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• Atmospheric inorganic nutrients de-
creased with increasing distance from
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• Dry deposition would support 3–4% of
the NPP in the northwestern Pacific
Ocean.

• Our observations generally fell within
the ranges observed over the past
18 years.
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We evaluated the potential impacts of atmospheric deposition on marine productivity and inorganic carbon
chemistry in the northwestern Pacific Ocean (8–39°N, 125–157°E). The nutrient concentration in atmospheric
total suspended particles decreased exponentially with increasing distance from the closest land-mass (Asia),
clearly revealing anthropogenic and terrestrial contributions. The predicted mean depositional fluxes of inor-
ganic nitrogen were approximately 34 and 15 μmol m−2 d−1 to the west and east of 140°E, respectively,
which were at least two orders of magnitude greater than the inorganic phosphorus flux. On average, atmo-
spheric particulate deposition would support 3–4% of the net primary production along the surveyed tracks,
which is equivalent to ~2% of the dissolved carbon increment caused by the penetration of anthropogenic CO2.
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Our observations generally fell within the ranges observed over the past 18 years, despite an increasing trend of
atmospheric pollution in the source regions during the sameperiod,which implies high temporal and spatial var-
iabilities of atmospheric nutrient concentration in the study area. Continued atmospheric anthropogenic
nitrogen deposition may alter the relative abundances of nitrogen and phosphorus.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Atmospheric CO2 levels have been rapidly increasing since the in-
dustrial revolution in response to anthropogenic activities (e.g., fossil
fuel burning and cement production). As a result, the climate is chang-
ing more rapidly than over the past 3 million years (Hönisch et al.,
2012; Pörtner et al., 2014). However, anthropogenic CO2 can be partially
sequestrated by photosynthesis at the expense of newly introduced nu-
trients from agricultural fertilizer application and fossil fuel combustion
(Graham et al., 1990; Kim T.W. et al., 2014; Magnani et al., 2007; Paerl,
1985, 2002). Therefore, this partial offset must be considered for the ac-
curate prediction of future climate and environmental changes. In par-
ticular, the ocean is responsible for half of global primary production
(i.e., carbon fixation) and is the largest reservoir of bioavailable carbon,
storing ~45 times the quantity that is stored in the atmosphere
(e.g., Friedlingstein et al., 2019). Nitrogen, phosphorus, and iron are
themain limiting nutrients for the growth of marine primary producers
(e.g., Duce et al., 2008; Jickells et al., 2005; Mahowald et al., 2008), and
riverine and atmospheric transport are the twomost important external
sources of nutrients to the ocean; the former candeliver high concentra-
tions of nutrients to the mouths of rivers, but its influence is likely lim-
ited to coastal seas (e.g., Kim et al., 2011). In contrast, atmospheric
pollutants can travel long distances, and they therefore have amore sig-
nificant impacts in remote oceanic regions (e.g., Duce et al., 2008).

Anthropogenic activities are particularly prevalent in East and
Southeast Asia, eastern North America, and Europe. Therefore, it is nec-
essary to assess the impacts of atmospheric pollutants (i.e., reactive ni-
trogen) downwind of these heavily populated and industrialized
regions, such as the North Atlantic and North Pacific oceans. Desert
dust (a supplier of phosphorus and iron) is frequently transported to
the tropical and subtropical regions of these two basins; however, in-
creasing anthropogenic activity in recent years has altered the fre-
quency and intensity of dust events (e.g., Wan et al., 2016). Natural
dust can increase pollutant concentrations in atmospheric particles by
increasing the surface area for heterogeneous reactions (e.g., Cwiertny
et al., 2008; Underwood et al., 2001; Zhang et al., 2006), which alters
their original properties. For example, the incorporation of acidic sub-
stances, such as chemical derivatives of sulfur and nitrogen oxide
gases, can enhance the solubility of mineral dust (e.g., Ito and Feng,
2010; Theodosi et al., 2010). Moreover, acid deposition can reduce sea-
water alkalinity, which is a seawater inorganic carbon parameter that
reflects the capacity of the ocean to absorb atmospheric CO2 (Doney
et al., 2007; Rodhe et al., 2002). Consequently, various ship-based field
surveys have been conducted to evaluate the role of atmospheric depo-
sition in remote open oceans (e.g., Baker et al., 2017; Mahowald et al.,
2008, and references therein). However, only a few studies have exam-
ined the effects of atmospheric deposition on ocean productivity and
carbon cycling in remote regions of the North Pacific Ocean
(e.g., Martino et al., 2014; Jung et al., 2019).

Ship-based atmospheric particle sampling in theNorth Pacific Ocean
has mostly been conducted in the East and Southeast China Seas due to
their proximity to Asian countries (Baker et al., 2017). Ground-based
monitoring has provided time-series data; however, the datasets are
mostly applicable for coastal waters (e.g., Kang et al., 2010; Kim T.W.
et al., 2014; Kim et al., 2019; Park et al., 2019; Wu et al., 2018a, 2018b;
Yang et al., 2014) and Pacific islands (Arimoto et al., 1990; Carrillo
et al., 2002; Cornell et al., 2001; Duce and Tindale, 1991; Uematsu
et al., 1985). In contrast, fewer studies have focused on the effects of
2

atmospheric deposition on remote open regions of the western North
Pacific Ocean, which are subject to high anthropogenic impacts and
climate-driven environmental changes (Kim H. et al., 2017). This region
of the North Pacific Ocean is an important sink of atmospheric carbon
due to the formation of mode water, heat loss from northward-
flowing water, and biological activities (Landschützer et al., 2014;
Takahashi et al., 2009). Nonetheless, the western North Pacific Ocean
south of the Kuroshio Extension is one of the most oligotrophic oceans
in the world; thus, it can be highly sensitive to atmospheric deposition
(Moore et al., 2013;Ward et al., 2013). Recently, the long-termdecrease
in export production (i.e., organic matter production that sinks below
the ocean mixed layer) in response to increasing nutrient deficiency
has been observed in the southwestern North Pacific Ocean (Jeong
et al., 2019; Kim D. et al., 2017). In contrast, the atmospheric loading
of nutrients to this region is expected to increase new production
(i.e., ocean productivity supported by nutrient supplies from outside
of the ocean surface mixed layer) in the future, which may partially
counteract the observed reduction in export production (Duce et al.,
2008; Itahashi et al., 2014, 2016; Kurokawa et al., 2013).

In this study, we conducted three field surveys within 8.0–38.7°N and
124.8–157.3°E to measure the nutrient concentrations of atmospheric
particulate matter, and evaluate their potential depositional fluxes and
contributions to ocean biogeochemistry. However, the contributions of
wet deposition and gaseous dry deposition were not directly measured
in this study. Our study covered the least sampled regions in the western
North Pacific Ocean (Baker et al., 2017). As the study area is an oligotro-
phic area, our main focus was inorganic nutrients, such as dissolved inor-
ganic nitrogen (DIN) and phosphorus, in marine aerosol.

2. Materials and methods

2.1. Atmospheric particulate matter sampling

Total suspendedparticle (TSP) and PM2.5 (particulatematterwith an
aerodynamic diameter < 2.5 μm) sampleswere collected over thewest-
ern North Pacific Ocean during three cruises (9–29 September, 19
October–9 November, and 18 November–7 December) in 2017 aboard
the Korean research vessel ISABU (Fig. 1a). Seventeen TSP samples
were collected during the first cruise using a high-volume air sampler
(HiVol 3000, Ecotech, Australia); however, PM2.5 was not sampled. In
the following two surveys, the same sampler was equipped with a
PM2.5 inlet, and a total of nine TSP and PM2.5 samples were collected
during each survey. Both samplers were equipped with a wind-sector
controller andwere installed at the front of the upper deck to avoid con-
tamination by the ship's smokestack. The samplers stoppedwhen a cer-
tain condition (wind speed <1 m s−1 or wind blows from the stern of
the ship) lasted for more than 1 min. Atmospheric particles were col-
lected over quartz filters (25.4 × 20.3 cm; Pallflex Tissuquartz Air Mon-
itoring Filter, Pall Corporation) at a flow rate of ~1000 L min−1. We
planned to retrieve the sampling filter once a day; however, the actual
air sampling volumes varied from 100 to 4000 m3 depending on the
weather conditions (e.g., wind speed/direction) at the time of sampling.
A field blank filter was not collected to maximize sampling opportuni-
ties. All the retrieved filters were folded and stored in low-density poly-
ethylene bags at −20 °C before chemical analysis. Each sample was
given a unique sample number representing the start time of sampling:
the first character indicates the calendar month (S, O, and N for
September, October, and November, respectively), and the following



Fig. 1. Maps of the study area showing (a) all three cruise tracks with sampling start locations and (b–d) the individual cruise tracks with the 5-day backward air mass trajectories
calculated every 6 h. Symbols in (a) represent the regional air masses (circles, triangles, and squares for East Asia, the Pacific Ocean, and Southeast Asia, respectively) with the highest
influence on the water-soluble components of the corresponding particulate matter sampling locations (based on the calculated backward air mass trajectories during the sampling
times). The colors of each trajectory indicate the measured concentration of dissolved inorganic nitrogen (DIN). The inset in (a) shows an enlargement of the area between 16.5–23°N
and 125–134°E.
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number indicates the initial day of sampling (e.g., sample “O19” indi-
cates that the sampling of airborne particles began on 19 October).

