparison with data regarding nitrogen species in dry deposition in East Asia to determine
regional variation. To investigate the impact of atmospheric nitrogen species on the nitrogen cycle in
surface seawater, the present study also examined the effect of dry deposition on the biogeochemistry
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of the northern SCS as well as new production induced by atmospheric nitrogen deposition in the
surface seawater of marginal seas in East Asia.

2. Methodology

2.1. Sampling

Dongsha Island is a reef island in the northern SCS (Figure 1), located approximately 400 km
away from Taiwan’s main island, 340 km from Hong Kong, and 780 km from Manila in the
Philippines. Dongsha Island is west–north-west/east–south-east aligned, with a land area of 1.74 km2.
The sampling station, 6 m above ground, was located in the attic of the Dongsha Island weather
station (20◦42′ N, 116◦43′ E). Compiled by the Naval Meteorological and Oceanographic Office,
the meteorological data used for this study included temperature, wind speed, wind direction,
precipitation, relative humidity, and precipitation days. From April 2007 to March 2009, a high
volume collector (GS2313-105; Thermo Fisher Scientific Inc, Franklin, MA, USA) and quartz filter paper
(QR-100, 254 × 203 mm2; Advantec Group, Toyo, Japan) were used to collect samples of atmospheric
total suspended particle (TSP). A total of 240 sets of samples were collected, with a flow rate of
1.3 m3 min−1, and the collection time for each sample set was approximately 24 h. Each sampled
filter paper was wrapped in aluminum foil and stored in a freezer at −24 ◦C. The filter paper was
lyophilized in a freeze dryer for 72 h to remove its moisture. Finally, the filter paper was divided into
two equal segments using a cutter and placed in a zipper bag to be sealed and stored in a freezer at
−24 ◦C for subsequent analysis.

2.2. Chemical Analysis

One-half of the filter paper was removed from the freezer and placed in a brown wide-mouth
bottle, into which 250 mL of deionized water (>18 MΩ cm−1, RDI-20; Lotuntech, Taipei, Taiwan) was
added. The bottle was then shaken using an ultrasonic oscillator for 3 h for extraction [17,26]. Because
an excessively high water temperature caused by over-oscillation might affect the chemicals in the
bottle, the water was replaced every hour to reduce the temperature. The obtained extract was filtered
through a quartz filter paper (0.8 µm, 25 mm; Advantec Group, Toyo, Japan) to acquire clarified liquid
for analysis.

An ion chromatography system (ICS-1000; Dionex, Sunnyvale, CA, USA) was used to analyze
the major anions (Cl− and SO4

2−) and cations (Na+, K+, Mg2+, and Ca2+). For the anions, AS4A-SC
(Dionex, Sunnyvale, CA, USA) was used as the chromatography column, AG4A-SC as the guard
column, and a mixed solution of Na2CO3 and NaHCO3 as the eluent. For the cations, CS12A
(Dionex, Sunnyvale, CA, USA) was used as the chromatography column, CG12A as the guard column,
and methanesulfonic acid as the eluent. The experimental procedure was the same as that detailed
in [18].

To determine the water-soluble inorganic nitrogen (WSIN) species concentration, the indophenol
blue colorimetric method was employed for NH4

+ [27] and the pink azo compound colorimetric
method for NO2

− [28]. For NO3
− analysis, the extract was first passed through a copper-cadmium

reduction column, and it was then reduced to nitrite and assessed using the pink azo compound
colorimetric method. Finally, the concentration of NO3

− was obtained after deducting the NO2
−

concentration in the sample [29]. Water-soluble total nitrogen (WSTN) was analyzed by adding
persulfate oxidizing (PO) agent to the sample, which was then placed in an ultraviolet (UV) chamber
for 24 h [30], causing the water-soluble organic nitrogen (WSON) to oxidize with the other nitrogen
species to form NO3

−. Determined through the cadmium-copper reduction method, the concentration
of total inorganic nitrogen in the sample indicated the concentration of total nitrogen. Urea, quinolone,
and ethylenediaminetetraacetic acid (EDTA) were employed to determine the oxidation efficiency
of WSTN, ensuring that the recovery rate was within an acceptable range. The obtained oxidation
efficiency result is similar to that acquired by [18], as shown in Table 1.
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Figure 1. The location of the sampling site.

Table 1. Recovery of organic nitrogen species using ultraviolet (UV) + persulfate oxidizing (PO) methods.

Recovery (%)

This Study Chen et al. [18] Bronk et al. [30]

(n = 10) (n = 8) (n = 5)

Antipyrine 68 ± 6
EDTA 99 ± 5 92 ± 3 94 ± 2

Quinoline 92 ± 15 94 ± 4
Urea 102 ± 7 94 ± 5 92 ± 9

WSIN contains ammonium, nitrite, and nitrate. In the present study, the concentration of WSTN
minus that of WSIN equaled the WSON concentration of a sample. The concentration of nitrogen
species (nmol m−3) was calculated as follows:

[WSIN] = [NH4
+] + [NO2

−] + [NO3
−] (4)

[WSTN] = [WSIN] + [WSON] (5)
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The blank test and limit of detection results for anions, cations, ammonium, nitrite, and nitrate
are shown in Table 2. All obtained concentrations of aerosol samples were at least three times higher
than in the blank measurements.

Table 2. Blank values and limit of detection (LOD) for water-soluble nutrients and ions.

Blank (nmol m−3) LOD a (nmol m−3)

NH4
+ 0.09 ± 0.01 0.03

NO2
− 0.005 ± 0.002 0.005

NO3
− 0.08 ± 0.03 0.08

Na+ 0.03 ± 0.01 0.03
K+ 0.005 ± 0.002 0.005

Mg2+ 0.010 ± 0.003 0.009
Ca2+ 0.07 ± 0.02 0.06
Cl− 0.31 ± 0.09 0.26

SO4
2− 0.12 ± 0.04 0.12

a Calculated using 3σ of the blank.

3. Results and Discussion

3.1. Meteorological Characteristics and Air Masses

The meteorological data of Dongsha Island during the research period were as follows:
average temperature = 25.9 ± 3.1 ◦C; average wind speed = 5.2 ± 2.4 m s−1; average relative
humidity = 85% ± 3.6%; and average annual accumulated precipitation = 1700 mm. In this study,
March–May was considered spring, June–August was summer, September–November was autumn,
and December–February was winter. The temperature began to increase in March, reaching the highest
average temperature (28–31 ◦C) between July and September and the lowest (18–20 ◦C) between
January and February. The precipitation and temperature trends were similar, with a wet season in the
summer and dry season in the winter. Regarding variation of wind direction, the north-east monsoon
was in effect across winter, spring, and autumn, whereas the south-west monsoon occurred in summer;
however, the wind direction was prone to drastic changes from June to August because of typhoons.
The wind speed was higher in autumn (3.4–8.9 m s−1) and winter (5.4–8.0 m s−1) than it was in spring
(3.5–6.7 m s−1) and summer (2.5–3.8 m s−1).

