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Abstract At the global scale, atmospheric inputs of nitrogen are an important source of the new nitrogen that supports new
marine production, especially in oligotrophic open oceans and marginal seas. This study reports quantities of atmospheric
deposition of dissolved inorganic nitrogen (DIN) to the largest marginal sea in the North Pacific (the oligotrophic South China
Sea, SCS) based primarily on rainwater sampling in the open northwestern region (Yongxing Island) from 2013 to 2015, and
aerosol sampling from the SCS basin in June 2017. Atmospheric wet and dry deposition of DIN and their potential contributions
to productivity were estimated. The volume-weighted mean rainwater concentrations during the wet and dry seasons were 4.9
and 18.1 pmol L™ " for N+N (NO5*NO,), and 5.7 and 4.0 pmol L forNg " e respectively. Rainwater concentratlons of DIN were
lower in the marginal seas than in the open ocean. The aerosol NO, concentration was 1.15£1.18 pg m durlng the wet season,
which is slightly lower than reported for the East China Sea and East Sea but higher than in the Arabian Sea. Monthly wet and
dry deposmon rates ranged from 0.4-3.9 and 0.4—1.2 mmol m *mon ' for NO;, and 0.2-1.3 and 0.01-0.02 mmol m mon for
NH 4> respectively. The annual wet and dry deposition fluxes of DIN were estimated to be 16.8 and 10.1 mmol m yr s
respectively. Compared to other marginal seas, the SCS receives less atmospheric NO; inputs than the Yellow Sea, East China
Sea, East Sea, and northeastern Mediterranean Sea. The total atmospheric DIN deposition may account for 1.8-11.1% of the
nitrogen supporting new production and 0.7-1.8% of the nitrogen supporting primary production.
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Introduction Redfield ratio (Redfield et al.,
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1963). The insufficient ele-

Nutrients are necessary elements to support marine primary
production, which is the base of the ocean’s ecosystems. The
macronutrients include nitrogen (N), phosphate (P) and si-
licate (Si) (Millero, 2016). Generally, the nutrients are as-
similated at a N:P:Si ratio of 16:1:16, which is the classic
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ment to support assimilation at this ratio is defined as the
limiting element for primary production. In the upper layer
(euphotic zone) of the oligotrophic oceans, such as the North
Pacific Ocean, N is generally the limiting element (Krish-
namurthy et al., 2007).

Reactive nitrogen (N,) includes all forms of N that are
biologically, photochemically and/or radiatively active, in-
cluding inorganic oxidized N (e.g., NO,, NO;, HNO;, N,0),
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inorganic reduced species (e.g., NH, NH;) and N in organic
compounds (Duce et al., 1991; Fowler et al., 2013; Galloway
and Cowling, 2002). Atmospheric deposition is an important
source of new N to the euphotic zone (Duce, 1986), and
along with riverine inputs, nitrogen fixation, upward ad-
vection and diffusion and horizontal transport, supports new
production (Chen et al., 2001; Karl, 1999; Prospero et al.,
1996). In oligotrophic marginal seas, the contribution from
atmospheric deposition can be extremely important, espe-
cially in spring and summer when the water column is
stratified (Jickells and Spokes, 2001; Zhang J J et al., 2019).
In the East Sea, the total atmospheric deposition rate (both
wet and dry) of DIN (dissolved inorganic nitrogen, including
NO;, NO, and NH,) was recently estimated as
~175 pmol N m > d" (Park et al., 2019), larger than the N,
fixation rate (29.3-152 umolNm >d”', Shiozaki et al.,
2009). In the Mediterranean Sea, the total atmospheric dis-
solved nitrogen (DN, including DIN and dissolved organic
nitrogen, DON) deposition rate was estimated to be 0.092
Tmol N yrf1 (Kanakidou et al., 2020), which is larger than
the maximum riverine input (0.079 Tmol N yr_l) and was-
tewater discharge from coastal cities (0.019 Tmol N yr_l,
Ludwig et al., 2009).

Atmospheric inputs have a significant effect on the ocean’s
chemistry and ecosystems (Boreddy and Kawamura, 2015).
At the global scale, total net N, deposition to the ocean was
~4.8 Tmol N yr7l in 2000, comparable to the rate of marine
N, fixation (~7.1 Tmol N yrfl, and supported ~3.5% of new
production (Dentener et al., 2006; Duce et al., 2008). In the
northern SCS, the atmospheric deposition of N, supports
5.6-8.7% of primary production (Chen and Huang, 2018). In
the East China Sea, the total atmospheric deposition of DIN
supports 1.1-3.9% of the primary production (Zhang et al.,
2010). In the Yellow Sea, the total atmospheric DN deposi-
tion supports 0.3—6.7% of the primary production (Qi et al.,
2013). The atmospheric deposition of DIN supports ~2.4%
and ~1.9% of the primary production in the coastal areas east
of the Korean Peninsula and in the East Asian marginal seas,
respectively (Park et al., 2019). NO, and NH, account for
~26.3% of the globally external supply, supporting ~0.5% of
primary production and ~2.3% of new production in the
global ocean (Duce et al., 2008; Ducklow, 1995; Laws et al.,
2000; Oschlies, 2001).