2.2. Determination of atmospheric concentration and depositional flux

All samples were leached with 50 mL of Milli-Q water (~18.2 MΩ
cm−1) via ultrasonic agitation for 30min. The sampleswere then centri-
fuged for 15 min at 3500 rpm. The resulting supernatant containing the
water-soluble components of atmospheric particles was filtered with a
PTFE syringe filter (0.2 μm; Thermo Fisher Scientific). Major nutrient
ions namely nitrite (NO2

−), nitrate (NO3
−), ammonium (NH4

+), silicate
(SiO2), and phosphate (PO4

3−), were analyzed with an automatic nutri-
ent analyzer (QuAAtro, SEAL Analytical). Additionally, the other ions
were measured using an ion chromatography system (ICS-1100,
Dionex). These analytical systemswere checked using certificated refer-
ence materials for seawater (Kanso Co., Ltd., Japan; used only with the
nutrient analyzer due to the presence of samples with high sea salts
contributions) and rainwater (JRC-IRMM, Belgium). Sample analyses
were allowed when a deviation from certificated values was less than
~5%. NO2

− concentrations were included in the NO3
− concentrations

due to the insignificant level (average of ~3%) of NO2
− relative to
3

NO3
− + NO2

− (i.e., NO3
− represents NO3

− + NO2
−). For ion species in

which sea-salt contributions are typically significant, such as sulfate
(SO4

2−) and calcium (Ca2+), we separated the non-sea-salt (nss) contri-
bution based on the measured sodium concentration ([Na+]) using the
following equation (Xiao et al., 2013, 2017):

nss−X½ � ¼ X½ �− R X
Na
� Naþ
� �� �

, ð1Þ

where [X] represents the molar concentration of water-soluble ions in
atmospheric samples, and RX/Na is the molar ratio between the water-
soluble ion (X) and Na+ in seawater (Keene et al., 1986). We assumed
a negligible contribution of nss-Na+ to our samples.

Particulate dry depositional fluxes (FD) were calculated for NO3
−,

NH4
+, and PO4

3−, which are themost essential nutrients for primary pro-
ducers. FD is the product (CD × VD) of their concentrations in total
suspended particulate matter (CD) and the size-integrated dry deposi-
tion velocity (VD) (Kang et al., 2010; Kim et al., 2011; Park et al.,
2019). To estimate VD, we adopted 0.1 cm s−1 (VD

F ) and 2.0 cm s−1

(VD
C) for fine (i.e., PM2.5) and coarse (TSP excluding the PM2.5 contribu-

tion) particles, respectively (Duce et al., 1991; Nakamura et al., 2005;
Park et al., 2019; Yeatman et al., 2001). These values are currently the



M.-W. Seok, D. Kim, G.-H. Park et al. Science of the Total Environment 793 (2021) 148401
best estimates for ocean regions that are <1000 km from land, despite
the large uncertainty (up to a factor of three) caused by the spatiotem-
poral variations in environmental factors affecting VD (e.g., wind and
humidity) (de Leeuw et al., 2003; Duce et al., 1991; Kang et al., 2010;
Spokes et al., 2000, 2001). Finally, the VD values were estimated based
on the following equation:

VD ¼ RF � VF
D þ 1−RF

� �
� VC

D, ð2Þ

where RF is themean fraction of NO3
− (RNO3F ), NH4

+ (RNH4F ), PO4
3− (RPO4F ),

nss-SO4
2− (RnssSO4F ), or nss-Ca2+ (RnssCaF ) in fineparticles relative to those

in the TSP samples. VD values could not be calculated for all individual
samples during the three surveys due to the lack of PM2.5 sampling in
the first survey. Instead, we applied themean VD values estimated from
the latter two surveys. Due to the large uncertainties inherent in the
adopted VD

F and VD
C values, the effect of applying themean VD is unlikely

to be significant.
The dry depositional flux of acidic substances (FD-ΔALK) was estimated

using the following simplemodel (Doney et al., 2007; Rodhe et al., 2002):

FD−ΔALK ¼ 2 � FD−nssSO4 þ FD−NO3 þ FD−NH4−2 � FD−nssCa, ð3Þ

where FD-nssSO4, FD-NO3, FD-NH4, and FD-nssCa are the FD estimates of nss-
Ca2+, nss-SO4

2−, NO3
−, and NH4

+, respectively. Positive FD-ΔALK indicates
a reduction in seawater alkalinity. FD-NH4 was added instead of
subtracted due to the nitrification (NH4

+ to NO3
−) and simultaneous

release of hydrogen ions (NH4
+ + 2O2 → NO3

− + 2H+ + H2O) after
deposition (Doney et al., 2007; Rodhe et al., 2002). Thus, the estimated
FD-ΔALK should be treated as an upper limit for the effect of acid deposi-
tion because a significant fraction of NH4

+ deposited to oligotrophic
ocean could be taken up by phytoplankton before being oxidized.

2.3. External data

Air mass backward trajectories starting along the cruise tracks were
calculated every 6 h using the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model of the National Oceanic and Atmo-
spheric Administration (NOAA) Air Resources Laboratory (Fig. 1b–d)
(Draxler and Rolph, 2003). The model was designed to determine the
potential source regions influencing the chemical characteristics of the
collected filter samples (Fig. 1a). Each air mass backward trajectory
contained air mass positions for every hour for the previous five days.
The starting altitude for the HYSPLIT run was 500 m above sea level.
The output of the Global Data Assimilation System (1° resolution) was
used as the meteorological data. To evaluate the potential contribution
of atmospheric deposition to ocean productivity, satellite-based net pri-
mary productivity (NPP; net carbon fixation from photosynthesis and
respiration) data were taken from the Ocean Productivity website oper-
ated by Oregon State University (OSU; sites.science.oregonstate.edu/
ocean.productivity/index.php). The generation of the NPP dataset was
mainly based on the Vertically Generalized Production Model and the
Visible Infrared Imaging Radiometer Suite chlorophyll-a concentration
(Behrenfeld and Falkowski, 1997). The effect of acid deposition on the
ocean carbon cycle was investigated using total alkalinity and mixed-
layer depth data provided by the Global Ocean Data Analysis Project
version 2 (www.glodap.info) and the NOAA Monthly Isopycnal and
Mixed-layer Ocean Climatology (www.pmel.noaa.gov/mimoc), respec-
tively (Key et al., 2015; Olsen et al., 2016; Schmidtko et al., 2013). Sur-
face current data were acquired from the National Center for
Environmental Prediction Global Ocean Data Assimilation System ar-
chived in the Physical Sciences Division of NOAA (www.esrl.noaa.gov/
psd) (Behringer and Xue, 2004).
4

3. Results

3.1. Chemical composition of atmospheric particulate matter

Water-soluble chemicals in TSP were generally higher in the third
survey (N18–D5),which could be largely due to enhanced contributions
of sea salt ions (Fig. S1). In general, Cl− and Na+ showed the highest
mass-based concentrations, followed by sea-salt SO4

2− and NO3
−

(Tables S1 and S3). The relative compositions of water-soluble ions
were similar to those in seawater; thus, most measurements of K+,
SO4

2−, Ca2+, and Mg2+ were linearly correlated with those of Na+

(Fig. S1). However, SO4
2− and Ca2+ showed significant deviations from

the seawater composition, indicating anthropogenic and terrestrial con-
tributions. The molar concentrations of DIN (= NO3

− + NH4
+) ranged

from 3.8 to 655.5 nmol m−3, 6.6 to 78.4 nmol m−3, and 3.3 to
37.8 nmol m−3 during the first (S9–S28), second (O19–N6), and third
(N18–D5) surveys, respectively (Figs. 2 and S3; average and median
values are in Tables S1 and S2).With respect to the PO4

3− concentration,
the three surveys reported values of 0.01–0.94 nmol m−3,
0.01–0.47 nmol m−3, and 0.01–0.07 nmol m−3, respectively (Figs. 2
and S3). The large differences between the average and median values
were largely due to the samples (S9 and S28) collected in the East
China Sea.

The DIN concentrations were markedly enhanced when the air
masses originated in East Asia (Figs. 1 and 2). During the first (S9–
S28) and second (O19–N6) cruises, the air mass source regions shifted
from the East Asian continent (north of ~28°N for the first two surveys)
to the Pacific Ocean and Southeast Asian islands (south of ~28°N; Fig. 1);
this is evident from themeridional DIN gradients shown in Fig. 1, which
are typical of the North Pacific Ocean (e.g., Xiao et al., 2018). The spatial
patterns of atmospheric particulate DIN highlight the impact of atmo-
spheric pollutants on airborne particles over the ocean (Fig. 1)
(e.g., Kim et al., 2019; Park et al., 2019). The mean molar ratio of NO3

−:
NH4

+:PO4
3−:nss-SO4

2−:nss-Ca2+ of the sampled atmospheric particles
was approximately 184:313:1:296:71 (248:168:1:259:89 when ex-
cluding the extremely high value from sample S9), which is clearly dif-
ferent from the ratio in seawater.

The temporal variations in the three nutrient species (NO3
−, NH4

+,
and PO4

3−) were generally synchronized and reflected the cruise tracks:
higher concentrations (indicating higher fluxes) were observed at the
beginning and (or) end of each surveywhen the research vessel was ar-
riving or departing from the East Asian marginal seas (Fig. 1). Some of
the first survey samples influenced by East Asian air masses showed
higher contributions of DIN to the total TSP mass relative to the sum
of marine-derived Na+ and Cl− (e.g., S9 and S26–28; Fig. S1). In con-
trast, enhanced DIN contents were less evident in samples N1, N3, and
N6, despite their associationwith air masses from East Asia; this finding
is likely due to their greater distance from the East Asian land mass.
Among the samples collected in the remote regions, slightly elevated
NO3

− and PO4
3− concentrations were recorded in samples S15 and S16

(Fig. S3); these samples might have been influenced by Southeast
Asian air masses with high contributions from fossil fuel and biomass
burning (e.g., Crutzen and Andreae, 1990; Kim T.W. et al., 2014; Lee
et al., 2017; Sundarambal et al., 2010; Xiao et al., 2020).

The mean (median) NO3
− concentrations in atmospheric particles

originating from East Asia (n = 11), Southeast Asia (n = 5), and the
North Pacific Ocean (n = 19) were 32 nmol m−3 (27 nmol m−3),
30 nmol m−3 (13 nmol m−3), and 5.5 nmol m−3 (5.9 nmol m−3), re-
spectively (Fig. 2). NH4

+ and PO4
3− also showed similar trends to that

of NO3
−. In general, the magnitude of variation was greater in samples

influenced by East Asian air masses due to sample S9. Unlike the re-
ported clear seasonal variation in East Asiawith elevated value inwinter
(e.g., Park et al., 2019), the different surveyedmonths (i.e., monthly var-
iation in source strengths) did not significantly affect the nutrient con-
centrations in our study area. Although house heating typically begins
in November in China (e.g., Xiao et al., 2015), the lowest average

http://www.glodap.info
http://www.pmel.noaa.gov/mimoc
http://www.esrl.noaa.gov/psd
http://www.esrl.noaa.gov/psd


Fig. 2. Concentrations (CD, a–f) and fluxes (FD, g–l) of major nutrients (a, d, g, and j for NO3
−; b, e, h, and k for NH4

+; c, f, i, and l for PO4
3−). Each panel shows the results of (a–c and g–i) the

three cruises and (d–f and j–l) the three sample groups (EA, PO, and SA) categorized based on the air mass backward trajectories. EA, PO, and SA are the sample groups that were
significantly influenced by East Asian, Pacific Ocean, and Southeast Asian air masses, respectively. The top and bottom of each box represent the 25th and 75th percentiles, respectively,
while the whiskers show the full ranges of the data groups except for those considered as outliers (open circles). Some extreme values (red circles and corresponding red numbers) are
shown at the top of the Y-axis for visualization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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nutrient concentrations were observed during the third survey (which
was conducted from late November to early December). The fact that
the lowest concentrations were observed during the period of highest
pollutant production can be attributed to the different survey tracks
and their varying distances from the closest landmass (DCL). For exam-
ple, atmospheric particulateNO3

− decreased exponentiallywith increas-
ing DCL during all surveys (Fig. S2). This relationship could explain ~34%
of the total variations in NO3

−.

