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Abstract
Modern dust plays essential roles in marine sediments, providing nutrient and crucial elements for primary productivity and
aquatic ecosystems. However, present marine atmospheric dust observational evidence concerning the biogeochemical response
to dust deposition process is spared for a long time. Here a total of 147 aerosols samples were collected near the northern South
China Sea (SCS) coast between 13 February, 2016, and 12 February, 2017, have been investigated for the grain size distribution,
depositional flux, ten-day back trajectories, clusters analysis, combining with primary productivity (Chlorophyll-a concentration)
to indicate the present-day dust deposition process and biogeochemical impacts in the northern SCS on the first time. Our results
illustrate the deposition flux and grain size distribution change in different season, grain size distribution in winter are coarser
particles than that in the summer, while the maximum and minimum dry deposition flux are 12 December, 2016, (60.4 mg m−2

d−1) and 26 August, 2016, (5 mg m−2 d−1), respective. In addition, the back trajectories and three clusters analyze results
indicating 53% of air masses originating locally near the coastal areas of China from the marine boundary layer (0–0.5 km) in
the summer monsoon, while 48% dust from the northeast wind is prevailing during the winter monsoon over a relatively higher
level (0–1.5 km). Furthermore, an apparent Chl-a blooming after aeolian dust input with a period of 1–2 days in the SCS.
Therefore, atmospheric dust contains readily bioavailable iron and enhance the biogeochemical impact in the oligotrophic SCS.
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1 Introduction

Modern aerosol can affect the climate directly by modifying
cloud formations and precipitation processes, while the dust

deposited on the oceans become a significant component of
marine sediments, and provide important elements for primary
productivity of the marine ecosystem (Duce et al. 1991;
Mahowald 2011). Atmospheric inputs such as Fe, Mn, Co,
Ni, Cu, and Zn are essential nutrients for marine phytoplank-
ton (Butler 1998; Whitfield 2001), wherein Fe has been sug-
gested as a factor that controls primary productivity in the
high-nutrient, low-chlorophyll (HNLC) regions of the ocean
(Martin 1990). Dense dust hazes often cover vast areas over
the Atlantic, Pacific, and Indian Oceans, with sources in the
arid regions of Africa, Asia, and theMiddle East. Therefore, in
recent times, the influence of aerosols upon coastal and open
ocean areas has attracted much attention (Wu et al. 2003;
Wong et al. 2007; Ding et al. 2007, 2013; Fu et al. 2011;
Wang et al. 2011, 2013; Chuang et al. 2013; Kunwar and
Kawamura 2014; Zhao et al. 2016).

However, research on the influence of modern aerosol dust
in the South China Sea (SCS), which is the largest marginal
sea in China, is still in the initial stages. Furthermore, most of
the earlier discussions pertaining to the SCS have focused on
the paleoceanographic reconstruction, including the dust

Responsible Editor: Soon-Il An.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13143-019-00171-4) contains supplementary
material, which is available to authorized users.

* Shuhuan Du
shuhuandu@scsio.ac.cn

1 CAS Key Laboratory of Ocean and Marginal Sea Geology, South
China Sea Institute of Oceanology, Guangzhou 510301, China

2 Innovation Academy of South China Sea Ecology and
Environmental Engineering, Chinese Academy of Sciences,
Guangzhou 510301, China

3 University of Chinese Academy of Sciences, Beijing 100049, China
4 School of Resource Environment and Earth Sciences, Yunnan

University, Kunming 650500, China

https://doi.org/10.1007/s13143-019-00171-4 Print ISSN 1976-7633

Korean Meteorological Society

/ Published online: 27 January 2020

Asia-Pacific Journal of Atmospheric Sciences (2021) 57:77–87 Online ISSN 1976-7951

http://crossmark.crossref.org/dialog/?doi=10.1007/s13143-019-00171-4&domain=pdf
http://orcid.org/0000-0002-1217-9816
https://doi.org/10.1007/s13143-019-00171-4
mailto:shuhuandu@scsio.ac.cn


transport paths (Liu et al. 2014), winter monsoon intensity
(Wang et al. 2003), and the connection between dust deposi-
tion and primary productivity (Wang et al. 1999). Although
the modern dust deposition process and its influence in the
SCS have lacked attention till date, the results show its impor-
tance and possibilities for further research in the area.