The South China Sea (SCS) is the largest marginal sea
(approximately 3.5x10° kmz) of the North Pacific Ocean,
with typical oligotrophic features (Shi et al., 2010; Wong et
al., 2007). The SCS is located at the center of the Asian-
Australian monsoon system and joins the subtropical East
Asian monsoon, the tropical Indian monsoon, the western
North Pacific monsoon, and the Australian monsoon (Wang
et al., 2009). The SCS receives polluted air masses from East
Asia in autumn and winter, and from Southeast Asia in
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spring and summer (Atwood et al., 2013; Geng et al., 2019;
Song et al., 2018; Xiao et al., 2017), influenced by the
emissions from nearby developing countries and regions
such as China, Thailand, Vietnam, Indonesia, Malaysia and
the Philippines. Besides atmospheric deposition, the SCS
also receives riverine inputs from the Mekong River, the
Pearl River, the Red River and the Hanjiang River, as well as
others. Based on the Acid Deposition Monitoring Network in
East Asia (EANET), the input of atmospheric N, to the SCS
was estimated to be ~55 mmol N m ~yr ' (Kim et al., 2014).
Nevertheless, studies of DIN deposition to the SCS based on
filed observations are limited, and include studies from
Dongsha Island on the northern SCS shelf and coastal Daya
Bay (Chen and Huang, 2018; Wu et al., 2018; Yang et al.,
2014). However, atmospheric DIN deposition estimates
based on field observations in the open SCS are scarce, and
may be a critical, under-examined aspect of the N cycle
given the oligotrophic character of the open SCS.

In this study, we report NO; plus NO, (N+N) and NH

concentrations in rainwater, NO; in atmospheric aerosols,
and evaluate DIN deposition fluxes primarily based on ob-
servations from Yongxing Island in the open northwestern
SCS, and from the northern and middle SCS onboard the R/V
Tan Kah Kee (TKK). The importance of atmospheric DIN
deposition to productivity in the oligotrophic SCS will also
be discussed.

2. Materials and methods

2.1 Rainwater and aerosol sample collection

Forty rainwater samples were collected from Yongxing Is-
land (Figure 1) in September 2013, from May 2014 to Jan-
uary 2015, and in April 2015. Samples were collected in
clean plastic buckets and stored in 120 mL high-density
polyethylene bottles (Nalgene) at —20°C until analysis.
Among all the samples, 1 was collected in September 2013,
37 were collected from May 2014 to January 2015, and the
remaining 2 samples were collected in April 2015. The
rainwater sampling duration was 0.2-24.3 h for each sample.

Twenty-two aerosol samples were collected over the SCS
from June 5-27, 2017, during the process study cruise of
project CHOICE-C II (Carbon cycling in China Seas-budget,
controls and ocean acidification II) (Figure 1). Aerosol
samples were taken using a Laoying® 2031 large-volume
total suspended aerosol particle sampler through a What-
man"™ quartz microfiber filter (203 mmx254 mm QMA
filters) at a speed of ~1.05 m’ min . Aerosol sampling
duration was 8.7-40.8 h for each sample. All samples were
stored in a refrigerator at —20°C until analysis. Wind speed
and direction were measured and recorded by a Vaisala
AWS430 automatic weather station. The precision was
03ms ' for wind speed and 3° for wind direction.
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Figure 1 Map of the South China Sea with sampling sites and the aerosol sampling track. The red square represents Yongxing Island, where the rainwater
samples were collected. The colored lines and dots show the locations where the aerosol samples were taken, with close stations indicated by the same color.

2.2 Chemical analysis

Total NO;+NO, concentrations in rainwater samples were
measured via a spectrophotometric method using a Bran
+Luebbe AA3 auto analyzer (Technicon Auto-Analyzer I1I).
The detection of NO, and NO; were
0.04 and 0.10 pmol L (Han et al., 2012), respectively. NH
concentrations in rainwater samples were measured using an
indophenol blue method with a detection limit of
0.1 pmol L' (Pai et al., 2001).

For the aerosol samples, an eighth of each aerosol filter
was extracted with 50 mL of Milli-Q water (conductivity
182 mQ cm ') in a clean centrifuge tube, and ultrasonically
oscillated for 30 min. The extracts were then filtered using
0.22 pm Millipore syringe filters. The concentration of NO5

limits

was analyzed by ion chromatography using a Dionex-
AQUION ICS-1100 ion chromatograph (Thermo Fisher
Scientific, Inc., USA) equipped with a DS6 heated con-
ductivity cell. The precision of NO; measurements was
better than 5%. As aerosol nitrite (NO,) concentrations are
generally below the detection limit (Hsu et al., 2014; Luo et
al., 2016), we use aerosol NO; concentrations to represent
aerosol N+N concentrations in this study.

2.3 Back trajectory analysis

The Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) Model based on available Global Data Assim-
ilation System (GDAS) wind data was used for illustrating
the possible air mass trajectories (NOAA Air Resources

Laboratory, http://ready.arl.noaa.gov/HYSPLIT.php). For
each sample, 72 h back trajectories of air masses were
computed, with the levels of the model set to 200, 500 and
1000 m.

2.4 Wet and dry deposition flux estimates

2.4.1 Wet deposition estimates

The wet deposition flux of N+N or NH} is the product of the
volume-weighted mean (VWM) concentration of N+N or
NH, and the amount of precipitation, calculated using eqs.

(1) and (2) (Baker et al., 2010; Duce et al., 1991; Spokes et
al.,2000; Wang et al., 2018; Xing et al., 2017; Zhang X et al.,
2019):

Cywu = 2. CHI Y P, (1)
=1 i=1
Fyee = Cywm <P . )

In the above equations, Cywy (pmol L_l) is the VWM
concentration; C; (umol L_l) and P; (mm) are the measured
N+N or NH concentrations and amount of precipitation
during each individual precipitation event, respectively; n is
the number of the precipitation events; F,. is the wet de-
position flux; P (mm) is the amount of precipitation.

To demonstrate monthly variability, we calculated monthly
wet deposition fluxes (mmol m > mon ') by using the cal-
culated VWM N+N or NH; concentration and precipitation
amount during each month from May 2014 to January 2015,
as rainwater sampling was continuous over this period. In
addition, we calculated the annual deposition fluxes by di-
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viding a year into two seasons (wet season and dry season).
For convenience of discussion, we defined June to No-
vember as the wet season (>115 mm rainfall per month), and
December to May as the dry season (<105 mm rainfall per
month), based on precipitation levels. Each half-year (dry or
wet season) wet deposition flux (mmol m ™~ (half-year) ')
was based on the calculated VWM N+N or NH, con-
centration for that season during the sampling period and the
average amount of precipitation during each season over
three years (January 2013—-December 2015). The annual wet
N+N or NH ; deposition flux was determined as the sum of

the wet and dry seasons.