In addition to collecting meteorological data, this study employed the hybrid single-particle
Lagrangian integrated trajectory (HYSPLIT) model established by the US National Oceanic and
Atmospheric Administration to illustrate air mass back trajectories (AMBTs) for determining the
source of air masses during the sampling period. Such trajectories can be used as an auxiliary tool for
estimating the source of suspended particles collected in a region. Because the air masses that affected
the sampling point were generated approximately 3 days prior to testing, the reversal time in this
study was set to 72 h. Referring to the height parameters set by [31], 100, 500, and 1000 m represented
the airflow trajectories for estimating the airflow transmission pathway and air mass sources of the
research area at low, medium, and high altitudes, respectively. According to the classification method
developed by [32], the sources of airflow trajectories during sampling can be divided into three
categories according to regional characteristics:

(1) Northern sources: air masses originating from inland and north-eastern China that are transported
by the north-east monsoon.

(2) Southern sources: air masses originating from the Indochinese Peninsula and SCS that are
transported by the south-west monsoon.

(3) Marine sources: air masses originating from high-pressure areas over the Pacific Ocean that do
not pass over land.
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Based on the seasons, the backward trajectories of air masses during the study period were
statistically analyzed (Table 3). The majority of air masses (157 samples; 65%) recorded on Dongsha
Island originated from northern sources. They often developed from autumn and winter, during the
north-east monsoon, into the following spring. The other main source of air masses was southern
sources (75 samples; 31%), which principally occurred in summer when the southwest monsoon
prevailed. A total of 8 (3%) air masses originated from marine sources, primarily during summer.

Table 3. Seasonal statistics of air mass back trajectories (AMBTs).

North (n = 157) South (n = 75) Sea (n = 8)

Spring 82% 15% 3%
Summer 0% 90% 10%
Autumn 83% 17% 0%
Winter 97% 3% 0%

3.2. Concentration of Major Water-Soluble Ions

Major ions are also known as the conservative elements in seawater [33], comprising Na+,
K+, Mg2+, Ca2+, Cl−, and SO4

2−. The sources of these ions can be divided into natural and
anthropogenic: natural sources include ocean–atmosphere exchange, weathering, and forest fires,
whereas anthropogenic sources include substances generated from fossil fuel and biomass combustion
as well as emissions from factories and vehicles [34]. Analyzing the relative concentration and
composition ratio of ions can determine their sources.

The concentration of sea salt ions during sampling is shown in Table 4 for Na+ (23.4–771 nmol m−3,
average of 280 ± 165 nmol m−3); Cl− (16.5–751 nmol m−3, average of 240 ± 149 nmol m−3); and Mg2+

(1.40–80.9 nmol m−3, average of 30.2 ± 18.4 nmol m−3). Figure 2 shows that temporal variations
in the concentration of sea salt ions were similar. November 2007 (winter) was the month with the
highest monthly average concentration of Na+ (570 ± 173 nmol m−3), Cl− (478± 155 nmol m−3),
and Mg2+ (63.4± 17.0 nmol m−3). August 2008 (summer) was the month with the lowest monthly
average concentrations of Na+ (102 ± 65.9 nmol m−3), Cl− (101 ± 76.4 nmol m−3), and Mg2+

(9.46± 7.22 nmol m−3). Comparing these findings with the meteorological data reveals that high
concentrations of sea salt ions are related to wind speed. This is because the high wind speed of the
northeast monsoon creates conditions more conducive to sea spray than the conditions in spring or summer.

Table 4. Monthly average wind speeds (m/s) and concentrations (nmol m−3) of major ions and
non-sea-salt (NSS) ions in total suspended particle (TSP) samples *.

Wind Speeds Na+ Mg2+ Cl− nss-SO4
2− nss-K+ nss-Ca2+

April 2007 5.1 ± 1.3 343 ± 102 36.0 ± 11.1 281 ± 106 122 ± 85.4 5.45 ± 5.41 8.44 ± 3.74
May 2007 3.6 ± 0.8 211 ± 90.4 24.5 ± 11.4 181 ± 75.2 131 ± 98.0 7.31 ± 5.70 10.7 ± 5.34
June 2007 3.0 ± 0.9 123 ± 57.3 12.2 ± 6.35 136 ± 57.4 18.5 ± 6.25 1.05 ± 0.47 2.70 ± 0.75
July 2007 3.3 ± 0.7 123 ± 73.2 12.2 ± 7.69 134 ± 76.3 25.0 ± 6.29 1.77 ± 0.60 4.34 ± 1.49

August 2007 3.8 ± 1.7 229 ± 193 24.5 ± 21.8 254 ± 199 23.2 ± 17.6 2.13 ± 1.55 3.68 ± 1.18
September 2007 3.6 ± 1.6 201 ± 162 24.0 ± 18.3 170 ± 148 155 ± 155 13.4 ± 14.6 9.12 ± 7.75

October 2007 6.3 ± 1.3 414 ± 148 47.7 ± 16.6 356 ± 150 140 ± 76.1 7.93 ± 7.42 9.21 ± 3.78
November 2007 8.9 ± 1.4 570 ± 173 63.4 ± 17.0 478 ± 155 136 ± 37.1 9.69 ± 3.16 13.1 ± 2.72
December 2007 6.6 ± 1.8 344 ± 96.2 35.2 ± 12.0 235 ± 74.9 170 ± 73.4 12.3 ± 5.97 11.7 ± 6.67

January 2008 6.4 ± 2.5 381 ± 105 36.6 ± 11.8 317 ± 113 83.2 ± 45.8 3.88 ± 3.80 6.38 ± 4.82
February 2008 7.5 ± 1.1 330 ± 101 36.2 ± 10.2 232 ± 109 203 ± 45.1 14.9 ± 6.36 9.59 ± 4.59

March 2008 5.3 ± 1.3 295 ± 94.7 34.0 ± 8.12 201 ± 91.5 160 ± 52.1 11.3 ± 5.30 12.2 ± 5.19
April 2008 3.5 ± 1.3 205 ± 108 21.3 ± 11.9 156 ± 78.3 90.7 ± 29.7 5.66 ± 2.14 8.36 ± 3.19
May 2008 3.6 ± 2.0 220 ± 169 24.3 ± 18.6 158 ± 116 116 ± 66.6 6.85 ± 2.92 9.56 ± 4.31
June 2008 3.5 ± 0.9 173 ± 94.2 16.2 ± 8.97 182 ± 114 17.6 ± 7.54 1.84 ± 0.60 5.00 ± 1.73
July 2008 2.9 ± 1.1 146 ± 75.2 13.9 ± 7.31 145 ± 81.7 17.3 ± 8.15 2.70 ± 0.61 4.24 ± 1.50

August 2008 2.5 ± 0.9 102 ± 65.9 9.46 ± 7.22 101 ± 76.4 23.6 ± 12.3 2.34 ± 1.10 4.67 ± 0.89
September 2008 3.4 ± 1.9 149 ± 169 15.7 ± 18.4 128 ± 187 126 ± 130 7.45 ± 6.79 9.57 ± 4.65

October 2008 6.3 ± 2.3 288 ± 82.1 30.4 ± 10.0 242 ± 82.8 111 ± 65.1 7.38 ± 5.98 9.20 ± 3.49
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Table 4. Cont.