3.2. Atmospheric nutrient flux and its impact on carbon cycles

The mean RNO3
F , RNH4

F , and RPO4
F values were approximately 0.4, 0.8,

and 0.6, resulting in mean VD values of 1.24, 0.48, and 0.86 cm s−1 for
NO3

−, NH4
+, and PO4

3−, respectively. The VD estimates were approxi-
mately 0.40 cm s−1 and 1.31 cm s−1 for nss-SO4

2− and nss-Ca2+, respec-
tively, based on RnssSO4

F and RnssCa
F values of ~0.84 and ~ 0.36,

respectively, which were subsequently used to estimate FD-ΔALK. The
FD-NO3, FD-NH4, and FD-PO4 estimates for the third survey (late fall to
early winter) ranged from 2.8 to 31.6 μmol m−2 d−1, 0.1 to 3.5 μmol
m−2 d−1, and 0.01 to 0.05 μmol m−2 d−1, respectively; these values
were generally lower than those measured in the samples from
the first and second surveys (Figs. 2 and S3 and Tables S5 and S6). The
FD-NO3 estimates far exceeded those of FD-NH4 and FD-PO4 due to the
lower VD (by a factor of ~2.6) for NH4

+ and a deficiency in PO4
3−, respec-

tively. This suggests that atmospheric particulate NO3
− (more abundant

in coarse particles) is themost important factor for determining the im-
pact of FD on marine productivity.

The new production (NPFD) fueled by the FD of nutrients was esti-
mated based on the canonical Redfield ratio (carbon:nitrogen:
5

phosphorus = 117:16:1) of marine organic matter (Anderson and
Sarmiento, 1994). We also assumed that each nutrient was indepen-
dently utilized to formorganic carbon. In general, thewestern North Pa-
cific Ocean is nitrogen-limited except in Fe-limited subarctic regions;
thus, FD-NO3 and FD-NH4 can be completely consumed (e.g., Chu et al.,
2018; Liu Y. et al., 2013; Martino et al., 2014; Zhang et al., 2018). Even
if phosphorus were not depleted, an overestimation would not exceed
the carbon equivalent of FD-PO4, which was only approximately 7% of
the total NPFD. The average NPFD values were ~14.6 mg C m−2 d−1,
~10.3 mg C m−2 d−1, and ~3.9 mg C m−2 d−1 during the first, second,
and third surveys, respectively. The satellite-based monthly NPP data
were extracted over the survey tracks, and the mean NPP estimates
were approximately 318, 331, and 128 mg C m−2 d−1 for September,
October, and November, respectively. To extract NPP values corre-
sponding to our samples, the OSU NPP data produced for sampling
start months were chosen and then NPP values were retrieved from
the grids closest to the sampling start locations.

The NPFD was significantly correlated with NPP (r = 0.68 and p ≪
0.005, Figs. 3e and S2c); this correlationwas expected because both oce-
anic and atmospheric nutrient concentrations increase toward coastal
areas. For this reason, the impact of atmospheric deposition should
not be neglected in remote oceans far from continental areas. The
mean (median) NPFD/NPP ratio was 3– 4% (~2.5%). In individual sam-
pling locations, the NPFD and NPFD/NPP decreased with increasing DCL

(Fig. 3c and d); this trend was also observed for the atmospheric con-
centration of particulate NO3

−. The inclusion of the data of Baker et al.
(2017) did not change these relationships significantly (red and green
lines in Fig. 3c and d). When extending the relationship between NPFD
and DCL (derived from the datasets of this study and the datasets of



Fig. 3.Maps of (a) the average net primary production (NPP) in the study area during September andDecember 2017 and (b) the newproduction (NPFD). TheNPFDwas predicted from the
relationship (dotted red line) shown in (c). NPFD and NPFD/NPP as a function of the closest distance to a land mass (DCL) are shown in (c) and (d), respectively. The red and green lines
indicate the optimal fits generated from the data in this study with and without the data from Baker et al. (2017), respectively. The NPFD values estimated from the data of this study
and the study of Baker et al. (2017) are presented as green and white circles, respectively, in (c) and (d). In panel (e), the gray, orange, and red bars represent the contributions of
atmospheric NO3

−, NH4
+, and PO4

3− deposition to NPFD, respectively, and the green bars represent the corresponding NPP data. All NPP data were acquired from the Ocean Productivity
website (Behrenfeld and Falkowski, 1997) and the NPP data corresponding to atmospheric data were extracted from the NPP map in (a) based on sampling locations. Individual NPFD/
NPP ratios and the sample references are displayed to the left and right of each bar with red and blue colors, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Baker et al. (2017)) to the oligotrophic (DCL > 300 km) ocean within
1–50°N and 127–165°E, atmospheric deposition of inorganic nutrients
can contribute ~18 Tg C yr−1 to the new production, which is approxi-
mately 2% of the oceanic uptake of atmospheric CO2 in the specified
area of the Pacific Ocean (Gruber et al., 2019). Meanwhile, the effect of
particulate acid deposition on total alkalinity was negligible in the
study area. FD-ΔALK integrated over the study area was estimated using
the relationship between the measured FD-ΔALK and DCL (Fig. S4) in a
similar manner to the relationship between NPFD and DCL. According
to our estimation, the FD-ΔALK accumulated inwaters along the Kuroshio
Current pathway (dotted red line in Fig. S4a) reduced the seawater total
alkalinity by ~10 nmol kg−1 over themixed-layer depth. The mean cur-
rent velocity and mixed-layer depth were approximately 0.36 m s−1

and 45 m, respectively, along the selected pathway.

4. Discussion

Baker et al. (2017) synthesized the atmospheric concentrations of
particulate NO3

− and NH4
+ from field surveys conducted across various

oceans around the world from 1995 to 2012. Most of these studies re-
vealed the chemical characteristics of atmospheric aerosols but did
not assess their impacts on ocean environments (Baker et al., 2016;
Buck et al., 2013; Hsu et al., 2010; Jung et al., 2011; Martino et al.,
2014; Nakamura et al., 2005, 2006; Ooki et al., 2007; Quinn and Bates,
2005; Sasakawa and Uematsu, 2002; Vicars et al., 2013; Zhang et al.,
2010). These investigations covered all seasons except for fall in the
area adjacent to the Philippine Sea; however, our study was able to fill
this data gap. Our observations generally fell within the overall range
6

of the measurements conducted over the past 18 years, despite the dif-
ferent sampling seasons. During the same period, upwind regions in
Asia showed an increasing trend of atmospheric pollution and deposi-
tion (Liu X. et al., 2013; Lu et al., 2020). In particular, the relationships
between DCL and particulate NO3

− were broadly consistent with previ-
ous datasets (Fig. 3c and d). Our surveyed NH4

+ concentrations were
substantially lower than the average values obtained in previous studies
in remote regions of the North Pacific Ocean but were comparable to
values reported in a sector adjacent to the East Asian seas (Fig. 4). This
discrepancy indicates the higher spatiotemporal variability of NH4

+

comparedwith that of NO3
−. The observed differences between the sam-

ples affected by East Asian and North Pacific air masses clearly indicate
human influences on atmospheric particulate nutrients. In general, the
medianNO3

− and PO4
3−concentrations in atmospheric particles originat-

ing in East Asia were 5–10 times higher than those originating in the
North Pacific Ocean, while the difference for NH4

+ increased by more
than a factor of ~40 in our study.

A recent study in the subarctic North Pacific Ocean identified de-
creasing trends in atmospheric particulate NO3

−, NH4
+, and dissolved or-

ganic nitrogen (DON) concentrations from the continental margins to
remote regions (Jung et al., 2019). Their reported ranges for NO3

−

(0.20–5.9 nmol m−3) and NH4
+ (0.77–25.3 nmol m−3) showed large

spatiotemporal variability and were broadly consistent with the values
obtained in our study. However, in contrast to our findings, Jung et al.
(2019) identified NH4

+ to be the dominant DIN species (accounting for
~81% of DIN). Due to the high partitioning of NH4

+ onto fine particles
with a VD of 0.1 cm s−1, our FD estimateswere not significantly different
from the abovementioned studies in the North Pacific Ocean, despite



Fig. 4. Comparisons between the data of this study and those of Baker et al. (2017). (a) The locations of the atmospheric data from Baker et al. (2017) (the colors indicate the concentration
of DIN in atmospheric particulate matter), and (b–e) the seasonal variations in NO3

− (gray bars) and NH4
+ (orange bars) in the four subregions. The first four bars display the data from

Baker et al. (2017), and the last bar displays the data collected during September–December in this study. Th tracks of the three cruises conducted in this study are shown as black
lines in (a).

M.-W. Seok, D. Kim, G.-H. Park et al. Science of the Total Environment 793 (2021) 148401
the relatively lower NH4
+ concentrations observed in our study (Jung

et al., 2011 and 2019; Martino et al., 2014). Jung et al. (2011) reported
a significant reduction in atmospheric particulate NO3

− and NH4
+ in the

Pacific Ocean south of the equator, which further confirms the anthro-
pogenic influence on atmospheric DIN concentrations in the North
Pacific Ocean. Thus, the concentrations observed in the North Pacific
Ocean in this study and in previous investigations are unlikely to reflect
the natural atmospheric background values. With respect to PO4

3−,
Martino et al. (2014) reported mean concentrations of 0.062 and
0.041 nmol m−3 in atmospheric particulate samples influenced by
East Asian and North Pacific air masses, respectively, which is broadly
consistent with our results (median values of 0.079 and 0.016 nmol
m−3, respectively). Including our observations, all studies suggest a sig-
nificant deficiency in atmospheric PO4

3−. It should be noted that these
previous studies adopted the same dry deposition velocities applied in
this study.