More recently, atmospheric measurements have revealed
the possible deposition of long-range transported dust in the
northern SCS, and the influence of such dust inputs in the
concerned area has attracted scientific interest. In the modern
oxidized marine environment, the total surface iron content in
the ocean is low, where most of the dissolved iron (Fe2+) can
easily and quickly be oxidized to the ferric form, and then
transformed into colloidal or particulate iron, which is chal-
lenging to be used by the phytoplankton (Rich and Morel
1990). The primary sources of iron in the euphotic layer are
(1) dry and wet dust deposits, (2) river input, (3) bottom sed-
iment re-suspension and dissolution (Gerringa et al. 2000). In
the coastal estuary area, iron in the surface water comes pri-
marily from the river input, while dust deposit or bottom sed-
iments rework the iron in the open sea (Duce and Tindale
1991; Takeda 1998). According to the research by Li et al.
(1985), the amount of surface iron available in the estuarine
areas is 29–1700 μg L−1, and 0–54 μg L−1 in areas away from
the coastal zone in the SCS. Similar results of soluble Fe were
obtained from the 18° N cross-section in the SCS, with the
average soluble Fe being 0.19 μg L−1 in winter, and
0.17 μg L−1 in the summertime (South China Sea Ocean
Database). These survey data corroborate the findings of nu-
merous earlier studies on the SCS (Gong et al. 1992; Tseng
et al. 2005), pointing towards the region’s oligotrophic (iron-
poor) surface water. Therefore, the terrestrial iron embedded
within the dust deposits in this region could be considered as a
significant external forcing of the oceanic ecosystem. Wu
et al. (2003) speculated that the ecosystem in the SCS is lim-
ited by the bioavailability of iron, based on the dissolved in-
organic phosphorus concentrations between March and
July 2000. Owing to the effective gyration of the basin-wide
surface circulations, the lower depths of the SCS is isolated
from its surface to become oligotrophic (Gong et al. 1992).
Therefore, the atmospheric dust inputs play a significant role
in the northern SCS. Atmospheric input could cause chloro-
phyll distribution response in the ocean, especial in a low-
chlorophyll region (Wong et al. 2007). On the global scale,
satellite data has often been used to assess the behavior of
oceanic biogeochemistry in terms of retrieving information
on Chl-a concentration (O’Reilly et al. 1998). In the SCS,
the seasonal changes in wind and temperature of the East
Asian monsoon, is the primary driving force of ocean current
dynamics, mixed layer depth, and upwelling, which in turn
influences the chlorophyll distribution in the region (Liu et al.
2002). An observation from SEATS revealed that the seasonal
variability of surface Chl-a concentration is related to the

depth of the mixed layer, which is 0.3 mg m−3 in winter and
0.03 mg m−3 in summer, respectively (Tseng et al. 2005).
Even during the wintertime, the survey data of the 18°N
cross-section in the SCS also demonstrate low surface Chl-a
concentration (0.639 mg m−3) from the South China Sea
Ocean DataBase (http://www.scsio.csdb.cn/), compared to
other marginal seas (Singh et al. 2008), the SCS has been
considered a low-chlorophyll region. Therefore, the atmo-
spheric inputs could become an important external forcing
of biogeochemistry in the SCS (Wong et al. 2007; Wang
et al. 2012).

Hsu et al. (2007) obtained marine aerosols from the area
between Taiwan and Dongsha Island, between November
2004 and January 2005, reflecting the different travel
histories of the air masses around the SCS coming from
anthropogenic sources in the Asian Continent. Hsu et al.
(2013) measured the Al concentration during a dust storm
event and found that the atmospheric conditions could
relatively be more significant than the strength of the dust
storm. Similarly, Tan et al. (2012) simulated the total dust
deposition during the spring period between 2000 and 2007,
and found that the amount of deposition over the northern
SCS was three times the deposited amount over the East
China Sea. Zhang et al. (2007) collected aerosols from the
northern SCS near Hong Kong and the Pearl River estuary
in January and April 2003, and observed that Fe (II), which
accounts for 16–82% of the total iron in the aerosols, affects
the oceanic biogeochemistry. Wang et al. (2012) suggested
that the enhanced growth of phytoplankton in the oligotrophic
northern SCS is caused by yellow dust (YD) transported from
northern China. Wang et al. (2013) observed aerosol particles
at Dongsha Island in northern SCS to characterize the source
origins, transport processes, and vertical distributions of the
Asian continental outflows, based on a yellow-dust event re-
corded on 21March 2010. The study suggested that emissions
from both China and Southeast Asian countries could have a
significant impact on the aerosol loading and other aerosol
properties over the SCS. Zhao et al. (2016) collected aerosol
samples over the northern SCS from September to October
2013, to analyse the non-polar organic compounds, organic
carbon, elemental carbon, and water-soluble ions, and ob-
served that the contributions of continental and oceanic emis-
sions could be categorized into three groups: continental, oce-
anic, and mixed-influenced.