Wind Speeds Na+ Mg2+ Cl− nss-SO4
2− nss-K+ nss-Ca2+

November 2008 7.5 ± 1.6 393 ± 96.4 41.3 ± 11.2 345 ± 107 66.8 ± 109 5.45 ± 4.14 6.87 ± 2.18
December 2008 7.8 ± 1.6 458 ± 104 50.1 ± 10.9 396 ± 137 109 ± 73.0 11.5 ± 7.80 13.1 ± 4.99

January 2009 8.0 ± 2.0 393 ± 145 42.8 ± 15.5 342 ± 134 76.1 ± 27.5 8.98 ± 4.60 8.64 ± 2.96
February 2009 5.4 ± 2.6 309 ± 151 34.4 ± 16.7 291 ± 166 58.9 ± 25.2 4.73 ± 1.91 7.19 ± 1.26

March 2009 6.7 ± 1.7 333 ± 104 38.4 ± 11.9 306 ± 85.5 69.7 ± 15.8 4.75 ± 1.46 10.6 ± 3.40

Average 5.2 ± 2.4 280 ± 165 30.2 ± 18.4 240 ± 149 93.8 ± 80.6 6.70 ± 6.33 8.26 ± 4.73

* The daily wind speeds and concentrations of major ions and non-sea-salt (nss) ions can be found in Supplementary 1.

Figure 2. Variations in the monthly average concentrations of sea-salt ions.

A scatter plot of Na+ versus sea salt ions (i.e., Cl− and Mg2+) is presented in Figure 3, showing
a molar concentration ratio Cl−/Na+ of 0.85 (r = 0.94; p < 0.05). That this ratio is significantly lower
than that of Cl−/Na+ in seawater (1.17) suggests that chloride depletion occurred [7]. The annual
average chlorine depletion during the study period was 25%. February 2008 (winter) exhibited the
highest percentage (42%) of chlorine depletion and August 2007 (summer) the lowest percentage
(4.2%). Keen et al. noted that Mg2+ is an ideal indicator for marine sources [35]. In this study, the molar
concentration ratio Mg2+/Na+ was 0.11 (r = 0.99; p < 0.05), which was consistent with that in seawater.
However, the concentration of Mg2+ was lower than that of Na+. Based on the relative concentrations
of Na+ and Mg2+, Na+ can still be regarded as the most suitable indicator for sea salt sources [36].

Figure 3. Cont.
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Figure 3. Linear regression diagrams of (a) Cl− and (b) Mg2+ vs. Na+.

The molar concentration ratios K+/Na+, Ca+2/Na+, and SO4
2−/Na+ were 0.04, 0.05, and 0.34,

respectively, which were higher than those in seawater (0.02, 0.02, and 0.06, respectively). In addition
to sea salt sources, these three ions were inferred to have other sources on Dongsha Island. Chen and
Chen subtracted the ratio of these three ions in seawater from their concentration and then defined the
obtained values as the concentrations of NSS ions (nmol m−3) [31]; this process was referenced for the
following formulas:

[nss-K+] = [K+] − 0.02 × [Na+] (6)

[nss-Ca2+] = [Ca2+] − 0.02 × [Na+] (7)

[nss-SO4
2−] = [SO4

2−] − 0.06 × [Na+] (8)

where [Na+], [K+], [Ca2+], and [SO4
2−] are the concentrations of sodium, potassium, calcium,

and sulfate ions, respectively, and [nss-K+], [nss-Ca2+], and [nss-SO4
2−] are the concentrations of

NSS potassium, NSS calcium, and NSS sulfate ions, respectively.
In the environment, these NSS ions can be regarded as indicators of different sources: NSS

potassium ions (nss-K+) are mainly derived from biomass combustion and agricultural activities; NSS
calcium ions (nss-Ca2+) primarily originate from windblown soil, a crustal source; and NSS sulfate
ions (nss-SO4

2−) are mainly generated by anthropogenic activities such as fossil fuel combustion and
factory and vehicle emissions [37–39].

The variation in concentration of NSS ions during the sampling period is detailed in Table 4:
nss-K+ (0.04–45.6 nmol m−3; average of 6.70 ± 6.33 nmol m−3); nss-Ca2+ (1.16–25.6 nmol m−3; average
of 8.26 ± 4.73 nmol m−3); and nss-SO4

2− (0.27–437 nmol m−3; an average of 93.8 ± 80.6 nmol m−3).
The trend chart of monthly average concentration of NSS ions (Figure 4) shows that the highest monthly
concentration of nss-Ca2+ (13.1 ± 4.99 nmol m−3) appeared in December 2008 (winter), and the highest
monthly concentrations of nss-K+ (14.9 ± 6.36 nmol m−3) and nss-SO4

2− (203 ± 45.1 nmol m−3)
were in February 2008 (spring). By contrast, the lowest monthly concentrations of nss-K+

(1.05 ± 0.47 nmol m−3) and nss-Ca2+ (2.70 ± 0.75 nmol m−3) appeared in June 2007 (summer), and
the lowest monthly average concentration of nss-SO4

2− (17.3 ± 8.15 nmol m−3) was in July 2008
(summer). The seasonal variation trends of nss-K+ and nss-SO4

2− were consistent with the degree of
chlorine depletion, indicating that the chlorine depletion of atmospheric aerosols on Dongsha Island
was related to aerosols generated from biomass and fossil fuel combustion.
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Figure 4. Variations in the monthly average concentrations of non-sea-salt ions.