We compared our ship-based survey results with land-based moni-
toring data to determine whether land-based observations can accu-
rately assess the impacts of atmospheric deposition in marginal sea
environmentswithminimal atmospheric datasets. A two-yearmonitor-
ing study reported ~51 and ~ 93 nmol m−3 of atmospheric particulate
NO3

− and NH4
+, respectively, in an eastern coastal region (Uljin) of

South Korea (Park et al., 2019). These valueswere expected to be higher
than those observed over the East Asianmarginal seas. However, the fall
NH4

+ concentrations (~164 nmolm−3) in the East China Sea (Nakamura
et al., 2005) were significantly higher than those observed in Uljin,
whereas the NO3

− concentrations (~34 nmol m−3) were slightly lower.
Our samples collected over the East China Sea (S9, S10, S27, and S28)
had average concentrations of 62 and 77 nmol m−3 for NO3

− and NH4
+,

respectively, when excluding the extreme NH4
+ value of S9. Overall,

we found no consistent pattern between the land-based and sea-
based samples; however, unlike ship-based ocean surveys, coastal
(land-based) observations can provide long-term averages for more ac-
curate assessments of the effect of atmospheric deposition on marine
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productivity. Despite the low sample number (n = 5), we compared
the samples affected by Southeast Asian air masses in our study with
previous measurements over the Southeast Asian land mass. Based on
the five samples, we predicted an atmospheric DIN deposition of ap-
proximately 40 μmol m−2 d−1 (mostly from NO3

− deposition) in our
study; this is comparable to the measured values in remote regions of
Southeast Asia but is significantly lower than the value of ~104 μmol
m−2 d−1 recorded in urban areas of Southeast Asia (Kim T.W. et al.,
2014).

Wet deposition (FW) should be included to assess the overall im-
pacts of atmospheric inputs on ocean biogeochemistry. Total (wet +
dry) atmospheric nitrogen deposition (FTAN) to the ocean is predicted
to enhance the annual newproduction and atmospheric CO2 drawdown
in the open ocean by 3% and 10%, respectively (Duce et al., 2008). Okin
et al. (2011) inferred a 1–2% increase in total carbon fixation in response
to FTAN, which is equivalent to 5–10% of newproductionwhen assuming
an f-ratio of ~0.2 (Lee, 2001). A recent study also reported a ~ 2% contri-
bution of FTAN to NPP in coastal zones of East Asia (Park et al., 2019). In
comparison, the effect of FTANwas higher in our study region than those
of previous studies. When using their median concentrations, the dry
deposition of inorganic nutrient species (i.e., NO3

−, NH4
+, and PO4

3−)
was responsible for ~2.5% of NPP in our study area. The FW values for
the study area were estimated from nutrient concentrations in atmo-
spheric particles following the method of Martino et al. (2014), which
utilized a rainfall rate of 4 mm d−1 and scavenging ratios of 240 and
358 for fine and coarse particles, respectively (Galloway et al., 1993).
As a result, the ratios of wet to dry deposition in our study areawere ap-
proximately 1.01, 0.46, and 0.76 for NO3

−, NH4
+, and PO4

3−, respectively.
Thus, the inorganic portion of FTAN could be estimated from the sum of
FD and FW. When assuming an organic component of ~30% in atmo-
spheric water-soluble nitrogen (Luo et al., 2016, 2018) and the Redfield
ratio-based conversions of nitrogen and phosphorus to carbon, the me-
dian contribution of FTAN (i.e., FTAN = (FD + FW)/7 × 10) to NPP in our
study area is roughly 6% (or ~ 32% of new production if the f-ratio =
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0.2) with 95% confidence intervals of 5.6– 6.5%, which is notably larger
than the results of the abovementioned studies. During N-limited non-
upwelling periods, the dry nitrogen deposition was found to only stim-
ulate up to 20% of new production in the Californian coastal waters of
the northeastern Pacific Ocean (Mackey et al., 2010). Additionally,
FTAN was found to contribute ~20% to new production in the South
China Sea (Kim T.W. et al., 2014). These results are consistent with the
results obtained in the present study. Additionally, it is important to
note that neither these nor our results included the gaseous deposition
of nitrogen oxides and ammonia.

The significant contribution of atmospheric deposition to the nutri-
ent pool in open oceans is likely to impact ocean ecosystems. If assum-
ing that nitrogen removal processes (e.g., denitrification) remain
constant, prolonged atmospheric deposition with a nitrogen to phos-
phorus (N:P) ratio greater than the phytoplankton demand (N:P ratio
of ~16) leads to the conditionwith excess nitrogen remained after phos-
phorus consumption in the water column and thus may shift the eco-
system structure of the study area toward phosphorus-limiting
conditions in the foreseeable future. Recent studies conducted for the
East Sea and open waters of the North Atlantic and Pacific oceans re-
vealed that the water column N:P ratio has increased with time in re-
sponse to anthropogenic nitrogen deposition (Kim et al., 2011; Kim
I.N. et al., 2014; Yang et al., 2020). Furthermore, bioassay experiments
showed that toxic heavy metals such as copper had adverse effects on
the growth of phytoplankton (Paytan et al., 2009). However, atmo-
spheric deposition alone is unlikely to increase heavy metal concentra-
tions to above their toxicity thresholds in the open ocean.

Finally, previous studies predicted that the impact of atmospheric acid
deposition on open-ocean carbonate chemistry would be only a small
percentage of the impact caused by anthropogenic CO2 uptake (Bates
and Peters, 2007; Doney et al., 2007). A coupled atmosphere-ocean
model simulation estimated an acid deposition of <50 mmol m−2 yr−1

in the northwestern Pacific Ocean (Doney et al., 2007), which is equiva-
lent to an annual decrease in total alkalinity of <1 μmol kg−1. These find-
ings are consistent with those of our study.

5. Conclusions

We investigated the potential impacts of atmospheric deposition on
ocean biogeochemical cycling using atmospheric data acquired during
three ship-based field surveys in the northwestern Pacific Ocean. Our
results indicate possible impacts of atmospheric deposition on primary
producer communities. Atmospheric deposition was found to affect the
nutrient pool and carbonate chemistry of the open oceans, despite the
significantly lower depositional fluxes in the open ocean compared to
those of coastal regions. We assume a causal effect between the biogeo-
chemical changes and ocean phytoplankton communities; however, we
were unable to directly correlate the two variables due to the lack of
field data. Future long-term monitoring can further elucidate the
ecosystem-level responses to anthropogenic perturbations. Due to the
scarcity of wet and gaseous dry deposition data, we suggest that future
monitoring should incorporate atmospheric gas analyzers (particularly
for NH4

+) and precipitation samplers equipped with a rain sensor as
well as atmospheric particle samplers. Additionally, efforts should be
made to lower the uncertainties in estimating dry depositional fluxes.
Future studies should also focus onmore accurate quantifications of or-
ganic pollutant fluxes.

Acknowledgments, samples, and data

This workwas supported by the ISABU project (PE99584) funded by
the Korea Institute of Ocean Science and Technology, Basic Science
Research Program (2017R1C1B2009189/2019R1A2C2089994) funded
by the National Research Foundation of Korea. Financial support was
also provided by Korea University. KL was supported by National
8

Research Foundation of Korea (NRF-2020R1A4A1018818). The dataset
collected in this study is attached as a supplementary file.

CRediT authorship contribution statement

Min-Woo Seok: Formal analysis, Writing – original draft, Visualiza-
tion. Dongseon Kim: Conceptualization, Investigation. Geun-Ha Park:
Conceptualization, Writing – review & editing. Kitack Lee: Conceptual-
ization, Project administration. Tae-Hoon Kim: Resources, Writing –
review& editing. Jinyoung Jung: Resources,Writing – review& editing.
Kitae Kim: Resources, Writing – review & editing. Ki-Tae Park:
Resources, Writing – review & editing. Yeo-Hun Kim: Investigation.
Ahra Mo: Investigation. Seunghee Park: Investigation. Young Ho Ko:
Writing – review & editing. Jeongwon Kang: Writing – review &
editing.Haryun Kim:Writing – review & editing. Tae-WookKim: Con-
ceptualization, Resources, Writing – review & editing, Supervision,
Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.148401.

References

Anderson, L.A., Sarmiento, J.L., 1994. Redfield ratios of remineralization determined by
nutrient data analysis. Glob. Biogeochem. Cycles 8 (1), 65–80. https://doi.org/
10.1029/93GB03318.

Arimoto, R., Ray, B.J., Duce, R.A., Hewitt, A.D., Boldi, R., Hudson, A., 1990. Concentrations,
sources, and fluxes of trace elements in the remote marine atmosphere of New
Zealand. J. Geophys. Res. Atmos. 95 (D13), 22389–22405. https://doi.org/10.1029/
JD095iD13p22389.

Baker, A.R., Thomas, M., Bange, H.W., Plasencia Sanchez, E., 2016. Soluble trace metals in
aerosols over the tropical south-east Pacific offshore of Peru. Biogeosciences 13,
817–825. https://doi.org/10.5194/bg-13-817-2016.

Baker, A.R., Kanakidou, M., Altieri, K.E., Daskalakis, N., Okin, G.S., Myriokefalitakis, S.,
Dentener, F., Uematsu, M., Sarin, M.M., Duce, R.A., Galloway, J.N., Keene, W.C.,
Singh, A., Zamora, L., Lamarque, J.-F., Hsu, S.-C., Rohekar, S.S., Prospero, J.M., 2017.
Observation- and model-based estimates of particulate dry nitrogen deposition to
the oceans. Atmos. Chem. Phys. 17 (13), 8189–8210. https://doi.org/10.5194/acp-
2016-1123.

Bates, N.R., Peters, A.J., 2007. The contribution of atmospheric acid deposition to ocean
acidification in the subtropical North Atlantic Ocean. Mar. Chem. 107 (4), 547–558.
https://doi.org/10.1016/j.marchem.2007.08.002.