2.4.2 Dry deposition estimates
The dry deposition flux of NO; or NH is estimated as the
product of the aerosol NO; or NH; concentration and the

deposition velocity, as expressed by eq. (3) (Carbo et al.,
2005; Qi et al., 2013; Spokes et al., 2000).

Fyy=Co x V< (t=1,)/ M, (3)

where Fy, (mmol m “mon ' or mmol m ~ (half year) ') is
the monthly or half-year dry deposition flux; C, (ug m_3) is
the aerosol NO; or NH, concentration; V4 (cm sfl) is the
deposition velocity; ¢ (s) is the deposition duration; ¢, (s) is
the precipitation duration; M (g molfl) is the relative mole-
cular mass of NO; or NH .

3. Results and discussion

3.1 Precipitation measurements and rainwater DIN
concentrations from Yongxing Island

The monthly average precipitation and rainfall duration from
Yongxing Island during 2013 to 2015 are shown in Figure 2.
Precipitations were more abundant from July—September
(with a range of 207.8-319.8 mm) than from January—March
(with a range of 1.7-12.8 mm). Monthly average rainfall
duration showed a similar pattern as precipitation amount,
with durations ranging from 4 to 98 h. Longer rainfall
durations were found during months with higher overall
amounts of precipitation, except for August and December.
Additionally, the precipitation in April was higher than that
in May. Generally, higher amounts of precipitation and
longer rainfall durations occurred more frequently during the
wet season.

Rainwater N+N concentrations ranged from below the
detection limit to 130.9 pmol L™ and were dominated by
NOj; (only 3 samples with NO,/(N+N) ratio exceeded 2%);

NH ; concentrations ranged from below the detection limit to

50.9 pmol L', and recorded precipitation amounts ranged
from 0.7 to 134.8 mm. Generally, the rainwater N+N and
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Figure 2 Precipitation and rainwater concentrations of N+N and NH," on
Yongxing Island. Red and black color in the x axis represent wet and dry
seasons, respectively.

NH, concentrations were lower during the wet seasons and
relatively higher during dry seasons. Comparing between N
+N and NH ;, NH ; concentrations were generally lower than

those of N+N, especially in dry seasons. The lowest N+N
concentrations were found in August, September and No-

vember of 2014. Low NH ; concentrations occurred in May,
September, October and November. Both N+N and NH ;

concentrations increased to their maxima in December of
2014. Recorded precipitation reached its maximum in Sep-
tember of 2014 and a minimum in January of 2015

(Figure 3). Generally, the rainwater N+N and NH, con-
centrations showed reverse seasonal variations compared to
precipitation amount (N+N: r=0.31, p=0.05; NH: r=
—0.25, p=0.13>0.05). Lower concentrations of N+N and
NH , in rainwater found during the wet seasons are likely due
to a dilution effect by rainfall during atmospheric transport
from the source regions (Qiao et al., 2015; Xiao et al., 2017).

The VWM rainwater N+N concentration was 4.9 pmol L'
in the wet season and 18.1 umol L™ in the dry season, and
the annual average was 6.8 pmol L. The VWM rainwater
NH concentration was 4.3 pmol L' in the wet season and

9.4 umol L' in the dry season, with 5.0 umol L' as the
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Figure 3 Monthly average precipitation and rainfall duration from 2013—
2015. Red and black color in the x axis represent wet and dry seasons,
respectively.
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annual average. The VWM rainwater N+N concentration we
measured in the dry season was higher than the value of
14.6 pmol L' over the southern SCS in December 2013,
while the VWM NH concentration was only a quarter of
that reported by Cui et al. (2016) (Table 1).

The annual VWM rainwater N+N (6.8 umol Lfl) and NH

(5.0 umol Lfl) concentrations over the SCS are significantly
lower than over other coastal seas. For example, the annual
VWM N+N and NH, concentrations were 63.4 and
107.1 pmol L' over Jiaozhou Bay (in the Yellow Sea, Xing
et al., 2017), 70.0 (only NO;) and 50.0 pmol L' over the
northeastern Mediterranean coast (Al-Momani et al., 1995),
and ~40 and ~2.1 pmol L' over the east coast of Korea (Park
etal., 2019). This is reasonable as our sampling site (the open
northwestern SCS) is relatively distant from land, and an-
thropogenic influences may be expected to be less severe
compared to in the Yellow Sea, the Mediterranean coast off
Turkey or the east coast of Korea. In contrast, our observed
N+N and NH 4 concentrations are similar to or higher than
those from the open ocean. The annual average NO, and
NH ; concentrations were found to be 5.3 and 5.2 pumol L'
in the Atlantic Ocean at 50°N-50°S (Baker et al., 2010) and
0.9 and 1.5 pmol L' in the open western Pacific (Martino et
al., 2014). This finding suggests that the marginal seas have
relatively more influence from the continents, in terms of
atmospheric N deposition, than the open ocean.

3.2 Aerosol NOj; concentrations over the SCS

The aerosol NO, concentrations over the SCS during June of
2017 ranged from 0.33 to 5.54 pgm ~ (1.15+1.18 pgm° in
average). The highest value was found in the southern SCS,
and the lowest value in the northern SCS at 14°N (Figure 4).
Wind direction and back trajectories of air masses showed
that southwest and southeast winds over the SCS prevailed
during the cruise (Figures 5 and 6), which may have carried

Table 1 Comparison of rainwater N+N and NHI concentrations”
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the pollutants from Southeast Asia into the southern SCS.
This result is consistent with literature reports that the SCS
receives considerable quantities of polluted air masses from
Southeast Asia during wet seasons (Atwood et al., 2013;
Geng et al., 2019; Song et al., 2018; Xiao et al., 2017).
Distance from the continent of the Southeast Asia may have
determined the aerosol concentrations collected in the SCS
during the wet season; this assumption is supported by the
atmospheric back trajectory results, and that in the 2 main
transects (from the southern SCS to the northern SCS shelf,
and from the central SCS to the northern SCS shelf), the
aerosol NO; concentrations decreased northward.