3.3. Concentrations of Water-Soluble Total Nitrogen (WSTN), Water-Soluble Inorganic Nitrogen (WSIN),
and Water-Soluble Organic Nitrogen (WSON) Species

Table 5 indicates that the average concentration of NH4
+ was 78.4± 67.2 nmol m−3, with the highest

monthly average value occurring in September 2007 (155 ± 145 nmol m−3) and the lowest in July 2008
(16.0± 3.37 nmol m−3). The highest and lowest monthly concentrations were accompanied by the relatively
high and low concentrations of nss-SO4

2− and nss-K+, respectively, indicating the strength of anthropogenic
activities. Mainly used in agricultural activities such as animal husbandry and synthetic fertilizers, NH4

+

can easily form secondary aerosols with sulfates and nitrates [40–42]. In this study, the molar ratio
NH4

+/nss-SO4
2− in the atmosphere of the research area was 0.80 (Figure 5), indicating that NH4

+ on
Dongsha Island was chiefly in the form NH4HSO4. Similarly, the molar ratio obtained by [7] in the SCS
(1.44) was <2, indicating that the anthropogenically derived NH4

+ was insufficient for an NSS sulfate
reaction. However, the aforementioned results contradict research conducted by [43] in Beijing and [15]
on Huaniao Island, locations that have been heavily influenced by anthropogenic activities. The molar
ratios NH4

+/nss-SO4
2− in their studies were 2.50–3.54 (Beijing) and 2.3 (Huaniao Island); these areas are

dominated by (NH4)2SO4 because the anthropogenically derived NH4
+ in these locations is sufficient for the

NSS sulfate reaction.

Table 5. Monthly average concentrations (nmol m−3) of the nitrogen species in TSP samples *.

NH4
+ NO3

− WSIN # WSON # WSTN #

April 2007 66.1 ± 45.3 41.4 ± 12.2 104 ± 54.2 137 ± 32.6 240 ± 80.7
May 2007 115 ± 95.0 48.0 ± 32.0 156 ± 116 115 ± 86.5 271 ± 197
June 2007 19.1 ± 9.32 18.5 ± 7.26 38.2 ± 15.2 40.7 ± 15.2 78.9 ± 25.6
July 2007 21.4 ± 5.86 27.6 ± 7.18 49.4 ± 9.32 40.7 ± 22.0 90.1 ± 20.0

August 2007 27.6 ± 33.9 18.1 ± 8.30 46.0 ± 40.5 50.4 ± 28.1 96.4 ± 68.2
September 2007 155 ± 145 77.7 ± 37.6 201 ± 155 63.8 ± 18.9 265 ± 170

October 2007 118 ± 61.5 81.6 ± 13.6 201 ± 66.7 42.1 ± 24.6 243 ± 69.0
November 2007 107 ± 26.9 70.5 ± 13.8 178 ± 37.5 54.2 ± 22.5 232 ± 46.7
December 2007 130 ± 55.3 74.1 ± 18.8 205 ± 69.0 57.5 ± 14.4 263 ± 78.4

January 2008 77.1 ± 29.1 65.8 ± 20.3 144 ± 43.6 65.4 ± 16.4 209 ± 50.6
February 2008 127 ± 47.7 70.9 ± 26.3 202 ± 75.6 101 ± 32.7 303 ± 101

March 2008 110 ± 48.9 81.4 ± 20.7 205 ± 82.2 159 ± 34.9 363 ± 110
April 2008 52.0 ± 31.6 62.8 ± 21.2 121 ± 46.0 126 ± 23.1 247 ± 59.3
May 2008 110 ± 51.8 52.2 ± 22.6 162 ± 72.8 127 ± 52.3 290 ± 109
June 2008 20.6 ± 11.4 24.6 ± 8.49 45.5 ± 17.6 63.8 ± 24.8 109 ± 36.5
July 2008 16.0 ± 3.37 22.3 ± 6.44 39.0 ± 7.07 61.6 ± 23.0 101 ± 27.8

August 2008 22.8 ± 19.5 22.2 ± 8.60 45.5 ± 25.0 54.7 ± 19.9 100 ± 43.2
September 2008 117 ± 107 56.6 ± 30.1 170 ± 117 83.2 ± 36.0 254 ± 129

October 2008 101 ± 64.6 59.8 ± 26.6 161 ± 89.4 104 ± 31.4 266 ± 113
November 2008 64.8 ± 47.5 62.5 ± 19.2 133 ± 61.8 112 ± 40.0 246 ± 91.2
December 2008 98.9 ± 63.6 79.6 ± 25.4 179 ± 84.3 77.4 ± 27.4 256 ± 101

January 2009 62.9 ± 34.2 76.8 ± 11.9 143 ± 51.7 77.4 ± 27.0 220 ± 42.7
February 2009 73.2 ± 28.3 49.5 ± 21.1 123 ± 46.2 100 ± 28.6 224 ± 73.8

March 2009 68.6 ± 29.7 57.8 ± 18.2 127 ± 42.8 126 ± 29.7 253 ± 50.2

Average 78.4 ± 67.2 54.3 ± 28.7 132 ± 87.9 85.0 ± 46.1 217 ± 115
# WSIN, WSON and WSTN represent water-soluble inorganic nitrogen, organic nitrogen (WSON) and total nitrogen
(WSTN), respectively. * The daily concentrations of the nitrogen species can be found in Supplementary 2.
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Figure 5. Concentrations of NH4
+ versus nss-SO4

2− in aerosols; the solid line represents
equi-concentration line for NH4

+ and nss-SO4
2−.

Figure 6 shows that the temporal variation of NO3
− concentration (average 53.4 ± 28.7 nmol m−3)

in the present study was consistent with that of NH4
+, with the highest monthly average value in October

2007 (81.6 ± 13.6 nmol m−3) and lowest in August 2007 (18.1 ± 8.30 nmol m−3). As a nitrogen oxide
(NOx) generated from fossil fuel combustion, NO3

− can rapidly form through nitric acid reaction in
aerosol and become the main source of atmospheric nitrate [44]. Pryor and Sørenson stated that nitric acid
significantly contributes to the deposition of total nitrogen because of its high solubility [45]; specifically,
the nitrate in marine environments combines with sea salt particles through atmospheric transmission.

Figure 6. Variations in the monthly average concentrations of NH4
+ and NO3

−.

Figure 7 reveals that the seasonal variations of WSIN, WSON, and WSTN exhibited similar trends. The
average concentrations of WSIN, WSON, and WSTN were 132± 87.9, 85± 46, and 217± 115 nmol m−3,
respectively. The WSIN, WSON, and WSTN mostly originated from northern sources, and the highest
monthly average concentration usually occurred in spring or winter. By contrast, the lowest monthly average
concentration usually occurred in summer, at which point the WSIN, WSON, and WSTN had southern
sources. Recorded concentrations of WSTN collected in the Asian marginal sea area (Table 6; Figure 8) range
from approximately 50 to 350 nmol m−3, with the highest value of 321 nmol m−3 [46] collected in the East
China Sea, which was mainly affected by the emission of anthropogenically derived Nr species in China.
The remaining concentrations are as follows, presented in descending order: 196 nmol m−3 in the SCS [20];
91 nmol m−3 in the north-west Pacific Ocean [47]; and 58 nmol m−3 in the Bay of Bengal [48].
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Table 6. Nitrogen species concentration in atmospheric suspended particle from different sites around the world.