Behrenfeld, M.J., Falkowski, P.G., 1997. Photosynthetic rates derived from satellite-based
chlorophyll concentration. Limnol. Oceanogr. 42 (1), 1–20. https://doi.org/10.4319/
lo.1997.42.1.0001.

Behringer, D.W., Xue, Y., 2004. Evaluation of the Global Ocean Data Assimilation System at
NCEP: The Pacific Ocean. Eighth Symposium on Integrated Observing and Assimila-
tion Systems for Atmosphere, Oceans, and Land Surface, AMS 84th Annual Meeting.
Washington State Convention and Trade Center, Seattle, Washington, pp. 11–15.

Buck, C.S., Landing,W.M., Resing, J., 2013. Pacific Ocean aerosols: deposition and solubility
of iron, aluminum, and other trace elements. Mar. Chem. 157, 117–130. https://doi.
org/10.1016/j.marchem.2013.09.005.

Carrillo, J.H., Hastings, M.G., Sigman, D.M., Huebert, B.J., 2002. Atmospheric deposition of
inorganic and organic nitrogen and base cations in Hawaii. Glob. Biogeochem. Cycles
16 (4), 1076. https://doi.org/10.1029/2002GB001892.

Chu, Q., Liu, Y., Shi, J., Zhang, C., Gong, X., Yao, X., Guo, X., Gao, H., 2018. Promotion effect of
Asian dust on phytoplankton growth and potential dissolved organic phosphorus uti-
lization in the South China Sea. J. Geophys. Res. Biogeosci. 123 (3), 1101–1116.
https://doi.org/10.1002/2017JG004088.

Cornell, S., Mace, K., Coeppicus, S., Duce, R., Huebert, B., Jickells, T., Zhuang, L.Z., 2001. Or-
ganic nitrogen in Hawaiian rain and aerosol. J. Geophys. Res. Atmos. 106 (D8),
7973–7983. https://doi.org/10.1029/2000JD900655.

Crutzen, P.J., Andreae, M.O., 1990. Biomass burning in the tropics: impact on atmospheric
chemistry and biogeochemical cycles. Science 250 (4988), 1669–1678. https://doi.
org/10.1126/science.250.4988.1669.

Cwiertny, D.M., Young, M.A., Grassian, V.H., 2008. Chemistry and photochemistry of min-
eral dust aerosol. Annu. Rev. Phys. Chem. 59, 27–51. https://doi.org/10.1146/annurev.
physchem.59.032607.093630.

https://doi.org/10.1016/j.scitotenv.2021.148401
https://doi.org/10.1016/j.scitotenv.2021.148401
https://doi.org/10.1029/93GB03318
https://doi.org/10.1029/93GB03318
https://doi.org/10.1029/JD095iD13p22389
https://doi.org/10.1029/JD095iD13p22389
https://doi.org/10.5194/bg-13-817-2016
https://doi.org/10.5194/acp-2016-1123
https://doi.org/10.5194/acp-2016-1123
https://doi.org/10.1016/j.marchem.2007.08.002
https://doi.org/10.4319/lo.1997.42.1.0001
https://doi.org/10.4319/lo.1997.42.1.0001
http://refhub.elsevier.com/S0048-9697(21)03472-0/rf0035
http://refhub.elsevier.com/S0048-9697(21)03472-0/rf0035
http://refhub.elsevier.com/S0048-9697(21)03472-0/rf0035
http://refhub.elsevier.com/S0048-9697(21)03472-0/rf0035
https://doi.org/10.1016/j.marchem.2013.09.005
https://doi.org/10.1016/j.marchem.2013.09.005
https://doi.org/10.1029/2002GB001892
https://doi.org/10.1002/2017JG004088
https://doi.org/10.1029/2000JD900655
https://doi.org/10.1126/science.250.4988.1669
https://doi.org/10.1126/science.250.4988.1669
https://doi.org/10.1146/annurev.physchem.59.032607.093630
https://doi.org/10.1146/annurev.physchem.59.032607.093630


M.-W. Seok, D. Kim, G.-H. Park et al. Science of the Total Environment 793 (2021) 148401
de Leeuw, G., Spokes, L., Jickells, T., Skjøth, C.A., Hertel, O., Vignati, E., Tamm, S., Schulz, M.,
Sørensen, L.L., Pedersen, B., Klein, L., Schlünzen, K.H., 2003. Atmospheric nitrogen in-
puts into the North Sea: effect on productivity. Cont. Shelf Res. 23 (17–19),
1743–1755. https://doi.org/10.1016/j.csr.2003.06.011.

Doney, S.C., Mahowald, N., Lima, I., Feely, R.A., Mackenzie, F.T., Lamarque, J.F., Rasch, P.J.,
2007. Impact of anthropogenic atmospheric nitrogen and sulfur deposition on
ocean acidification and the inorganic carbon system. Proc. Natl. Acad. Sci. 104 (37),
14580–14585. https://doi.org/10.1073/pnas.0702218104.

Draxler, R.R., Rolph, G.D., 2003. HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) Model. NOAA Air Resources Laboratory, Silver Spring, MD.

Duce, R.A., Tindale, N.W., 1991. Atmospheric transport of iron and its deposition in the
ocean. Limnol. Oceanogr. 36 (8), 1715–1726. https://doi.org/10.4319/
lo.1991.36.8.1715.

Duce, R.A., Liss, P.S., Merrill, J.T., Atlas, E.L., Buat-Menard, P., Hicks, B.B., Miller, J.M.,
Prospero, J.M., Arimoto, R., Church, T.M., Ellis, W., Galloway, J.N., Hansen, L., Jickells,
T.D., Knap, A.H., Reinhardt, K.H., Schneider, B., Soudine, A., Tokos, J.J., Tsunogai, S.,
Wollast, R., Zhou, M., 1991. The atmospheric input of trace species to the world
ocean. Glob. Biogeochem. Cycles 5 (3), 193–259. https://doi.org/10.1029/91GB01778.

Duce, R.A., LaRoche, J., Altieri, K., Arrigo, K.R., Baker, A.R., Capone, D.G., Cornell, S.,
Dentener, F., Galloway, J., Ganeshram, R.S., Geider, R.J., Jickells, T., Kuypers, M.M.,
Langlois, R., Liss, P.S., Liu, S.M., Middelburg, J.J., Moore, C.M., Nickovic, S., Oschlies,
A., Pedersen, T., Prospero, J., Schlitzer, R., Seitzinger, S., Sorensen, L.L., Uematsu, M.,
Ulloa, O., Voss, M., Ward, B., Zamora, L., 2008. Impacts of atmospheric anthropogenic
nitrogen on the open ocean. Science 320 (5878), 893–897. https://doi.org/10.1126/
science.1150369.

Friedlingstein, P., Jones, M.W., O’sullivan, M., Andrew, R.M., Hauck, J., Peters, G.P., Peters,
W., Pongratz, J., Sitch, S., Le Quéré, C., Bakker, D.C.E., Canadell, J.G., Ciais, P., Jackson,
R.B., Anthoni, P., Barbero, L., Bastos, A., Bastrikov, V., Becker, M., Bopp, L., Buitenhuis,
E., Chandra, N., Chevallier, F., Chini, L.P., Currie, K.I., Feely, R.A., Gehlen, M., Gilfillan,
D., Gkritzalis, T., Goll, D.S., Gruber, N., Gutekunst, S., Harris, I., Haverd, V., Houghton,
R.A., Hurtt, G., Ilyina, T., Jain, A.K., Joetzjer, E., Kaplan, J.O., Kato, E., Klein Goldewijk,
K., Korsbakken, J.I., Landschützer, P., Lauvset, S.K., Lefèvre, N., Lenton, A., Lienert, S.,
Lombardozzi, D., Marland, G., McGuire, P.C., Melton, J.R., Metzl, N., Munro, D.R.,
Nabel, J.E.M.S., Nakaoka, S.-I., Neill, C., Omar, A.M., Ono, T., Peregon, A., Pierrot, D.,
Poulter, B., Rehder, G., Resplandy, L., Robertson, E., Rödenbeck, C., Séférian, R.,
Schwinger, J., Smith, N., Tans, P.P., Tian, H., Tilbrook, B., Tubiello, F.N., van der Werf,
G.R., Wiltshire, A.J., Zaehle, S., 2019. Global carbon budget 2019. Earth Syst. Sci.
Data 11 (4), 1783–1838. https://doi.org/10.5194/essd-11-1783-2019.

Galloway, J.N., Savoie, D.L., Keene, W.C., Prospero, J.M., 1993. The temporal and spatial
variability of scavenging ratios for NSS sulfate, nitrate, methanesulfonate and sodium
in the atmosphere over the North Atlantic Ocean. Atmos. Environ. Part A 27 (2),
235–250. https://doi.org/10.1016/0960-1686(93)90354-2.

Graham, R.L., Turner, M.G., Dale, V.H., 1990. How increasing CO2 and climate change affect
forests. BioScience 40 (8), 575–587. https://doi.org/10.2307/1311298.

Gruber, N., Clement, D., Carter, B.R., Feely, R.A., Van Heuven, S., Hoppema, M., Ishii, M.,
Key, R.M., Kozyr, A., Lauvset, S.K., Monaco, C.L., Mathis, J.T., Murata, A., Olsen, A.,
Perez, F.F., Sabine, C.L., Tanhua, T., Wanninkhof, R., 2019. The oceanic sink for anthro-
pogenic CO2 from 1994 to 2007. Science 363 (6432), 1193–1199. https://doi.org/
10.1126/science.1097403.

Hönisch, B., Ridgwell, A., Schmidt, D.N., Thomas, E., Gibbs, S.J., Sluijs, A., Zeebe, R., Kump, L.,
Martindale, R.C., Greene, S.E., Kiessling, W., Ries, J., Zachos, J.C., Royer, D.L., Barker, S.,
Marchitto, T.M., Moyer, R., Pelejero, C., Ziveri, P., Foster, G.L., Williams, B., 2012. The
geological record of ocean acidification. Science 335 (6072), 1058–1063. https://doi.
org/10.1126/science.1208277.