As a large sink receiving significant amounts of atmospher-
ic dust (Lin et al. 2007; Wang et al. 2011), the aerosol input in
the northern SCS has been considered a primary external forc-
ing of this oceanic ecosystem (Wong et al. 2007). Although,
aerosol dust is widely recognized as a major contributor and
recorder of environmental change, till date, in-depth studies
on the current and long-term dust deposition processes in the
northern SCS, including studies on the location of the source
areas, source-to-sink selective transport processes, the grain
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size distribution, deposition flux, chemistry, as well as the
biogeochemical response of the marine system to the impact
of such atmospheric inputs is scarce. A primary reason for this
deficiency could be the difficulty in obtaining long-term and
continuous data on atmospheric dust in the open ocean areas,
in addition to the lack of connection between long-term aero-
sol samples and biochemical data in the northern SCS.

In this paper, we discuss a modern dust deposition process
and present analyses of the grain size distribution, deposition
flux, chemical, and transport paths of aerosols, based on 147
aerosol samples, collected continuously at Shantou near the
northern SCS coast from 13 February, 2016 to 12 February,
2017. This paper also discusses the biogeochemical impacts
of aerosols over the northern SCS based on analysis of
Moderate Resolution Imaging Spectroradiometer (MODIS)
derived long-term Chlorophyll-a (Chl-a) concentration data
in the region.

2 The Material and Methods

2.1 Sampling

Aerosol samples were collected continuously at Shantou (ST,
23.52° N, 116.80° E) near the northern SCS coast (Fig. 1)
during the period from 13 February 2016 to 12 February
2017. A total of 147 total suspended particulate (TSP) samples
were collected from the coastal station using a high-volume

TSP air sampler (KB-100; Qingdao Jinshida Electronic
Technology Co. Ltd., China). Each sample was collected over
48 h with a vacuum-cleaner engine, having an air suction rate
of 1.05 m3 min−1, through letter-sized (25 × 25 cm) glass-fiber
filters. The filters were pre-weighed before sample collection
and then weighed again after the dust was collected to obtain
the dust concentration (C).

The dust samples for analyses were first separated by trans-
ferring the filter to glassware containing 20 ml deionized wa-
ter. This was then vibrated in an ultrasonic cleaner for 15 min,
following which the dust particles could be successfully sep-
arated repeat two to three times, and were finally collected in a
clean beaker. As per the Stokes principle, the samples were
allowed to stand for 1–2 days to fully precipitate the dust
particles, thereby allowing the dust particles to concentrate
and enrich for laboratory analyses.

2.2 Grain Size Analysis

For the grain size analyses, the dust sample was first passed
through a 100 μm sieve to remove the glass fiber film that
might fall off during the separation process. After ultrasonic
vibration for laser particle size analyzer measurement. Particle
sizes were measured with the Malvern Mastersizer 2000 at the
South China Sea Institute of Oceanology, Chinese Academy
of Sciences (CAS), which accounts for grains in the 0.02–
2000 μm range. The measurement repeatability is 0.5% for a

Fig. 1 The sampling site at
Shantou (ST) in the northern
South China Sea coastal zone
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single sample, and the reproducibility is better than 2% for
duplicate samples.

2.3 Dry Deposition Flux

The dry deposition flux (F) of the sample was estimated by
multiplying the dust concentration in the TSP sample (C) with
dry deposition velocity (Vd). Hence, dust deposition in the
northern SCS can be estimated as the dry deposition flux of
dust (F), expressed as:

F ¼ C x Vd

where C is the dust concentration and Vd is the dry deposition
velocity. The dry deposition velocity was assumed to be
2.0 cm s−1, which is consistent with the velocity assumed by
Hsu et al. (2009) for Asian dust observed in the East China
Sea (ECS).