Sampling Periods Location Station Type
WSIN WSON WSTN

Reference
nmol m−3 % nmol m−3 % nmol m−3

May 2007–July 2009 Miaimi, USA Coastal city 51 ± 26 96 ± 69 2.4 ± 3.1 4 ± 6 53 ± 26 [49]
August–September 2007 & 2008 Barbados, Atlantic Ocean Island 20 ± 8.8 94 ± 57 1.3 ± 1.5 6 ± 7 21 ± 8.9 [49]

March 2014–April 2015 Erdemli, Turkey Coastal city 40 ± 28 63 ± 54 24 ± 16 37 ± 32 64 ± 33 [50]
August 2003–September 2005 Eilat, Israel Coastal city 65 ± 24 89 ± 47 8 ± 5 11 ± 8 73 ± 28 [51]

March–April 2006 northern Indian Ocean Marginal sea 47 81 11 19 58 [48]
May 2007–Oct 2009 western Pacific Ocean Open ocean 11 ± 4.8 72 ± 39 4.3 ± 1.7 28 ± 15 15 ± 5.1 [52]
March–April 2014 northwestern Pacific Ocean Open ocean 80 ± 55 88 ± 80 11 ± 7 12 ± 11 91 ± 55 [47]

April 2010–November 2012 Rishiri Island, Japan Island 35 ± 11 86 ± 37 5.5 ± 4.1 14 ± 11 41 ± 12 [53]
March–April 2006 Qindao, China Coastal city 783 81 180 19 963 [20]
January–July 2013 Beijing, China Inland city 758 79 204 21 962 [54]

July 2008–August 2009 Xian, China Inland city 377 ± 349 56 ± 71 300 ± 263 44 ± 55 677 ± 594 [55]
March–May 2015 East China Sea Marginal sea 219 68 102 32 321 [46]

January–December 2006 Keelung, Taiwan Coastal city 213 ± 81 74 ± 38 76 ± 28 26 ± 13 289 ± 102 [17]
September 2015–March 2017 Daya Bay, China Coastal city 19 ± 18 36 ± 40 33 ± 22 63 ± 56 52 ± 29 [56]

August 2013–May 2014 Guangzhou, China Coastal city 260 ± 180 86 ± 81 43 ± 32 14 ± 11 303 ± 196 [57]
April–May 2005 South China Sea Marginal sea 131 67 65 33 196 [20]

March–April 2007 Singapore Coastal city 98 ± 35 70 ± 35 43 ± 27 30 ± 22 141 ± 50 [58]
April 2007–March 2009 Dongsha, Taiwan Island 132 ± 88 63 ± 53 79 ± 42 37 ± 27 211 ± 112 This study
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Figure 7. Variations in the monthly average concentrations of WSIN, WSON and WSTN.

For locations north of 30◦ N in Asia, particularly in China, the recorded average WSTN
concentrations range from approximately 300 to 1000 nmol m−3: 962 nmol m−3 in Beijing [54],
963 nmol m−3 in Qingdao [20], and 677 ± 594 nmol m−3 in Xi’an [55]. These results indicate that
China emits large amounts of Nr from industrial activities. Compared with China, Jeju Island in
Korea [59] and Rishiri Island in Japan [53] have relatively low concentrations of WSTN. For locations
south of 30◦ N in Asia, the WSTN concentration ranges from approximately 50 to 300 nmol m−3:
303 ± 196 nmol m−3 in Guangzhou [57]; 289 ± 102 nmol m−3 in Keelung [17]; 211 ± 112 nmol m−3

on Dongsha Island; 141 ± 50 nmol m−3 in Singapore [58]; and 52 ± 29 nmol m−3 in Daya Bay [56].
From the aforementioned results, WSTN concentrations in Asia gradually diminish from north to

south, with China exhibiting the highest concentrations, mainly induced by direct or indirect emissions
from anthropogenic activities. The majority of locations north of 30◦ N exhibited an organic nitrogen
ratio of <20% (10–20%), except for the East China Sea (32%) [46]. Locations south of 30◦ N exhibited
an organic nitrogen ratio of 14–39%, with the majority of locations having a ratio >30%, except for
Guangzhou (14%) [57]. Notably, the worldwide organic to total nitrogen ratio is approximately
26–30% [60,61], which is higher than that in locations north of 30◦ N. A possible explanation is
excessive concentrations of inorganic nitrogen, which caused the ratio of organic nitrogen to decrease;
this shows that anthropogenic activities in China contribute considerably to nitrogen deposition in the
surrounding marine ecosystem.



Atmosphere 2018, 9, 386 14 of 24

Figure 8. Comparison of WSIN and WSON in aerosols between Dongsha Island and around East Asia.

3.4. Correlation Analysis and Principal Component Analysis (PCA)

To determine the correlations among species, IBM SPSS Statistics 22 was employed for correlation
analysis. Table 7 shows that there was strong correlation among sea salt ions (Na+, Mg2+, and Cl−;
r = 0.92–0.99), and sea salt ions were also significantly correlated with wind speed (r = 0.72–0.82). Thus,
seawater was the main source of sea salt ions. High wind speed causes seawater to form sea salt
particles, which further affects the concentration of sea salt ions. The correlation between Ca2+ and sea
salt ions was relatively strong (r = 0.65–0.77), and Ca2+ was highly correlated with nss-Ca2+ (r = 0.87)
and wind speed (r = 0.71); nss-Ca2+ originates from crustal sources and is especially susceptible to
influence by Asian dust in the spring [7]. This result is consistent with that obtained in a study by [31]
on aerosols in the southern East China Sea, indicating that terrestrial substances from continental Asia
can reach the SCS. K+ was moderately correlated with sea salt ions (r = 0.41–0.64), highly correlated
with nss-K+ (r = 0.89), and moderately correlated with wind speed (r = 0.62), which indicates that
aerosols within this region are also affected by biomass combustion [38]. SO4

2− was strongly correlated
with nss-SO4

2− (r = 0.99) and moderately correlated with wind speed (r = 0.41), suggesting that aerosols
within this region are affected by fossil fuel combustion. Chlorine depletion was highly correlated
with nss-K+ (r = 0.62) and nss-SO4

2− (r = 0.73), indicating that aerosols within this area are still affected
by anthropogenic activities despite the >100 km distance from continental Asia.