Hsu, S.C., Liu, S.C., Arimoto, R., Shiah, F.K., Gong, G.C., Huang, Y.T., Kao, S.J., Chen, J.P., Lin,
F.J., Lin, C.Y., Huang, J.C., Tsai, F., Lung, S.C.C., 2010. Effects of acidic processing, trans-
port history, and dust and sea salt loadings on the dissolution of iron from Asian dust.
J. Geophys. Res. Atmos. 115, D19313. https://doi.org/10.1029/2009JD013442.

Itahashi, S., Uno, I., Irie, H., Kurokawa, J.I., Ohara, T., 2014. Regional modeling of tropo-
spheric NO2 vertical column density over East Asia during the period 2000–2010:
comparison with multisatellite observations. Atmos. Chem. Phys. 14 (7),
3623–3635. https://doi.org/10.5194/acp-14-3623-2014.

Itahashi, S., Hayami, H., Uno, I., Pan, X., Uematsu, M., 2016. Importance of coarse-mode ni-
trate produced via sea salt as atmospheric input to East Asian oceans. Geophys. Res.
Lett. 43 (10), 5483–5491. https://doi.org/10.1002/2016GL068722.

Ito, A., Feng, Y., 2010. Role of dust alkalinity in acid mobilization of iron. Atmos. Chem.
Phys. 10 (19), 9237. https://doi.org/10.5194/acp-10-9237-2010.

Jeong, J.H., Kim, D., Kim, H.J., Kim, E., An, S., Kim, T.W., 2019. Concurrent reductions in
sinking particle flux and its ratios of opal and organic carbon to CaCO3 in the oligotro-
phic western North Pacific Ocean during 2007–2014. Deep-Sea Res. I Oceanogr. Res.
Pap. 143, 58–69. https://doi.org/10.1016/j.dsr.2018.11.009.

Jickells, T.D., An, Z.S., Andersen, K.K., Baker, A.R., Bergametti, G., Brooks, N., Cao, J.J., Boye,
P.W., Duce, R.A., Hunter, K.A., Kawahata, H., Kubilay, N., LaRoche, J., Liss, P.S.,
Mahowald, N., Prospero, J.M., Ridgwell, A.J., Tengen, I., Torres, R., 2005. Global iron
connections between desert dust, ocean biogeochemistry, and climate. Science 308
(5718), 67–71. https://doi.org/10.1126/science.1105959.

Jung, J., Furutani, H., Uematsu, M., 2011. Atmospheric inorganic nitrogen in marine aero-
sol and precipitation and its deposition to the North and South Pacific Oceans.
J. Atmos. Chem. 68 (2), 157–181. https://doi.org/10.1007/s10874-012-9218-5.

Jung, J., Han, B., Rodriguez, B., Miyazaki, Y., Chung, H.Y., Kim, K., Choi, J.O., Park, K., Kim,
I.N., Kim, S., Yang, E.J., 2019. Atmospheric dry deposition of water-soluble nitrogen
to the subarctic western North Pacific Ocean during summer. Atmosphere 10 (7),
351. https://doi.org/10.3390/atmos10070351.

Kang, J., Cho, B.C., Lee, C.B., 2010. Atmospheric transport of water-soluble ions (NO3
−, NH4

+

and nss-SO4
2−) to the southern East Sea (Sea of Japan). Sci. Total Environ. 408 (11),

2369–2377. https://doi.org/10.1016/j.scitotenv.2010.02.022.
9

Keene, W.C., Pszenny, A.A., Galloway, J.N., Hawley, M.E., 1986. Sea-salt corrections and in-
terpretation of constituent ratios in marine precipitation. J. Geophys. Res. Atmos. 91
(D6), 6647–6658. https://doi.org/10.1029/JD091iD06p06647.

Key, R.M., Olsen, A., van Heuven, S., Lauvset, S.K., Velo, A., Lin, X., Schirnick, C., Kozyr, A.,
Tanhua, T., Hoppema, M., Jutterström, S., Steinfeldt, R., Jeansson, E., Ishi, M., Perez,
F.F., Suzuki, T., 2015. Global Ocean Data Analysis Project, Version 2 (GLODAPv2),
ORNL/CDIAC-162, ND-P093. Carbon Dioxide Information Analysis Center, Oak Ridge
National Laboratory, US Department of Energy, Oak Ridge, Tennessee https://doi.
org/10.3334/CDIAC/OTG.NDP093_GLODAPv2.

Kim, T.W., Lee, K., Najjar, R.G., Jeong, H.D., Jeong, H.J., 2011. Increasing N abundance in the
northwestern Pacific Ocean due to atmospheric nitrogen deposition. Science 334
(6055), 505–509. https://doi.org/10.1126/science.1206583.

Kim, I.N., Lee, K., Gruber, N., Karl, D.M., Bullister, J.L., Yang, S., Kim, T.W., 2014a. Increasing
anthropogenic nitrogen in the North Pacific Ocean. Science 346, 1102–1106. https://
doi.org/10.1126/science.1258396.

Kim, T.W., Lee, K., Duce, R., Liss, P., 2014b. Impact of atmospheric nitrogen deposition on
phytoplankton productivity in the South China Sea. Geophys. Res. Lett. 41 (9),
3156–3162. https://doi.org/10.1002/2014GL059665.

Kim, D., Jeong, J.H., Kim, T.W., Noh, J.H., Kim, H.J., Choi, D.H., Kim, E., Jeon, D., 2017a. The
reduction in the biomass of cyanobacterial N2 fixer and the biological pump in the
Northwestern Pacific Ocean. Sci. Rep. 7 (1), 1–8. https://doi.org/10.1038/srep41810.

Kim, H., Lee, K., Lim, D.I., Nam, S.I., Kim, T.W., Yang, J.Y.T., Ko, Y.H., Shin, K.H., Lee, E., 2017b.
Widespread anthropogenic nitrogen in northwestern Pacific Ocean sediment. Envi-
ron. Sci. Technol. 51 (11), 6044–6052. https://doi.org/10.1021/acs.est.6b05316.

Kim, H., Park, G.H., Lee, S.E., Kim, Y.I., Lee, K., Kim, Y.H., Kim, T.W., 2019. Stable isotope ratio of
atmospheric and seawater nitrate in the East Sea in the northwestern Pacific ocean.
Mar. Pollut. Bull. 149, 110610. https://doi.org/10.1016/j.marpolbul.2019.110610.

Kurokawa, J., Ohara, T., Morikawa, T., Hanayama, S., Janssens-Maenhout, G., Fukui, T.,
Kawashima, K., Akimoto, H., 2013. Emissions of air pollutants and greenhouse gases
over Asian regions during 2000–2008: Regional Emission inventory in ASia (REAS)
version 2. Atmos. Chem. Phys. 13 (21), 11019–11058. https://doi.org/10.5194/acp-
13-11019-2013.

Landschützer, P., Gruber, N., Bakker, D.C.E., Schuster, U., 2014. Recent variability of the
global ocean carbon sink. Glob. Biogeochem. Cycles 28, 927–949. https://doi.org/
10.1002/2014GB004853.

Lee, K., 2001. Global net community production estimated from the annual cycle of sur-
face water total dissolved inorganic carbon. Limnol. Oceanogr. 46 (6), 1287–1297.
https://doi.org/10.4319/lo.2001.46.6.1287.

Lee, H.H., Bar-Or, R.Z., Wang, C., 2017. Biomass burning aerosols and the low-visibility
events in Southeast Asia. Atmos. Chem. Phys. 17 (2), 965–980. https://doi.org/
10.5194/acp-17-965-2017.

Liu, X., Zhang, Y., Han,W., Tang, A., Shen, J., Cui, Z., Vitousek, P., Erisman, J.W., Goulding, K.,
Christie, P., Fangmeier, A., Zhang, F., 2013a. Enhanced nitrogen deposition over China.
Nature 494 (7438), 459–462. https://doi.org/10.1038/nature11917.

Liu, Y., Zhang, T.R., Shi, J.H., Gao, H.W., Yao, X.H., 2013b. Responses of chlorophyll a to added
nutrients, Asian dust, and rainwater in an oligotrophic zone of the Yellow Sea: implica-
tions for promotion and inhibition effects in an incubation experiment. J. Geophys. Res.
Biogeosci. 118 (4), 1763–1772. https://doi.org/10.1002/2013JG002329.

Lu, X., Zhang, S., Xing, J., Wang, Y., Chen, W., Ding, D., Wu, Y., Wang, S., Duan, L., Hao, J.,
2020. Progress of air pollution control in China and its challenges and opportunities
in the ecological civilization era. Engineering https://doi.org/10.1016/j.
eng.2020.03.014.

Luo, L., Yao, X.H., Gao, H.W., Hsu, S.C., Li, J.W., Kao, S.J., 2016. Nitrogen speciation in various
types of aerosols in spring over the northwestern Pacific Ocean. Atmos. Chem. Phys.
16, 325–341. https://doi.org/10.5194/acp-16-325-2016.

Luo, L., Kao, S.J., Bao, H., Xiao, H., Xiao, H., Yao, X., Gao, H., Li, J., Lu, Y., 2018. Sources of re-
active nitrogen in marine aerosol over the Northwest Pacific Ocean in spring. Atmos.
Chem. Phys. 18 (9). https://doi.org/10.5194/acp-18-6207-2018.

Mackey, K.R., van Dijken, G.L., Mazloom, S., Erhardt, A.M., Ryan, J., Arrigo, K.R., Paytan, A.,
2010. Influence of atmospheric nutrients on primary productivity in a coastal upwell-
ing region. Glob. Biogeochem. Cycles 24 (4), GB4027. https://doi.org/10.1029/
2009GB003737.

Magnani, F., Mencuccini, M., Borghetti, M., Berbigier, P., Berninger, F., Delzon, S., Grelle, A.,
Hari, P., Jarvis, P.G., Kolari, P., Kowalski, A.S., Lankreijer, H., Law, B.E., Lindroth, A.,
Loustau, D., Manca, G., Moncrieff, J.B., Rayment, M., Tedeschi, V., Valentini, R., Grace,
J., 2007. The human footprint in the carbon cycle of temperate and boreal forests. Na-
ture 447 (7146), 849–851. https://doi.org/10.1038/nature05847.