Table 2 compares our measured aerosol NO; concentra-
tion with those reported in the literature. In the SCS, the
average concentration observed during the wet season
(1.15£1.18 pg m73) is similar to previous results from
Yongxing Island during the wet seasons of 2014-2015
(1.30£0.64 pg m >, Xiao et al., 2017). It is also comparable
to the concentration of 1.43+0.68 pg m > observed in the
summer of 2016 and 1.33+0.70 pg m ° in the summer of
2017 over the western Taiwan Strait/northeastern SCS (Wu
et al., 2019). However, it is higher than the 0.58 pg m”
measured over the western SCS during August—September
of 2014 (Song et al., 2018), and the ~0.54 pg m ° measured
over Daya Bay (in the northern SCS) during the wet seasons
of 2015-2017 (Wu et al., 2018). Our observed concentra-
tions is lower than the ~2.80 pg m " found over Dongsha
Island (on the northern SCS shelf) during the wet seasons of
2017-2019 (Chen and Huang, 2018). Compared with the wet
seasons of other coastal areas, our observed concentrations is
higher than the 0.47+0.10 pg m " found over the Arabian Sea
(Bange et al., 2000), but lower than the 1.73 pg m found
over the East Sea (Park et al., 2019) and 2.13 pg m " over the
East China Sea (Nakamura et al., 2005).

The aerosol NO; and NH, concentrations found over

many marginal seas, including the SCS, generally show si-
milar seasonal variations, with higher values during dry

R
+
Locations N+N NH,

(umol L™ (umol L™

Sampling periods Note Data source

Yongxing Island (northwestern SCS) 14 891 gi Seﬁt nzg(; f 5,]\1{?;2200]14 Sto Y/\\?\/lll\\/[/[ g? :;V;; :ZZ;SE This study
Southern SCS 14.6 41.4 Dec. 2013 Individual value Cui et al., 2016
Jiaozhou Bay (Yellow Sea) 63.4 107.1 Jun. 2015 to May 2016 VWM Xing et al., 2017
Northeastern Mediterranean coast of Turkey 70.0* 50.0 Dec. 1991 to Dec.1992 VWM Al-Momani et al., 1995

East coast of Korea (East Sea) ~36.8 ~2.1 Mar. 2014 to Feb. 2016 VWM Park et al., 2019

50°N-50°S of the Atlantic 5.3*% ~52 2000 to 2005 VWM Baker et al., 2010
May and Jun. 2007; Apr.,

Open Northwestern Pacific 0.9* 1.5 May, Aug. and Sept. 2008; - Martino et al., 2014

Oct. and Nov. 2009

a) *, N0; concentration
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Figure 4 Aerosol NO, concentrations over the SCS during the June 2017
cruise. Each color line represents one sample or several neighboring
samples.

0
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Figure 5 Wind speeds and directions during the June 2017 cruise. (a)
Wind speed (m sﬁl); (b) wind direction, 0 is a North wind; 90 is an East
wind; 180 is a South wind; 270 is a West wind.

seasons and lower values during wet seasons (Bange et al.,
2000; Chen and Huang, 2018; Park et al., 2019; Wu et al.,
2019; Wu et al., 2018; Xiao et al., 2015, 2017). Anthro-
pogenic particles produced by fossil fuel burning in eastern
China and biomass burning in Sumatra and Borneo are the
dominant source of fine particles in aerosols over the SCS
during the northeast monsoon (dry season) and the southwest
monsoon (wet season), respectively (Lin et al., 2007; Xiao et
al., 2015). These facts indicate that the pollutants from
northeastern Asia have a great impact on the SCS. The
dominant source of NO; to the SCS is secondary inorganic
aerosols from fossil fuel combustion (especially coal com-
bustion in northern Asia), accounting for 69.5%, and the
dominant sources of NH ; are oceanic emission and biomass
combustion (Chen and Huang, 2018; Xiao et al., 2017). The
low aerosol NO; concentrations during the wet seasons may
be due to higher temperatures which are more favorable for
the evaporation of ammonium nitrate (NH,NO;(s)=NH;(g)

Sci China Earth Sci

+HNO;(g), Bai et al., 1995), the prevailing southwesterly
winds which carry relatively clean air masses from over the
open ocean (Wu et al., 2019), and effective removal by
precipitation.

3.3 Seasonal variability of wet and dry DIN deposition

Monthly wet deposition fluxes of N+N and NH ranged
from 0.4-3.9 and 0.2-1.3 mmolm “mon ', showing no
conspicuous seasonal patterns. Maximum and minimum
monthly fluxes occurred in July and May 2014, respectively
(Figure 7). During the dry seasons, wet deposition fluxes of
N+N and NH j were mainly related to rainfall duration rather
than precipitation or rainwater concentrations. In the wet
seasons, due to the sufficient rainfall, wet deposition fluxes
were primarily a function of rainwater concentrations (F
(N+N) vs. VWM(N+N): r=0.85, p<0.05.