WSTN was highly correlated with nitrogen species (r = 0.72–0.93), with r = 0.72 for WSTN and
WSON and r = 0.93 for WSTN and WSIN. By contrast, WSON and WSIN were moderately correlated
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(r = 0.41). WSIN was highly correlated with NO3
− (r = 0.88) and NH4

+ (r = 0.96). Except for WSON
(r = 0.39), chlorine depletion was well correlated with other nitrogen species (r = 0.57–0.66); this
disparity may be a result of the complex sources of WSON. In addition, nss-SO4

2− was positively
correlated with nitrogen species (r = 0.40–0.91), exhibiting a moderate correlation with WSON (r = 0.40)
and strong correlation with NH4

+ (r = 0.91). Because nss-SO4
2− is an indicator of fossil fuel combustion,

this result was presumably affected by the products of anthropogenic activities, which were transported
by the north-east monsoon. The correlation coefficient between nss-Ca2+ and nitrogen species ranged
from 0.39 to 0.78, with the highest correlation being between nss-Ca2+ and WSIN (r = 0.78); this indicates
that WSIN is related to continental substances. The correlations between nss-K+ and nitrogen species
were 0.29–0.84, with the highest correlation being between nss-K+ and NH4

+ (r = 0.84), suggesting that
biomass combustion was a primary source. According to the correlation analysis of nitrogen species
and major ions, the sources of WSON might be more complicated than and differ from those of other
nitrogen species.

To further understand the source of nitrogen species in aerosols of the region, Statistica version
12 was used to conduct principal component analysis (PCA), the results of which are presented in
Table 8. The objective was to distinguish possible sources of TSPs in the northern SCS. Three factors
were extracted, and variables with a factor loading >0.8 were considered sufficient to explain the
significance of the principal components in this study. The variables in factor 1 consisted of NH4

+,
NO3

−, WSIN, SO4
2−, K+, Ca2+, nss-SO4

2−, nss-K+, and nss-Ca2+, and the total variance explained
was 62.2%. NO3

− (−0.87) and nss-SO4
2− (−0.91) are generally considered products of fossil fuel

combustion; nss-K+ (−0.86) is an indicator of biomass combustion; NH4
+ (−0.88) originates from

fertilizer use and livestock waste [20]; and nss-Ca2+ (−0.87) has crustal sources. Therefore, factor 1
was classified as components of fossil fuel and biomass combustion and crustal sources. The explained
variance for factor 2 was 20.5%; the variables contained marine source indicators including the ions Na+

(0.86), Cl− (0.94), and Mg2+ (0.82); therefore, factor 2 was classified as marine sources [31]. The partial
explained variance for factor 3 was 6.4%, and the only variable was WSON (0.84). The factor loadings
for WSON in factors 1 and 2 were −0.46 and −0.22, respectively, indicating that the air mass sources
of WSON in aerosols of the SCS were relatively complex [32] and rarely affected by marine or crustal
sources. The total explained variance, which was 89.1% (Figure 9), contained factors 1 (continental
sources), 2 (marine sources), and 3 (general sources), indicating the complexity of aerosol sources in
the SCS. In summary, the results of PCA revealed that continental and anthropogenic aerosols have a
considerable effect on the SCS. Understanding the mechanism of WSON formation provides a more
comprehensive explanation of the sources and compositions of aerosols.
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Table 7. Correlation matrix of the species in TSP samples.

NO3
− NH4

+ WSIN WSON WSTN Na+ Mg2+ Cl− K+ Ca2+ SO4
2− nss-K+ nss-Ca2+ nss-SO4

2− Cl− Depletion Wind Speed

NO3
− 1

NH4
+ 0.77 ** 1

WSIN 0.88 ** 0.96 ** 1
WSON 0.39 ** 0.35 ** 0.41 ** 1
WSTN 0.83 ** 0.88 ** 0.93 ** 0.72 ** 1

Na+ 0.42 ** 0.14 ** 0.26 ** 0.07 0.23 ** 1
Mg2+ 0.47 ** 0.21 ** 0.33 ** 0.11 0.30 ** 0.99 ** 1
Cl− 0.25 ** −0.05 0.06 −0.03 0.04 0.94 ** 0.92 ** 1
K+ 0.76 ** 0.76 ** 0.81 ** 0.27 ** 0.73 ** 0.59 ** 0.64 ** 0.41 ** 1

Ca2+ 0.70 ** 0.58 ** 0.67 ** 0.30 ** 0.63 ** 0.77 ** 0.82 ** 0.65 ** 0.85 ** 1
SO4

2− 0.76 ** 0.90 ** 0.90 ** 0.40 ** 0.84 ** 0.34 ** 0.40 ** 0.12 0.86 ** 0.70 ** 1
nss-K+ 0.69 ** 0.84 ** 0.84 ** 0.29 ** 0.76 ** 0.14 ** 0.21 ** −0.04 0.89 ** 0.59 ** 0.85 ** 1

nss-Ca2+ 0.71 ** 0.74 ** 0.78 ** 0.39 ** 0.75 ** 0.37 ** 0.44 ** 0.22 ** 0.79 ** 0.87 ** 0.76 ** 0.76 ** 1
nss-SO4

2− 0.73 ** 0.91 ** 0.90 ** 0.40 ** 0.85 ** 0.23 ** 0.29 ** 0.01 0.81 ** 0.63 ** 0.99 ** 0.86 ** 0.75 ** 1
Cl− depletion 0.57 ** 0.64 ** 0.66 ** 0.39 ** 0.66 ** 0.17 ** 0.20 ** −0.12 0.59 ** 0.42 ** 0.72 ** 0.62 ** 0.49 ** 0.73 ** 1
Wind speed 0.53 ** 0.25 ** 0.39 ** 0.11 0.34 ** 0.82 ** 0.82 ** 0.72 ** 0.62 ** 0.71 ** 0.41 ** 0.29 ** 0.41 ** 0.33 ** 0.24 ** 1

** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed).
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Figure 9. Projection of the variables on the factor plane 1 × 2 of the principal component analysis (PCA).

Table 8. Varimax-rotated factor matrix and corresponding probable sources of the northern South
China Sea aerosols.

Factor 1 Factor 2 Factor 3

NH4
+ −0.884 −0.336 0.139

NO3
− −0.871 0.003 0.048

WSIN −0.936 −0.224 −0.047
WSON −0.464 −0.218 0.840
WSTN −0.903 −0.260 0.301

Cl− −0.281 0.944 0.050
Na+ −0.488 0.855 0.044

Mg2+ −0.553 0.818 0.049
SO4

2− −0.941 −0.157 −0.102
K+ −0.929 0.166 0.193

Ca2+ −0.845 0.456 0.003
nss-SO4

2− −0.915 −0.267 −0.111
nss-K+ −0.855 −0.287 0.261

nss-Ca2+ −0.865 0.013 −0.030
Cl− depletion % −0.699 −0.297 0.037

Eigenvalue 9.336 3.072 0.957
% Total variance 62.24 20.48 6.38
Cumulative % 62.24 82.72 89.10

Probable source Combustion, Biomass burning and crustal sources Marine source Combined sources

3.5. Fluxes of Nitrogen Species

To determine the effects of the atmospheric transmission of nitrogen species on the
biogeochemistry of the SCS, this study quantified the input of nitrogen species by calculating the dry
deposition flux. The formula for flux (F in unit of µmol m−2 d−1) estimation is as follows [47]:

F = Cd × Vd (9)
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where Cd denotes the concentration of the water-soluble nitrogen species (mmol m−3) and Vd represents
the deposition rate of aerosols (cm s−1).