2.4 Chemical Analysis

Elemental analyses were carried out using an Epsilon 5 high-
energy polarized energy-dispersive X-ray fluorescence spec-
trometer (PANalytical, Netherlands) at the South China
Normal University, as per the procedure described by Wen
et al. (2016). Concentrations of major and trace elements were
simultaneously measured, and the reproducibility was evalu-
ated using the National Standard GSS-17. The precision was
better than 5% for the major elements, and 5 to 10% for the
trace elements. The major elements were measured and
expressed in weight %, while the trace elements were mea-
sured and shown in ppm.

2.5 Back Trajectories

Back trajectorie data was calculated using the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HY-SPLIT4) mod-
el developed by the NOAA Air Resources Laboratory
(Draxler and Rolph 2003), to analog dust transmission trails
at levels that appeared from the daily meteorological data to
the ones likely to carry the most material dust loads. From the
ARL-NOAA server (http://www.arl.noaa.gov/ready/hysplit4.
html) to regain the meteorological data and model, while
meteorological data obtained from the NCEP Global Data
Assimilation System (GDAS) with one-degree resolution to
initialize the HY-SPLIT4. Moreover, calculated ten-day back
trajectories to cluster analysis (embedded in the HY-SPLIT
software), allocating them into groups of similar length, ori-
gin, and transit. This model widely used in the modeling and
prediction of dust diffusion paths (Waisel et al. 2008).

2.6 Surface Chl-a Concentration

The daily-averaged surface Chl-a concentration for open
ocean pixels in the northern SCS was derived from Aqua/
MODIS (https://modis.gsfc.nasa.gov/). The raw Chl-a data
as Level 3 Standard Mapped Images with 9 km resolution
were obtained from the NASA/OceanColor website (http://
oceancolor.gsfc.nasa.gov/). The Matlab software was used to
process the data, and all the data on the Chl-a concentration
was considered as logarithm with base 10.

3 Results

3.1 Grain Size

The grain size distributions of the aerosol samples ranged from
about 0.3–74 μm, with more than 85% lying between 0.63 and
20 μm, the average grain size mode being ~4.7 μm. Despite a
high-frequency variability in the average grain size mode, the
grain size results at Shantou exhibited a seasonal distribution
trend (Fig. 2a), especially between the different monsoonal
current periods (Fig. 2b). Although the aerosol samples from
the winter monsoon period of November to April consisted of
an average grain size of 4.2 μm, a similar value of 5.6 μm was
obtained under the summer monsoon (mid-May to mid-
September). As is evident from the different grain size distri-
butions displayed in Fig. 2b, higher sediment peaks occurred
during the typical winter monsoon distribution, with the main
peak at ~4 μm, and the second peak at ~0.63 μm. Similarly,
aerosol particles of coarser grain size (> 11 μm) were deposited
during the given period. On the other hand, the summer mon-
soon showed a simple distribution mode, with the main peak
occurring at ~6 μm and low height (~0.63 μm) deposited
during the typical summer monsoon.

3.2 Dry Deposition Flux

The results obtained from the monthly dry deposition flux
and the daily mean of dust particles deposited during differ-
ent periods are presented in Table 1. The dust flux in the
northern SCS coastal zone recorded an average of
35.2 mg m−2 d−1. However, it exhibited a strong seasonal
variability, wherein the winter months exhibited the highest
dust flux. A remarkably high flux was recorded for
December 2016 at 573.1 mg m−2, with similar high values
occurring in January 2017 at 487.7 mg m−2. On the contrary,
the dry deposition flux during the summer monsoon showed
lower values, such as 256.6 mg m−2 in June and
268.9 mg m−2 in August. Furthermore, the extreme daily
mean dry deposition fluxes occurred during the typical mon-
soon months, wherein the minimum and maximum daily
mean dry deposition fluxes were respectively recorded on
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26 August, 2016 (at 5.0 mg m−2 d−1) and 21 December,
2016 (at 60.4 mg m−2 d−1).