We used eq. (3) to estimate the dry deposition fluxes of
NO; and NH ;, which are based on the atmospheric con-
centration (C,) and the aerosol deposition velocity (V). The
deposition velocity (V) is influenced by several processes,
such as gravitational settling, impaction, and diffusion of
particles to the water (Duce et al., 1991; Jickells and Spokes,
2001), all which happen simultaneously. Since it is affected
by wind speed, particle size, relative humidity, air viscosity,
sea surface roughness, and the air/water temperature differ-
ence, Vg is difficult to calculate or measure. Usually Vy is
obtained by models, such as a two-layer model (Duce et al.,
1991; Qi et al., 2005; Williams, 1982) or a Chemical Mass
Balance Deposition Model (Caffrey et al., 1998).

In general, NO; is predominant in coarse particles,
whereas NH, is often predominant in fine particles
(Boreddy and Kawamura, 2015; Fu et al., 2018; Hoppel,
2002; Li et al., 2013; Xiao et al., 2015), causing a higher ¥,
for NO; than NH 1. Moreover, ¥ increases with increasing
wind speed, with overall higher values during dry than wet
seasons (Qi et al., 2005). Table 3 lists the ¥ values adopted
in the literature, which range from 0.87-1.7 cm s for NO;
and 0.05-1.0 cms ' for NH . In order to estimate the dry
deposition flux of DIN to the SCS, we thus used values of 1.0
and 1.2cms ' for NO;, and 0.5 and 0.6 cm s for NH;,
during the wet and dry seasons, respectively.

Although we only have wet season aerosol NO; mea-
surements from one cruise, our results are highly consistent
with other studies conducted in the open SCS (on Yongxing
Island) during the wet season. We thus used the data col-
lected in June 2017 (1.15 pg m73) to represent aerosol NO;
concentrations during the wet season. As no cruise samples
were collected during the dry season, we thus took the result
of 2.43 pg m ° measured on Yongxing Island by Xiao et al.
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(2017) to represent NO; concentrations during the dry sea- Yongxing Island (aerosol NH j concentrations of 0.04 ug m’

during the wet season and 0.08 pg m° during the dry season,
Xiao et al., 2017). Considering the comparable NO; results

+ .
son. We have no measurement of aerosol NH,, which has

been found to be ~3% of the aerosol concentration of NO; on
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Table 2 Comparison of aerosol NO, and NHZ concentrations in the marginal seas and open oceans

+

Locations NO373 NH473 Sampling periods Data source
(ngm ™) (ngm ™)
SCS 1.15 - Jun. 2017 This study
Yongxing Island (northwestern SCS) 1.30+0.64" 0.04 Wet seasons of Mar. 2014 to Feb. 2015 Xiao et al., 2017
Yongxing Island 169" - Wet seasons of Mar. 2013 to Jan. 2014 Xiao et al., 2015
Western Taiwan Strait 1.43+0.68 0.72+0.38 Jul. and Aug. 2016 Wu et al., 2019
Western Taiwan Strait 1.33+0.70 0.73+0.56 Jul. and Aug. 2017 Wu et al., 2019
Wet season Western SCS 0.58 0.30 Aug. to Sept. 2014 Song et al., 2018
Daya Bay (northern SCS) ~0.54 0.08" Sept. 2015; Apr. to Sept. 2016 Wu et al., 2018
Dongsha Island (northern SCS) ~2.80" 1.197 Jun. to Nov. 2007; Jun. to Nov. 2008  Chen and Huang, 2018
Arabian Sea 0.47+0.10 0.05+0.03 Jul., Aug. 1995 Bange et al., 2000
East Sea 1.73 1.80 Summer of 2014 to 2016 Park et al., 2019
East China Sea 2.13 2.96 Sept. to Oct. 2002 Nakamura et al., 2005
Yongxing Island, SCS 2.43+1.54° 0.08 Dry seasons of Mar. 2014 to Feb. 2015 Xiao et al., 2017
Yongxing Island, SCS 2.80" - Dry seasons of Mar. 2013 to Jan. 2014 Xiao et al., 2015
Northern SCS 8.53 3.42 Jan. 2003 Zhang et al., 2007
Northern SCS 1.08+0.55 0.15+0.07 Nov. 2004; Jan. 2005 Hsu et al., 2007
SCS 3.93+2.01 4.0242.17 Jan. and Feb. 2010 He, 2011
Dry season Dongsha Tsland, SCS ~3.93" 1.64" Apzraokg;ayDggO;&ge; 2007 10 0™ Chen and Huang, 2018
Daya Bay, SCS ~0.64" 00" Oct 2015 to Mar. J006: Oct. 2016 10y et al, 2018
North Bay of Bengal 0.99 3.78 Jan. 2009 Srinivas et al., 2011
Arabian Sea 1.32+0.39 0.34+0.18 May 1995 Bange et al., 2000
East Sea 4.30 1.90 Winter of 2014 to 2016 Park et al., 2019
i}zrrl;l;l Open Northwestern Pacific 0.18 0.13 Maysflljctl_ J;(I)log’og%tAgd II\\I/I;}/’_’ 12'%610g9 and Martino et al., 2014

a) *, Jun. to Sept. as the wet seasons; Mar., Apr., Oct., Nov., Dec. 2014 and Jan., Feb. 2015 as the dry seasons; **, May to Aug. 2013 as the wet season;
Mar. 2013, Oct. 2013 to Jan. 2014 as the dry seasons;  approximate values, recalculated based on the data reported in the references; -: No data

between our data collected in the SCS basin and the data
collected on Yongxing Island by Xiao et al. (2017), we

adopted their aerosol NH ; concentrations to estimate the dry
deposition of NH to the SCS.

The calculated monthly dry deposition rates ranged
for NO; and 0.01-0.02
mmol m “mon ' for NH (Table 4) with the higher fluxes

occurring during the dry season. Dry deposition fluxes are
related to aerosol concentrations, V4 and the duration be-
tween precipitation events.