Hoppel et al. indicated that particle size ranges from 0.1 to 100 µm, and the rate of dry deposition
can vary by three orders of magnitude [62]. In general, NH4

+ concentrates on particles of size 0.1–1 µm,
whereas the majority of NO3

− is coarse particles of 1–10 µm [62]. However, any compound or element
calculated using a fixed deposition rate may cause underestimation or overestimation of the flux [40].
The samples collected in this study were total suspended particle (TSP), the particle size of which is
indistinguishable according to models and experiments with aerosol deposition on ocean surfaces and
the size distribution of NO3

− and NH4
+ in particles [31,62–64]. In the present study, the deposition

rates of NO3
− and NH4

+ were taken as 1.2 and 0.1 cm s−1, respectively [65,66]. The flux of WSIN was
defined as the sum of the NO3

− and NH4
+ fluxes.

Lesworth et al. and Srinivas et al. revealed that the particle size distribution of WSON is
wide-ranging [67,68]. This is because 1 cm s−1 is similar to the deposition rate of the top layer of the
atmospheric boundary layer; thus, obtained WSON flux can represent the top layer of the atmospheric
boundary layer [47]. In addition, Chen et al. noted that the ratio of coarse to fine particles (C/F ratio)
for WSON is 0.88. The deposition rates of coarse and fine particles (i.e., 2 and 0.1 cm s−1) can be
employed to derive the deposition rate (~1 cm s−1) of WSON in TSPs, indicating that this deposition
rate is optimal for estimating the dry deposition flux of WSON [32].

During the study period, the average daily flux of WSTN on Dongsha Island (Table 9)
was 137 ± 62.1 µmol m−2 d−1, of WSIN was 63.0 ± 34.4 µmol m−2 d−1, and of WSON was
73.5 ± 39.9 µmol m−2 d−1, yielding a ratio of 46:54 as the flux of WSIN to WSON. If the flux was estimated
based on its air mass source, WSTN with northern sources reached 167 ± 50.4 µmol m−2 d−1, southern
sources reached 79.0 ± 35.5 µmol m−2 d−1, and marine sources reached 73.3 ± 19.1 µmol m−2 d−1.
The WSTN flux of the northern air masses was more than two times those of the southern and marine air
masses, indicating that the atmospheric WSTN on Dongsha Island originated from terrigenous materials
or anthropogenic activities from northern sources, and the flux ratio of northern, southern, and marine
sources was approximately 80:18:2.

Table 9. Daily average fluxes (µmol m−2 day−1) of the nitrogen species in TSP samples.

WSTN WSON WSIN

April 2007 167 ± 36.9 118 ± 28.2 48.7 ± 16.1
May 2007 159 ± 110 99.4 ± 74.8 59.7 ± 40.4
June 2007 56.0 ± 18.3 35.2 ± 13.1 20.9 ± 8.10
July 2007 65.6 ± 14.5 35.2 ± 19.0 30.4 ± 7.46

August 2007 64.7 ± 34.9 43.5 ± 24.3 21.2 ± 11.0
September 2007 149 ± 63.2 55.2 ± 16.4 94.0 ± 50.4

October 2007 131 ± 24.2 36.3 ± 21.3 94.8 ± 16.5
November 2007 129 ± 29.2 46.8 ± 19.4 82.3 ± 15.9
December 2007 138 ± 31.8 49.7 ± 12.5 88.1 ± 22.8

January 2008 131 ± 28.0 56.5 ± 14.2 74.9 ± 22.5
February 2008 172 ± 52.0 87.6 ± 28.2 84.5 ± 30.8

March 2008 231 ± 48.7 137 ± 30.2 93.9 ± 25.2
April 2008 179 ± 36.9 109 ± 20.0 69.6 ± 24.1
May 2008 174 ± 65.3 110 ± 45.2 63.6 ± 27.6
June 2008 82.5 ± 28.7 55.1 ± 21.4 27.3 ± 9.40
July 2008 77.8 ± 24.2 53.2 ± 19.9 24.5 ± 6.66

August 2008 72.2 ± 26.1 47.2 ± 17.2 25.0 ± 9.80
September 2008 141 ± 58.2 71.9 ± 31.1 68.8 ± 39.1

October 2008 161 ± 56.0 90.1 ± 27.1 70.8 ± 32.7
November 2008 168 ± 54.1 97.2 ± 34.6 70.4 ± 23.6
December 2008 158 ± 49.1 66.8 ± 23.7 91.0 ± 30.7

January 2009 152 ± 20.8 66.8 ± 23.3 85.0 ± 14.7
February 2009 144 ± 47.8 86.8 ± 24.7 57.6 ± 23.7

March 2009 174 ± 37.3 109 ± 25.7 65.9 ± 20.4

Average 137 ± 62.1 73.5 ± 39.9 63.0 ± 34.4
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According to nitrogen flux data obtained globally, the WSIN flux in the pelagic zone is relatively
low at 2.6 mmol m−2 y−1 [40] in the Atlantic Ocean; 1.1 mmol m−2 y−1 [69] in the central Pacific Ocean;
and 0.8 mmol m−2 y−1 [69] in the southern Pacific Ocean. By contrast, the WSTN flux in marginal areas
of the north-western Pacific Ocean can reach up to 21 mmol m−2 y−1 [47]. The fluxes of these oceans
were all lower than that of the SCS (50 ± 23 mmol m−2 y−1), which may be because of the effect of the
monsoon patterns, which bring large amounts of terrigenous and anthropogenic materials to the SCS.

The WSTN flux in East Asia (Table 10) is relatively high in the Pearl River Delta regions of
southern China, such as Dinghu Mountain (104 mmol m−2 y−1) and the Hengmen area (96 mmol
m−2 y−1) [70]. Because these locations are inland north of the SCS, they are most directly affected
by anthropogenic activities. The WSTN flux in the southern East China Sea was measured at 61
mmol m−2 y−1 [17], whereas that in Singapore, located at the southern end of the SCS, was 54 ±
19 mmol m−2 y−1 [58]. Because these two locations both belong to densely populated areas, they
exhibit a higher flux than that recorded in the northern SCS in this study (50 ± 23 mmol m−2 y−1).
The decreasing distribution of nitrogen flux in the offshore area in Asia indicates that atmospheric Nr
is mainly affected by terrigenous materials and anthropogenic activities.

Table 10. Nitrogen species fluxes (mmol m−2 yr−1) in dry deposition from different site around the
East Asia.