Mahowald, N., Jickells, T.D., Baker, A.R., Artaxo, P., Benitez-Nelson, C.R., Bergametti, G.,
Bond, T.C., Chen, Y., Cohen, D.D., Herut, B., Kubilay, N., Losno, R., Luo, C., Maenhaut,
W., McGee, K.A., Okin, G.S., Siefert, R.L., Tsukuda, S., 2008. Global distribution of atmo-
spheric phosphorus sources, concentrations and deposition rates, and anthropogenic
impacts. Glob. Biogeochem. Cycles 22 (4), GB4026. https://doi.org/10.1029/
2008GB003240.

Martino, M., Hamilton, D., Baker, A.R., Jickells, T.D., Bromley, T., Nojiri, Y., Quack, B., Boyd,
P.W., 2014. Western Pacific atmospheric nutrient deposition fluxes, their impact on
surface ocean productivity. Glob. Biogeochem. Cycles 28 (7), 712–728. https://doi.
org/10.1002/2013GB004794.

Moore, C.M., Mills, M.M., Arrigo, K.R., Berman-Frank, I., Bopp, L., Boyd, P.W., Galbraith, E.D.,
Geider, R.J., Guieu, C., Jaccard, S.L., Jickells, T.D., La Roche, J., Lenton, T.M., Mahowald,
N.M., Marañón, E., Marinov, I., Moore, J.K., Nakatsuka, T., Oschlies, A., Saito, M.A.,
Thingstad, T.F., Tsuda, A., Ulloa, O., 2013. Processes and patterns of oceanic nutrient
limitation. Nat. Geosci. 6 (9), 701–710. https://doi.org/10.1038/ngeo1765.

Nakamura, T., Matsumoto, K., Uematsu, M., 2005. Chemical characteristics of aerosols
transported from Asia to the East China Sea: an evaluation of anthropogenic com-
bined nitrogen deposition in autumn. Atmos. Environ. 39 (9), 1749–1758. https://
doi.org/10.1016/j.atmosenv.2004.11.037.

https://doi.org/10.1016/j.csr.2003.06.011
https://doi.org/10.1073/pnas.0702218104
http://refhub.elsevier.com/S0048-9697(21)03472-0/rf0080
http://refhub.elsevier.com/S0048-9697(21)03472-0/rf0080
https://doi.org/10.4319/lo.1991.36.8.1715
https://doi.org/10.4319/lo.1991.36.8.1715
https://doi.org/10.1029/91GB01778
https://doi.org/10.1126/science.1150369
https://doi.org/10.1126/science.1150369
https://doi.org/10.5194/essd-11-1783-2019
https://doi.org/10.1016/0960-1686(93)90354-2
https://doi.org/10.2307/1311298
https://doi.org/10.1126/science.1097403
https://doi.org/10.1126/science.1097403
https://doi.org/10.1126/science.1208277
https://doi.org/10.1126/science.1208277
https://doi.org/10.1029/2009JD013442
https://doi.org/10.5194/acp-14-3623-2014
https://doi.org/10.1002/2016GL068722
https://doi.org/10.5194/acp-10-9237-2010
https://doi.org/10.1016/j.dsr.2018.11.009
https://doi.org/10.1126/science.1105959
https://doi.org/10.1007/s10874-012-9218-5
https://doi.org/10.3390/atmos10070351
https://doi.org/10.1016/j.scitotenv.2010.02.022
https://doi.org/10.1029/JD091iD06p06647
https://doi.org/10.3334/CDIAC/OTG.NDP093_GLODAPv2
https://doi.org/10.3334/CDIAC/OTG.NDP093_GLODAPv2
https://doi.org/10.1126/science.1206583
https://doi.org/10.1126/science.1258396
https://doi.org/10.1126/science.1258396
https://doi.org/10.1002/2014GL059665
https://doi.org/10.1038/srep41810
https://doi.org/10.1021/acs.est.6b05316
https://doi.org/10.1016/j.marpolbul.2019.110610
https://doi.org/10.5194/acp-13-11019-2013
https://doi.org/10.5194/acp-13-11019-2013
https://doi.org/10.1002/2014GB004853
https://doi.org/10.1002/2014GB004853
https://doi.org/10.4319/lo.2001.46.6.1287
https://doi.org/10.5194/acp-17-965-2017
https://doi.org/10.5194/acp-17-965-2017
https://doi.org/10.1038/nature11917
https://doi.org/10.1002/2013JG002329
https://doi.org/10.1016/j.eng.2020.03.014
https://doi.org/10.1016/j.eng.2020.03.014
https://doi.org/10.5194/acp-16-325-2016
https://doi.org/10.5194/acp-18-6207-2018
https://doi.org/10.1029/2009GB003737
https://doi.org/10.1029/2009GB003737
https://doi.org/10.1038/nature05847
https://doi.org/10.1029/2008GB003240
https://doi.org/10.1029/2008GB003240
https://doi.org/10.1002/2013GB004794
https://doi.org/10.1002/2013GB004794
https://doi.org/10.1038/ngeo1765
https://doi.org/10.1016/j.atmosenv.2004.11.037
https://doi.org/10.1016/j.atmosenv.2004.11.037


M.-W. Seok, D. Kim, G.-H. Park et al. Science of the Total Environment 793 (2021) 148401
Nakamura, T., Ogawa, H., Maripi, D.K., Uematsu, M., 2006. Contribution of water soluble
organic nitrogen to total nitrogen in marine aerosols over the East China Sea and
western North Pacific. Atmos. Environ. 40 (37), 7259–7264. https://doi.org/
10.1016/j.atmosenv.2006.06.026.

Okin, G.S., Baker, A.R., Tegen, I., Mahowald, N.M., Dentener, F.J., Duce, R.A., Galloway, J.N.,
Hunter, K., Kanakidou, M., Kubilay, N., Prospero, J.M., Sarin, M., Surapipith, V.,
Uematsu, M., Zhu, T., 2011. Impacts of atmospheric nutrient deposition on marine
productivity: roles of nitrogen, phosphorus, and iron. Glob. Biogeochem. Cycles 25
(2). https://doi.org/10.1029/2010GB003858.

Olsen, A., Key, R.M., Van Heuven, S., Lauvset, S.K., Velo, A., Lin, X., Schirnick, C., Kozyr, A.,
Tanhua, T., Hoppema, M., Jutterström, S., 2016. The Global Ocean Data Analysis Pro-
ject version 2 (GLODAPv2)–an internally consistent data product for the world
ocean. Earth Syst. Sci. Data 8 (2), 297–323. https://doi.org/10.5194/essd-8-297-2016.

Ooki, A., Uematsu, M., Noriki, S., 2007. Size-resolved sulfate and ammonium measure-
ments in marine boundary layer over the North and South Pacific. Atmos. Environ.
41 (1), 81–91. https://doi.org/10.1016/j.atmosenv.2006.08.003.

Paerl, H.W., 1985. Enhancement of marine primary production by nitrogen-enriched acid
rain. Nature 315 (6022), 747–749. https://doi.org/10.1038/315747a0.

Paerl, H.W., 2002. Connecting atmospheric nitrogen deposition to coastal eutrophication.
Environ. Sci. Technol. 36 (15), 323A–326A. https://doi.org/10.1021/es022392a.

Park, G.H., Lee, S.E., Kim, Y.I., Kim, D., Lee, K., Kang, J., Kim, Y.H., Kim, H., Park, S., Kim, T.W.,
2019. Atmospheric deposition of anthropogenic inorganic nitrogen in airborne parti-
cles and precipitation in the East Sea in the northwestern Pacific Ocean. Sci. Total En-
viron. 681, 400–412. https://doi.org/10.1016/j.scitotenv.2019.05.135.

Paytan, A., Mackey, K.R., Chen, Y., Lima, I.D., Doney, S.C., Mahowald, N., Labiosa, R., Post,
A.F., 2009. Toxicity of atmospheric aerosols on marine phytoplankton. Proc. Natl.
Acad. Sci. 106 (12), 4601–4605. https://doi.org/10.1073/pnas.0811486106.

Pörtner, H.-O., Karl, D.M., Boyd, P.W., Cheung, W.W.L., Lluch-Cota, S.E., Nojiri, Y., Schmidt,
D.N., Zavialov P.O., 2014: Ocean systems. In: Climate Change 2014: Impacts, Adapta-
tion, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working
Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir,
M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S.
MacCracken, P.R. Mastrandrea, and L.L. White (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 411–484. doi:10013/
epic.45149.d001.

Quinn, P.K., Bates, T.S., 2005. Regional aerosol properties: comparisons of boundary layer
measurements from ACE 1, ACE 2, Aerosols99, INDOEX, ACE Asia, TARFOX, and
NEAQS. J. Geophys. Res. Atmos. 110, D14202. https://doi.org/10.1029/2004JD004755.

Rodhe, H., Dentener, F., Schulz, M., 2002. The global distribution of acidifying wet deposi-
tion. Environ. Sci. Technol. 36 (20), 4382–4388. https://doi.org/10.1021/es020057g.

Sasakawa, M., Uematsu, M., 2002. Chemical composition of aerosol, sea fog, and rainwater
in themarine boundary layer of the northwestern North Pacific and its marginal seas.
J. Geophys. Res. Atmos. 107 (D24), ACH-17. https://doi.org/10.1029/2001JD001004.

Schmidtko, S., Johnson, G.C., Lyman, J.M., 2013. MIMOC: a global monthly isopycnal
upper-ocean climatology with mixed layers. J. Geophys. Res. Oceans 118 (4),
1658–1672. https://doi.org/10.1002/jgrc.20122.

Spokes, L.J., Yeatman, S.G., Cornell, S.E., Jickells, T.D., 2000. Nitrogen deposition to the east-
ern Atlantic Ocean. The importance of south-easterly flow. Tellus Ser. B Chem. Phys.
Meteorol. 52 (1), 37–49. https://doi.org/10.1034/j.1600-0889.2000.00062.x.

Spokes, L., Jickells, T., Jarvis, K., 2001. Atmospheric inputs of trace metals to the northeast
Atlantic Ocean: the importance of southeasterly flow. Mar. Chem. 76 (4), 319–330.
https://doi.org/10.1016/S0304-4203(01)00071-8.

Sundarambal, P., Balasubramanian, R., Tkalich, P., He, J., 2010. Impact of biomass burning
on ocean water quality in Southeast Asia through atmospheric deposition: field ob-
servations. Atmos. Chem. Phys. 10 (23), 11323. https://doi.org/10.5194/acp-10-
11337-2010.