3.3 Bulk Chemistry

Table 2 summarizes the results of the seasonal bulk chemistry,
and the most abundant elements present in aerosols collected
over STwere found to be Si, Ca, Al, Mg, and Fe, followed by
Zn, Mn, Cu, Ni, and Co in terms of their seasonal mean con-
centrations. Higher concentrations were observed during win-
ter than summer for the majority of the aerosol elements, such
as Fe, Zn,Mn, and Cu, which are essential nutrients for marine
phytoplankton, contributed by terrestrial atmospheric inputs.
This seasonal variation is consistent with the shift in the pre-
vailing wind direction from the northwest in winter to the
south in summer.

3.4 Back Trajectories

Ten-day back trajectories for the aerosol samples in the coastal
areas of northern SCS at 0, 1000, and 2000 m levels were

calculated under different prevailing wind conditions
(Fig. 3a, c). The differences in the back trajectories between
the summer monsoon and winter monsoon are highlighted.
The transport paths during the summer period originate from
the ocean and are modified by the marine environment, while
during the winter monsoon, the northeast winds drive the ae-
olian dust transport. The cluster analysis results (Fig. 4) show
the path with different occurrence percentage of the backward
trajectories. Three clusters (Clusters 1–3) were identified in
the summer monsoon (Fig. 4a, i.e., 26 August 2016) and win-
ter monsoon (Fig. 4b, i.e., 21 December 2016).

3.5 Surface Chl-a Concentration

The mean surface Chl-a concentration (mg m−3) maps based
on the available composited Aqua/ MODIS seasonal data sets
between 10 and 25° N, and 105–125° E of the SCS are shown
in Fig. 5. As shown in Fig. 5, summer monsoon (summer and
autumn combined) with lower Chl-a concentration than that in
the winter monsoon (spring and winter). Similar notable var-
iationwas found in the daily mean surface Chl-a concentration

Fig. 2 a. Seasonal grain size distribution, and B. typical monsoonal distribution of aerosol dust deposited at the northern SCS coastal area. The red curve
represents a typical winter monsoon distribution, and the blue curve represents a typical summer monsoon distribution

Table 1 The monthly dry deposition flux and daily mean of dust particles in different periods

Sample periods Monthly/ mg m−2 month−1

(daily)/ mg m−2 d−1
Sample periods Monthly/ mg m−2 month−1

(daily)/ mg m−2 d−1

2016/2/13—2016/2/29 222.5 (24.7) 2016/9/1—2016/9/30 323.8 (23.1)

2016/3/1—2016/3/31 484.5 (31.2) 2016/10/1—2016/10/31 325.8 (23.2)

2016/4/1—2016/4/30 362.0 (25.9) 2016/11/1—2016/11/30 403.8 (31.1)

2016/5/1—2016/5/31 282.0 (20.1) 2016/12/1—2016/12/31 573.1 (40.9)

2016/6/1—2016/6/30 256.6 (18.2) 2017/1/1—2017/1/31 487.7 (34.8)

2016/7/1—2016/7/31 354.3 (25.3) 2017/2/1—2017/2/12 119.9 (30.0)

2016/8/1—2016/8/31 268.9 (19.2)
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between the summer (e.g., August 26) and the winter mon-
soons (e.g., December 21), with much higher density during
the latter (Fig. 3d) than the former (Fig. 3b).