Sampling Periods Location Station Type NO3
− NH4

+ WSIN WSON WSTN Reference

March–April 2014 North-western Pacific Ocean Open ocean 16 ± 20 1.7 ± 1.4 18 ± 20 2.8 ± 2.4 21 ± 22 [47]
March–May 2015 North-western Pacific Ocean Open ocean 8.0 0.5 8.5 4.0 12.5 [46]

April 2010–March 2011 Huaniao, China Island 37 4.35 41.35 [15]
January–December 2007 Dinghushan, China Coastal city 26 52 78 26 104 [70]

November 2006–October 2007 Hengmen, China Coastal city 27 39 66 30 96 [70]
September 2015–March 2017 Daya Bay, China Coastal city 8.46 0.93 9.44 16.33 25.77 [56]]

January–December 2006 Keelung, Taiwan Coastal city 5.6 ± 1.4 34 ± 15 39 ± 17 22 ± 9 61 ± 19 [17]
July 2010–March 2011 Dongsha, Taiwan Island 16 ± 14 7 ± 5 23 ± 15 [21]

April 2007–March 2009 Dongsha, Taiwan Island 21 ± 11 2.5 ± 2.1 23 ± 13 27 ± 15 50 ± 23 This study
March–April 2007 Singapore Coastal city 18 ± 5.7 10 ± 6.4 28 ± 8.6 16 ± 10 54 ± 19 [58]

3.6. Contribution of Atmospheric N Deposition to New Production in the South China Sea (SCS)

Oligotrophic open sea areas constitute the majority of global surface seawater (~75%), accounting
for more than 30% of global carbon fixation. These oligotrophic water bodies contribute substantially
to the global carbon cycle [71]. The transmission flux of particulate organic carbon acts as a physical
and biological pump for carbon dioxide by storing it deep in the ocean; thus, such flux plays a vital
role in the transmission of carbon dioxide from the atmosphere to the oceans [72]. The deposition of
atmospheric Nr species forms the external nitrogen supply of the SCS. Specifically, the effects of the
prevailing north-east monsoon and anthropogenic activities enable atmospheric nitrogen deposition to
bring new external production to the marine ecosystem of the SCS.

Yan and Kim used the bioavailability of nitrogen species to estimate the flux of new marine
production induced by atmospheric deposition [73], with organic nitrogen accounting for 20%–80%
and inorganic nitrogen for 100%. The present study calculated that the Nr species in atmospheric dry
deposition can provide seawater with 28.4–44.5 mmol N m−2 y−1 of primary production. A C/N ratio
of 6.625 in the Redfield ratio was used for conversion of the new production of the ocean’s external
nitrogen supply, which was approximately 0.52–0.81 mmol C m−2 d−1. Li et al. collected deposition
particles in sea areas near Dongsha Island using a drifting sediment trap and analyzed the concentration
of particulate organic carbon; they calculated the flux to be 9.24 ± 0.89 mmol C m−2 d−1 [74]. Based on
this figure, the input of the ocean’s external nitrogen supply contributes 5.6–8.7% of new production to
the ocean in the northern SCS. According to examination of the primary air mass source of atmospheric
input for the ocean’s external nitrogen supply, new production when air masses were from northern
sources was 36.1–54.8 mmol N m−2 y−1 (0.65–0.99 mmol C m−2 d−1), with a contribution of 7.1–10.8%.
The new production for southern sources was 13.9–25.1 mmol N m−2 y−1 (0.25–0.46 mmol C m−2 d−1),
with a contribution of 2.7–4.9%, and that for marine sources was 12.9–23.3 mmol N m−2 y−1

(0.23–0.42 mmol C m−2 d−1), with a contribution of 2.5–4.6%. The results show that the contribution of
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northern sources was greater than that of southern and marine sources, with a maximum contribution
of approximately 10%. Research in other parts of the world has found that the new production
contribution caused by the nitrogen species of atmospheric dry deposition can reach 28% in the
north-west Mediterranean [75], 25% in the Bay of Bengal [48], and approximately 8.2% in the southern
East China Sea [17].

4. Conclusions

This study estimated the sources of atmospheric nitrogen species and their effects on the nitrogen
cycle in the northern SCS. The results indicated that the chemical composition of atmospheric particles
in this region is significantly affected by the output from northern continental Asia (mainly in spring
and winter). In addition, comparisons between the results of this study and those in the literature
indicated that the concentration of water-soluble nitrogen species in East Asia diminishes from north
to south, with the highest concentration in northern China. The north and south also exhibited a
gap in ratio of organic to total nitrogen; the percentage was <20% for locations north of 30◦ N and
>30% for those south of 30◦ N. This finding shows that the concentration of organic nitrogen increases
from north to south because of the relatively high concentration of inorganic nitrogen in the north.
Furthermore, this study determined that the molar ratio NH4

+/nss-SO4
2− is 0.80, demonstrating that

NH4
+ on Dongsha Island is mainly in the form of NH4HSO4 because anthropogenically derived NH4

+

on Dongsha Island does not provide a sufficient amount for nss-SO4
2− reactions.

Correlation analysis revealed a significant correlation between sea salt ions (Na+, Mg2+, and Cl−),
and between sea salt ions and wind speed (r = 0.72–0.99), indicating that windblown sea spray
is the main source of sea salt ions in the northern SCS. However, the correlation between sea salt
ions and nitrogen species was weak (r < 0.50), indicating that marine sources were not the main
origin of nitrogen species. The highest correlation coefficient was that between nss-Ca2+ and WSIN
(r = 0.78), indicating that the source of WSIN was substances in the continental crust. The correlation
between nss-K+ and NH4

+ (r = 0.84) was the strongest, indicating that its source was related to
biomass combustion. Moderate correlation was observed between nss-SO4

2− and WSIN (r = 0.73–0.91),
implying that its source was fossil fuel combustion. Furthermore, PCA indicated that fossil fuel and
biomass combustion and crustal substances were the primary sources of inorganic nitrogen species
and NSS ions. In addition, sea salt ions with marine sources accounted for a significant proportion of
aerosols in the region. By contrast, the sources of organic nitrogen species were relatively complex.

During the research period, the daily average flux of WSTN in the atmospheric aerosol of the
northern SCS was 137 ± 62.1 µmol m−2 d−1, and the flux ratio of WSIN to WSON was approximately
46:54. The atmospheric input of the ocean’s external nitrogen supply to the waters of the region
engendered a new production rate of 0.52–0.81 mmol C m−2 d−1 and contributed to 5.6–8.7% of new
production in the northern SCS. Northern sources contributed up to 7.1–10.8% of new production,
whereas southern and marine sources accounted for 2.7–4.9% and 2.5–4.6%, respectively. This result
indicates that the ocean’s external nitrogen supply, provided by anthropogenic aerosols, is vital for the
biogeochemical cycle in Asian marginal seas, particularly the northern SCS.
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