The monthly wet and dry DIN fluxes to the SCS ranged
from 0.64.8 and 0.4-1.2 mmolm >mon ', respectively
(Table 4). The ratio of monthly dry deposition to monthly
total deposition varied from 8.9% to 67.1%, with the highest
and lowest ratios observed in May and July 2014, respec-
tively (Figure 8). Annually, the wet deposition flux ac-
counted for 62.5% of total DIN deposition to the SCS. The
dominance of wet DIN deposition over the SCS in this study
is consistent with other studies from the SCS, most other of
the marginal seas and the open oceans. For example, Yang et

from 0.4-1.2 mmol m > mon |

al. (2014) report a DIN wet deposition to total deposition
ratio of 66.7%. This ratio was 54.7% in the northwestern
Pacific (Martino et al., 2014), 83.5% in the North Sea
(modeled result from Hertel et al., 2002), 71.3-80% in the
Yellow Sea (Qi et al., 2013), and 78.2% in the Atlantic at
50°N-50°S (Baker et al., 2010).

In the air over the SCS, NOj is mainly a secondary particle
formed from condensable atmospheric gases (including
water vapor and initially volatile gases after photochemical
oxidation) (Kolb and Worsnop, 2012; Xiao et al., 2017). The
mechanism of NO; formation from condensable atmo-
spheric gases simultaneously causes ultrafine particles to
grow via coagulation and increases the overall particle size.
Particles of size 0.1-1.0 pm will be removed efficiently by
precipitation (Al-Momani et al., 1995). Along with this
mechanism, more rainfall increases wet deposition flux;
cleaner air masses from the southwest lower dry deposition
flux, which may result in higher wet than dry deposition rates
during the wet season. During the dry season, as a result of
less precipitation, shorter rainfall durations, more polluted
air masses and higher ¥, the proportion of dry deposition to
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Figure 7 Monthly precipitation, rainwater N+N and NHA+ concentrations and wet deposition fluxes of N+N and NHZ from May 2014 to January 2015. Red
and black color in the x axis represent wet and dry seasons, respectively.

Table 3 Deposition velocity (Vy) of NO; and NHI reported in the literature

+
Locations Va of 1\1103 Va of I\LH“ Sampling periods Season References
(cms ) (cms )
Dongsha Island (northern SCS) 1.2 0.1 Apr. 2007 to Mar. 2009 Annual average Chen and Huang, 2018
Western Taiwan Strait (Northern SCS) 1.15 0.6 2016 to 2017 Annual average Wau et al., 2019
East China Sea 1.2 0.1 Apr’zglll}): %\\I/[(;‘r/: ggtlilDec. Annual average Li et al.,, 2013
0.26 0.09 Spring of 2016 Spring Xing et al., 2018
. 0.37 0.10 Summer of 2015 Summer Xing et al., 2018
Jiaozhou Bay (Yellow Sea) 0.54 0.25 Autumn of 2015 Autumn Xing et al., 2018
0.23 0.24 Winter of 2015 Winter Xing et al., 2018
Yellow Sea 1.15 0.5 1997 to 2005 Annual average Zhang et al., 2011
Arabian Sea 1.5 0.05 May, Jull\./I:rr.ldl 9A9u7g 1995; Annual average Bange et al., 2000
East Sea 1.7 0.22 Mar. 2014 to Feb. 2016 Annual average Park et al., 2019
Remote western North Pacific 0.87 1.0 Mar. to Apr. 2014 Dry season Fu et al., 2018
Coastal Levantine basin
(castern Mediterranean Sea) 1.2 0.6 Jan. 2001 to Apr. 2003 Annual average Carbo et al., 2005
Mace Head Ireland (eastern Atlantic) 1.15 0.6 Jun. 1996; May 1997 Wet season Spokes et al., 2000

the total flux increased.

3.4 Annual wet and dry deposition of DIN

The wet deposition fluxes during the wet and dry seasons
were estimated to be 5.7 and 4.0 mmol m ~ (half year) ' for

N+N, and 5.0 and 2.1 mmol m° (half year "' for NHJ, re-
y 4

spectively. The annual wet DIN deposition flux was
16.8 mmol m ~ yrfI (Table 4), lower than those previously
reported at Dongsha Island on the northern SCS shelf
(32440 mmol m " yr ', Yang et al., 2014), the East Sea
(31-51 mmol m > yr ', Park et al., 2019), the North Sea
(37.0 mmol m > yr ', modeled result from Hertel et al.,
2002), and Jiaozhou Bay in the Yellow Sea
(147.7 mmol m * yr ', Xing et al., 2017) (Table 5). However,

it is higher than values reported in the Arabian Sea
(10.6 mmol m > yr ', Bange et al., 2000), the northwestern
Pacific (3.5 mmol m > yr ', Martino et al., 2014) and from
50°N-50°S in the Atlantic (9.3 mmol m’ yrﬁl, Baker et al.,
2010) as shown in Table 5.

The dry deposition fluxes during wet and dry seasons were
estimated to be 2.7 and 7.2 mmol m (half year)71 for NO;,

and 0.05 and 0.1 mmol m ~ (half year) ' for NH;. Subse-

quently, annual dry DIN deposition in the SCS was estimated
to be 10.1 mmol m ~yr ' (Table 4), similar to the values
measured in Daya Bay (9.4 mmol m° yrfl, Wau et al., 2018)
in the northern SCS, the Bay of Bengal (9.9+
7.3 mmol m > yr ', Srinivas et al., 2011) and the Arabian Sea
(122 mmol m *yr ', Bange et al., 2000), but lower than
values found in the East China Sea (41.4 mmol m ~yr ', Li
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Table 4 Estimated atmospheric DIN deposition to the scs?
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Monthly or annual Time N+N NHZ DIN Total DIN flux
deposition Fog Fay Fou Fay Fog Fay FoFa
May 2014 0.4 1.2 0.2 0.02 0.6 1.2 1.8
Jun. 2014 1.7 0.4 1.3 0.01 3.0 0.4 3.4
Jul. 2014 3.9 0.5 0.9 0.01 4.8 0.5 53
Aug. 2014 0.6 0.5 0.2 0.01 0.8 0.5 1.3
Monthly deposition  Sept. 2014 0.9 0.4 0.8 0.01 1.7 0.4 2.1
Oct. 2014 0.8 0.5 0.5 0.01 1.3 0.5 1.8
Nov. 2014 0.5 0.5 1.1 0.01 1.6 0.5 2.1
Dec. 2014 1.9 1.1 0.9 0.02 2.8 1.2 4.0
Jan. 2015 0.9 1.2 0.2 0.02 1.1 1.2 2.3
Wet season 5.7 2.7 5.0 0.1 10.7 2.8 13.5
Annual deposition Dry season 4.0 7.2 2.1 0.1 6.1 7.3 13.4
Annual 9.7 9.9 7.1 0.2 16.8 10.1 26.9