4 Discussion

The results of the backward trajectories analyses indicate
three clusters (Clusters 1–3) under different monsoon sea-
sons (Fig. 4). The central trajectories cluster shows the oc-
currence percentage of path ending at the ground level of ST
during the summer (26 August 2016, Fig. 4a) and winter
monsoons (21 December 2016, Fig. 4b), whereas individual
trajectories represent each path and corresponding occur-
rence percentage. Hence it can be assumed that the air qual-
ity at ST is directly related to the monsoon wind across the
SCS. From the cluster analysis of 26 August, it was observed
that Cluster 3 accounts for 53% of air masses originating
locally near the coastal areas of China (Fig. 4a). The path
of these trajectories arose from the marine boundary layer
(0–0.5 km) modified by the marine environment. Both
Clusters 1 and 2 (15% and 33% respectively) reflect air
masses, having traversed south-westward from the SCS, all
of them exhibit variability concerning transport within the
500 m altitude, accompanied by the dominant wind across
the SCS in the summer monsoon (Wang et al. 2003). The
dust from the Gobi desert can be considered negligible,
whereas the densely populated and industrialized areas in
Southeast Asia could have a significant impact on the air
mass depositing over the SCS (Lin et al. 2007; Wang et al.
2011). In contrast, trajectories of the winter monsoon indi-
cate different backward paths and heights on 21 December
2016. The maximum ratio of Cluster 1 (48%) comes from
the northeast wind prevailing under the winter monsoon
(Wang et al. 2003), which is similar to the summer monsoon
along with the coastal areas of China, but over a relatively
higher level (0–1.5 km). Both the other two paths originate
from the central Asian continent, although in different direc-
tions and altitudes (Fig. 4b). Cluster 2 consists of trajectories
primarily confined to below 3 km, while Cluster 3 reveals
trajectories at higher than 6 km and over longer distances.
Cluster analysis results indicated that the air mass from the
Asian area mainly controls dust transport and deposition in
the SCS during the winter period.

These findings suggest that the dust transport paths in the
northern SCS depend on the East Asian monsoon (Wang et al.
1999; Hsu et al. 2013; Chuang et al. 2013; Liu et al. 2015),
wherein air masses from various sources, transported at vary-
ing atmospheric levels and directions, could be responsible for
the variation in the grain size distributions, dust flux, and
elemental composition. There are three frequency peaks in
the grain size mode of the winter season compared to the
two peaks in the summer mode, while the different dustTa
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transport paths and levels cause both finer materials (0.63 μm)
and coarser particles in the former than in the latter (Figs. 2
and 4). It is interesting to note that the dust flux in the study
area reveals a substantial seasonal variability. Winter has the
highest dust flux (~1403 mg m−2), and a remarkable contribu-
tion to the daily flux (maximum of 60.4 mg m−2 d−1 on 21
December 2016). Similar values of dust flux were estimated in
spring (~1129mgm−2) and autumn (~1053mgm−2). The dust
flux in summer showed the lowest value (~880 mg m−2), with
the minimum daily dust flux occurrence on 26 August 2016
(5.0 mgm−2 d−1). Seasonal aerosol flux change in the northern
SCS coastal zone leads to different mean surface Chl-a con-
centration reconstruction based on the Aqua/MODIS (Fig. 5),
with lower Chl-a concentration in the summer monsoon (sum-
mer and autumn combined) than in the winter monsoon
(spring and winter). Model results suggested that pyrogenic

Fe substantially contributes to total aerosol Fe over the north-
ern South China Sea (Ito et al. 2019). The back trajectories
indicate different originating sources of the dust between sum-
mer monsoon and winter monsoon, wherein more terrestrial
air particles are transported to the northern SCS coastal zone
during the wintertime, compared to the southwesterly winds
prevailing during summer. These results have important im-
plications suggesting that much of the terrestrial elements em-
bedded in the mineral dust are transported over long distances
before reaching the northern SCS. The essential nutrients ele-
ment in the transported dust (such as Fe, Zn, Mn, and Cu) are
higher in winter than in summer (Table 2), and are relevant to
the marine primary productivity in the ocean (Martin 1990; de
Baar 1990; Bruland 1989; Paytan et al. 2009; Jordi et al.
2012). Iron is crucial for phytoplankton growth, being neces-
sary for electron transport, oxygen metabolism, nitrogen

Fig. 3 Ten-day backward trajectory simulated by HY-SPLIT 4 (HY-
SPLIT model available from NOAA Air Resources Laboratory and
Display system at http://www.arl.noaa.gov/ready/hysplit4.html) under
different prevailing monsoon months, and the corresponding daily Chl-

a concentration (mg m−3) data derived from Aqua/MODIS. a, the back-
ward trajectory and b, Chl-a concentration on 26 August, 2016; c, the
backward trajectory and b, Chl-a concentration on 21 December, 2016
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absorption and utilization, chlorophyll photosynthesis, and
respiration (Flynn and Hipkin 1999; Geider 1999).