Takahashi, T., Sutherland, S.C., Wanninkhof, R., Sweeney, C., Feely, R.A., Chipman, D.W.,
Hales, B., Friederich, G., Chavez, F., Sabine, C., Watson, A., Bakker, D.C.E., Schuster,
U., Metzl, N., Yoshikawa-Inoue, H., Ishii, M., Midorikawa, T., Nojiri, Y., Körtzinger, A.,
Steinoff, T., Hoppema, M., Olafsson, J., Arnarson, T.S., Tilbrook, B., Johannessen, T.,
Olsen, A., Bellerby, R., Wong, C.S., Delille, B., Bates, N.R., De Baar, H.J., 2009. Climato-
logical mean and decadal change in surface ocean pCO2, and net sea–air CO2 flux
over the global oceans. Deep-Sea Res. II Top. Stud. Oceanogr. 56 (8–10), 554–577.
https://doi.org/10.1016/j.dsr2.2008.12.009.

Theodosi, C., Markaki, Z., Tselepides, A., Mihalopoulos, N., 2010. The significance of atmo-
spheric inputs of soluble and particulate major and trace metals to the eastern
10
Mediterranean seawater. Mar. Chem. 120 (1–4), 154–163. https://doi.org/10.1016/j.
marchem.2010.02.003.

Uematsu, M., Duce, R.A., Prospero, J.M., 1985. Deposition of atmospheric mineral particles
in the North Pacific Ocean. J. Atmos. Chem. 3 (1), 123–138. https://doi.org/10.1007/
BF00049372.

Underwood, G.M., Song, C.H., Phadnis, M., Carmichael, G.R., Grassian, V.H., 2001. Hetero-
geneous reactions of NO2 and HNO3 on oxides and mineral dust: a combined labora-
tory and modeling study. J. Geophys. Res. Atmos. 106 (D16), 18055–18066. https://
doi.org/10.1029/2000JD900552.

Vicars, W.C., Morin, S., Savarino, J., Wagner, N.L., Erbland, J., Vince, E., Martins, J.M.F.,
Lerner, B.M., Quinn, P.K., Coffman, D.J., Williams, E.J., Brown, S.S., 2013. Spatial and di-
urnal variability in reactive nitrogen oxide chemistry as reflected in the isotopic com-
position of atmospheric nitrate: results from the CalNex 2010 field study. J. Geophys.
Res. Atmos. 118 (18), 10–567. https://doi.org/10.1002/jgrd.50680.

Wan, D., Jin, Z., Zhang, F., Song, L., Yang, J., 2016. Increasing dust fluxes on the northeast-
ern tibetan plateau linked with the little ice age and recent human activity since the
1950s. Aeolian Res. 23, 93–102. https://doi.org/10.1016/j.aeolia.2016.10.003.

Ward, B.A., Dutkiewicz, S., Moore, C.M., Follows, M.J., 2013. Iron, phosphorus, and nitro-
gen supply ratios define the biogeography of nitrogen fixation. Limnol. Oceanogr.
58 (6), 2059–2075. https://doi.org/10.4319/lo.2013.58.6.2059.

Wu, Y., Zhang, J., Liu, S., Jiang, Z., Huang, X., 2018a. Aerosol concentrations and atmo-
spheric dry deposition fluxes of nutrients over Daya Bay, South China Sea. Mar. Pollut.
Bull. 128, 106–114. https://doi.org/10.1016/j.marpolbul.2018.01.019.

Wu, Y., Zhang, J., Liu, S., Jiang, Z., Arbi, I., Huang, X., Macreadie, P.I., 2018b. Nitrogen deposition
in precipitation to a monsoon-affected eutrophic embayment: fluxes, sources, and pro-
cesses. Atmos. Environ. 182, 75–86. https://doi.org/10.1016/j.atmosenv.2018.03.037.

Xiao, H.W., Xiao, H.Y., Long, A.M., Wang, Y.L., Liu, C.Q., 2013. Chemical composition and
source apportionment of rainwater at Guiyang, SW China. J. Atmos. Chem. 70 (3),
269–281. https://doi.org/10.1007/s10874-013-9268-3.

Xiao, Q., Ma, Z., Li, S., Liu, Y., 2015. The impact of winter heating on air pollution in China.
PLoS One 10 (1), e0117311. https://doi.org/10.1371/journal.pone.0117311.

Xiao, H.W., Xiao, H.Y., Luo, L., Shen, C.Y., Long, A.M., Chen, L., Long, Z.H., Li, D.N., 2017. At-
mospheric aerosol compositions over the South China Sea: temporal variability and
source apportionment. Atmos. Chem. Phys. 17 (4). https://doi.org/10.5194/acp-17-
3199-2017.

Xiao, H.W., Xiao, H.Y., Shen, C.Y., Zhang, Z.Y., Long, A.M., 2018. Chemical composition and
sources of marine aerosol over the Western North Pacific Ocean in winter. Atmo-
sphere 9 (8), 298. https://doi.org/10.3390/atmos9080298.

Xiao, H.W., Luo, L., Zhu, R.G., Guo, W., Long, A.M., Wu, J.F., Xiao, H.Y., 2020. Enhanced pri-
mary production in the oligotrophic South China Sea related to Southeast Asian forest
fires. J. Geophys. Res. Oceans, e2019JC015663 https://doi.org/10.1029/2019JC015663.

Yang, J.Y., Hsu, S.C., Dai, M.H., Hsiao, S.Y., Kao, S.J., 2014. Isotopic composition of water-
soluble nitrate in bulk atmospheric deposition at Dongsha Island: sources and impli-
cations of external N supply to the northern South China Sea. Biogeosciences 11 (7),
1833. https://doi.org/10.5194/bgd-10-9661-2013.

Yang, J.Y.T., Lee, K., Zhang, J.Z., Moon, J.Y., Lee, J.S., Han, I.S., Lee, E., 2020. Contrasting de-
cadal trends of subsurface excess nitrate in the western and eastern North Atlantic
Ocean. Biogeosciences 17 (13), 3631–3642. https://doi.org/10.5194/bg-17-3631-
2020.

Yeatman, S.G., Spokes, L.J., Jickells, T.D., 2001. Comparisons of coarse-mode aerosol nitrate
and ammonium at two polluted coastal sites. Atmos. Environ. 35 (7), 1321–1335.
https://doi.org/10.1016/S1352-2310(00)00452-0.

Zhang, X., Zhuang, G., Chen, J., Wang, Y., Wang, X., An, Z., Zhang, P., 2006. Heterogeneous
reactions of sulfur dioxide on typical mineral particles. J. Phys. Chem. B 110 (25),
12588–12596. https://doi.org/10.1021/jp0617773.

Zhang, M., Chen, J.M., Wang, T., Cheng, T.T., Lin, L., Bhatia, R.S., Hanvey, M., 2010. Chemical
characterization of aerosols over the Atlantic Ocean and the Pacific Ocean during two
cruises in 2007 and 2008. J. Geophys. Res. Atmos. 115 (D22). https://doi.org/10.1029/
2010JD014246.

Zhang, C., Gao, H., Yao, X., Shi, Z., Shi, J., Yu, Y., Meng, L., Guo, X., 2018. Phytoplankton
growth response to Asian dust addition in the northwest Pacific Ocean versus the
Yellow Sea. Biogeosciences 15 (3), 749–765. https://doi.org/10.5194/bg-15-749-
2018.

https://doi.org/10.1016/j.atmosenv.2006.06.026
https://doi.org/10.1016/j.atmosenv.2006.06.026
https://doi.org/10.1029/2010GB003858
https://doi.org/10.5194/essd-8-297-2016
https://doi.org/10.1016/j.atmosenv.2006.08.003
https://doi.org/10.1038/315747a0
https://doi.org/10.1021/es022392a
https://doi.org/10.1016/j.scitotenv.2019.05.135
https://doi.org/10.1073/pnas.0811486106
https://doi.org/10.1029/2004JD004755
https://doi.org/10.1021/es020057g
https://doi.org/10.1029/2001JD001004
https://doi.org/10.1002/jgrc.20122
https://doi.org/10.1034/j.1600-0889.2000.00062.x
https://doi.org/10.1016/S0304-4203(01)00071-8
https://doi.org/10.5194/acp-10-11337-2010
https://doi.org/10.5194/acp-10-11337-2010
https://doi.org/10.1016/j.dsr2.2008.12.009
https://doi.org/10.1016/j.marchem.2010.02.003
https://doi.org/10.1016/j.marchem.2010.02.003
https://doi.org/10.1007/BF00049372
https://doi.org/10.1007/BF00049372
https://doi.org/10.1029/2000JD900552
https://doi.org/10.1029/2000JD900552
https://doi.org/10.1002/jgrd.50680
https://doi.org/10.1016/j.aeolia.2016.10.003
https://doi.org/10.4319/lo.2013.58.6.2059
https://doi.org/10.1016/j.marpolbul.2018.01.019
https://doi.org/10.1016/j.atmosenv.2018.03.037
https://doi.org/10.1007/s10874-013-9268-3
https://doi.org/10.1371/journal.pone.0117311
https://doi.org/10.5194/acp-17-3199-2017
https://doi.org/10.5194/acp-17-3199-2017
https://doi.org/10.3390/atmos9080298
https://doi.org/10.1029/2019JC015663
https://doi.org/10.5194/bgd-10-9661-2013
https://doi.org/10.5194/bg-17-3631-2020
https://doi.org/10.5194/bg-17-3631-2020
https://doi.org/10.1016/S1352-2310(00)00452-0
https://doi.org/10.1021/jp0617773
https://doi.org/10.1029/2010JD014246
https://doi.org/10.1029/2010JD014246
https://doi.org/10.5194/bg-15-749-2018
https://doi.org/10.5194/bg-15-749-2018

	Atmospheric deposition of inorganic nutrients to the Western North Pacific Ocean
	1. Introduction
	2. Materials and methods
	2.1. Atmospheric particulate matter sampling
	2.2. Determination of atmospheric concentration and depositional flux
	2.3. External data

	3. Results
	3.1. Chemical composition of atmospheric particulate matter
	3.2. Atmospheric nutrient flux and its impact on carbon cycles

	4. Discussion
	5. Conclusions
	Acknowledgments, samples, and data
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A. Supplementary data
	References