a) unit: mmol m > mon ' for the monthly flux, mmol m ~ (half-year) ' for the seasonal flux, and mmol m > yr ' for the annual flux

6
- Monthly total deposition
- Monthly wet deposition
5K |:| Monthly dry deposition

Monthly deposition flux of DIN
(mmol m™ mon™)

May Jun Jul

Aug Sept Oct Nov Dec Jan
2014 2015
Month

Figure 8 Monthly wet, dry and total deposition fluxes of N+N and NHZ
from May 2014 to January 2015. Red and black color in the x axis represent
wet and dry seasons, respectively.

et al., 2013), the coastal Levantine basin (eastern Medi-
terranean sea, 56 mmol m ° yr_l, Carbo et al., 2005), the East
Sea (33-38 mmol m° yr_l, Park et al., 2019), Dongsha Is-
land (23%13 mmol m° yrfl, Chen and Huang, 2018;
16430 mmol m > yr ', Yang et al., 2014), and Jiaozhou Bay
(59.4 mmol m° yr ', Xing et al., 2018). Finally, the annual
dry deposition flux is higher than in the North Sea
(6.4 mmol m > yrﬁl, modeled result from Hertel et al., 2002),
the Northwestern Pacific (2.9 mmol m? yrﬁl, Martino et al.,
2014) and from 50°N-50°S in the Atlantic
(2.6 mmol m > yrﬁl, Baker et al., 2010), as shown in Table 5.

Annually, the total atmospheric deposition flux of DIN in
the SCS (26.9 mmolm “yr ') is larger than in the open
ocean, such as in the North Pacific and Atlantic
(6.4-11.9 mmol m> yrﬁl, Baker et al., 2010; Martino et al.,
2014), attributed to the fact that marginal seas are more af-
fected by anthropogenic emissions from continents than the
open ocean. The SCS total atmospheric DIN flux is com-

parable to that observed in the Arabian Sea
(22.8 mmol m * yr ', Bange et al., 2000), but less than those
observed in the western Baltic Sea (39.7 mmolm *yr
Rolff et al., 2008), the North Sea (43.4 mmol m ~ yr ', Hertel
et al., 2002), the East China Sea (41.4 mmol m ~ yr ' of dry
deposition, Li et al., 2013), the Yellow Sea (50—
70 mmol m > yrfl, modeled result from Zhang et al., 2011),
the East Sea (64-89 mmol m ~ yr ', Park et al., 2019) and the
coastal eastern Mediterranean Sea (56 mmol m° yr_1 of dry
deposition, Carbo et al., 2005) (Table 5).

3.5 Potential importance of atmospheric DIN deposi-
tion to the SCS

The high temperatures and strong stratification of the surface
SCS are favorable for N,-fixing organisms. N, fixation rates
in the SCS show large spatial and temporal variations, with
documented values of ~1.240.5 to 12.645.7 pmol Nm > d"'
(Chen et al., 2008), 51.746.2 pmol Nm d ™' (Chen et al.,
2014), and 14.1412.0 to 84.5+76.3 pmol Nm > d ' (Voss et
al., 2006). The atmospheric DIN deposition flux
(26.9mmol Nm > yr ' or 73.7 pmol Nm > d ") is compar-
able to or higher than the reported N, fixation rates.

As one of the external supplies of nutrients to the SCS, the
annual atmospheric deposition flux of DIN (both wet and
dry, 26.9 mmol m > yr '), when extrapolated to the entire
SCS (area of 3.5x10° kmz), suggesting a total atmospheric
DIN flux 0f 94.2 Gmol N yrﬁl. For comparison, riverine DIN
inputs from the Mekong River (NO;), Pearl River (DIN) and
Red River (DIN) are 20, 40 and 7.7 Gmol N yrfl, respec-
tively (Grosse et al., 2010; Le et al., 2010; Liu et al., 2009).
Therefore, atmospheric DIN deposition can provide a similar
magnitude of DIN as compared to the total amount of these
large river inputs.



Gao Y, et al.

Sci China Earth Sci 11

Table 5 Wet and dry deposition fluxes of N+N, NHI and DIN in the SCS compared with those reported in previous studies”