Singh et al. (2008) used Aqua/MODIS data and found that
a time-lag in chlorophyll blooming responds to aeolian dust
input over a period of 1–2 to up to 3–4 days in the Arabian
Sea. Wang et al. (2012) investigated dust transport by using a
combination of satellite imagery and surface PM10 observa-
tions, and found that heavy Asian dust events contain signif-
icant fractions of bioavailable iron, and Chl-a concentration
was significantly enhanced in response to the passage of these
airborne dust plumes, especially in the slope area susceptible
to dust fertilization and trigger phytoplankton blooms.

Analyses of the dust deposition flux in the study area and
the corresponding mean surface Chl-a concentration based
on the available Aqua/MODIS data revealed the biogeo-
chemical impacts of atmospheric dust inputs in the SCS,
and an apparent surface Chl-a concentration-response during
different monsoon periods. During the summer monsoon,
most of the dust is transported by the southwest wind from
the ocean (Fig. 3a), and the dust deposition flux on the sur-
face water (~880 mg m−2) is too low to affect the surface
Chl-a concentration. The minimum daily dry dust deposition
flux on 26 August at ST (5.0 mg m−2 d−1) corresponded to a
small quantity of surface Chl-a concentration (Fig. 3b).
However, the maximum daily dry dust deposition in the
study area on 21 December at 60.4 mg m−2 d−1 indicated
substantial dust input in the SCS within 48 h from the Asian
continent. This dust had been transported over long distances
and contained higher essential nutrients elements, which

could contribute to a positive Chl-a anomaly (Fig. 4d) in
the study area. Consequently, the northern SCS coastal zone
receives dust over different seasons and from different direc-
tions, laden with various terrestrial nutrients elements (like
Fe), thereby causing sensitive biogeochemical impacts in the
northern SCS.

5 Conclusions

In this study, we investigated the grain size distribution, depo-
sitional flux, ten-day backward trajectories, and cluster analy-
sis, and primary productivity (in terms of Chl-a concentration)
of atmospheric dust collected over a year’s time near the
northern SCS coastal zone, to assess the current dust deposi-
tion processes and their biogeochemical impacts in the north-
ern SCS. The grain size analysis of 147 atmospheric dust
samples at ST showed that the grain size distribution varies
between the typical winter and summer monsoons, with the
particles being coarser in winter than in summer. Likewise, the
grain size mode displayed a higher frequency of peaks in
winter (three) compared to that in summer (two), which indi-
cates a clear seasonal variability trend. Similar findings have
been reported elsewhere for dry dust flux. Winter displayed
the highest dust flux (~1403 mg m−2) compared to summer
(lowest at ~880 mg m−2), with the extreme daily fluxes re-
corded on 21 December (60.4 mg m−2 d−1) and 26 August
(5.0 mg m−2 d−1).

Fig. 4 HY-SPLIT cluster plots for backward trajectories ending at the ground level of ST. A. as on 26 August, 2016, and B. as on 21 December, 2016
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These seasonal differences are closely linked to the dust
transport paths and respond to the air masses originating from
various sources and transported at different atmospheric levels
in different directions. The results of the ten-day back trajecto-
ries analysis and the three clusters obtained during the summer
monsoon indicate that 53% of the air masses originate locally
from the marine boundary layer (0–0.5 km) near the coastal
areas of China. Along with this, the prevailing southwestward
wind across the SCS in the summer monsoon exhibit variability
in transport within 500 m altitudes. In contrast, the maximum
ratio of Cluster 1 (48%) comes from the northeast wind prevail-
ing over a relatively higher level (0–1.5 km) during the winter
monsoon, while both the other two paths originate from the
central Asian continent, though in different directions and alti-
tudes. The transport and input of higher dust flux composed of
terrestrial elements in the ocean can be considered to be a major
external forcing of the oceanic ecosystem in the oligotrophic
(iron-poor) surface water of the SCS.

The remarkable dust input in the northern SCS over
48 h, transported over long distances from the Asian con-
tinent, and constituted of higher amounts of essential nu-
trients elements, led to a positive Chl-a anomaly on 21
December, 2016. Contrary to the low value of dust flux
deposit on 26 August, the dust flux in December triggered

phytoplankton blooms in the otherwise oligotrophic north-
ern SCS. Hence, atmospheric dust laden with various ter-
restrial elements (such as Fe) deposited during different
seasons and directions display sensitive biogeochemical
response in the northern SCS.
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