+

N+N NH DIN
Locations 4 Sampling periods Type Data source
Fwet Fdry Fwet Fdry Fwet Fdry
: Sept. 2013; May 2014 to Jan. Observed This stud;
Yongxing Island (SCS) 9.7 - 7.1 - 16.8 cp 2013: Ai)yr. 5015 0 Jan y
SCS basin - 9.9 - 0.2 - 10.1 Jun. 2017 Observed This study
Dongsha Island, SCS 21211 - 25221 ~ 23513 Apr. 2007 to Mar. 2009 Observed e 3h¢ Huang.
Dongsha Island, SCS  15420° 11426 17420 544 32440 16+30 Juls Sept, Nov. and Dec. o vy vang et al., 2014
& ’ 2010; Feb. and Mar. 2011 gctal,
Daya Bay, SCS - 8.5" - 0.9 - 9.4 Sept. 2015 to Mar. 2017  Observed  Wu et al.,, 2018
the Bay of Bengal - - - - - 9.94+7.3 Jan. 2009 Observed Srinivas et al., 2011
. * Apr., Jul., Nov. and Dec. .
East China Seca — 37.0 — 4.4 - 41.4 2010: Mar, 2011 Observed  Li et al., 2013
Coastal Levantine basin 40 - 16 - 56 Jan. 2001 to Apr. 2003 Observed Carbo et al., 2005
(eastern Mediterranean Sea)
Arabian Sea 53 11.6 53 0.6 106 122  May Jul and Aug. 1995 o oo Bange et al., 2000
Mar. 1997
Yellow Sea 10-20 5-10 30 5-10 40-50 10-20 1997 to 2005 Modeled Zhang et al., 2011
East Sea 1724 27-30 14-27 6-8 31-51 33-38 Mar. 2014 to Feb. 2016  Observed Park et al., 2019
Jiaozhou Bay, Yellow Sea - 30.0 - 29.4 - 59.4 Jun. 2015 to May 2016 ~ Observed Xing et al., 2018
Jiaozhou Bay, Yellow Sea  54.9 - 92.8 - 147.7 - 2015 to 2016 Observed Xing et al., 2017
Western Baltic Sea 208" 189" 39.7" Jul. 2001 to Jun. 2002 Observed Rolff et al., 2008
North Sea 19.4° 32 17.6 32 37.0 6.4 1999 Modeled Hertel et al., 2002
. . May and Jun. 2007; Apr.,
Northwestern Pacific 1.3 1.6 22 1.3 29 May, Aug. and Sept. 2008; Observed Martino et al., 2014
Oct. and Nov. 2009
Remote western North - 547 - 39.4 448 Mar. to Apr. 2014 Observed  Fu et al., 2018
Pacific
50°N-50°S of the Atlantic 5.3 22" 4.0 0.4 2.6 2000 to 2005 Observed Baker et al., 2010

a) *, Flux of only NO,; **, seasonal average. unit: mmol m 2 yr :

Using a C/N ratio of 106:16 (Redfield ratio, Redficld et al.,
1963), potentially 5.86 mg Cm > d ' of new production can
be supported by atmospheric DIN deposition. Based on "N
uptake, new production has been estimated to range from 80
+10 to 250+140 mg C m > d "' in the northern SCS basin and
6010 to 340170 in the shelf-slope region. Estimates of total
primary production, based on Bc uptake, ranged from 340
+130 to 620+70 mg Cm ~d ' in the basin, and 820440 to
8704260 mg Cm > d ' in the shelf-slope region (Chen and
Chen, 2006; Chen et al., 2007, 2008). Primary production in
the whole SCS basin, as derived from SeaWiFS data, is es-
timated to be 354 mg C m°d’ (Liu et al., 2002). In the
southern SCS, export production, as estimated by a **Ra/
NO, two-source diffusion model, is 52.8 mg C m>d ' (Cai
et al., 2002). Therefore, atmospheric DIN deposition con-
tributes potentially 1.8-11.1% of the nitrogen supporting
new production and 0.7-1.8% of nitrogen supporting total
primary production in the SCS.

Comparing these results more broadly, in previous studies
based on field sampling, the total atmospheric deposition of
N, was estimated to potentially contribute 5.6-8.7% of the
nitrogen supporting total primary production in the SCS

(Chen and Huang, 2018). Our estimate here is lower than
their result, the latter of which includes organic nitrogen
deposition. Total atmospheric deposition of DIN has been
found to contribute ~1.9% of the nitrogen supporting pri-
mary production in the coastal areas east of the Korean Pe-
ninsula and in the East Asian marginal seas (Park et al.,
2019). N deposition supports 0.3—6.7% (TN) and 1.1-3.9%
(TIN) of primary production in the Yellow Sea and the East
China Sea (Qi et al., 2013; Zhang et al., 2010), respectively.
Atmospheric DIN deposition potentially contributes ~2—
15% of the nitrogen supporting primary productivity in the
southern North Sea (Spokes and Jickells, 2005). The po-
tential contribution of atmospheric DIN deposition to marine
productivity in the SCS is slightly lower than that in the
Yellow Sea or East China Sea, and much lower than in the
southern North Sea. At the global scale, the atmospheric
deposition of NO, and NH, supports ~0.5% of primary
production and ~2.3% of new production in the open ocean
(Carr et al., 2006; Duce et al., 2008; Ducklow, 1995; Laws et
al., 2000; Oschlies, 2001). The relative importance of at-
mospheric DIN deposition to SCS productivity is higher than
for the global open ocean.
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4. Concluding remarks

The annual wet deposition fluxes of N+N and NHj, esti-

mated based on rainwater concentrations and amount of
precipitation, were 9.7 and 7.1 mmol m’ yr_l, respectively,
with higher deposition rates found during the wet season
than the dry season. Estimated annual dry deposition fluxes
of NO; and NH ;, based on large-volume total suspended
aerosol particle sampling, were 9.9 and 0.2 mmol m’ yrﬁl,
respectively. Annually, wet deposition supplied larger
amount of DIN to the SCS compared to the dry pathways
(16.8 vs. 10.1 mmol m’ yrﬁl). The annual atmospheric DIN
deposition was estimated as 26.9 mmol m ~ yr ', which is
higher than or similar to the new nitrogen added to the eu-
photic zone through N, fixation. The total atmospheric DIN
deposition flux to the SCS was 94.2 Gmol yrfl, comparable
to large riverine inputs, and potentially contributes 1.8—
11.1% of the nitrogen to new production and 0.7-1.8% of
the nitrogen to primary production, which is slightly lower
than in the Yellow Sea and East China Sea but slightly
higher than the global average. Our findings highlight the
influence of human activities on marine biogeochemistry
and productivity.
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