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ABSTRACT

East Asian oceans are possibly affected by a high nitrogen (N) burden because of the intense anthropogenic
emissions in this region. Based on high-resolution regional chemical transport modeling with horizontal grid
scales of 36 and 12 km, we investigated the N burden into East Asian oceans via atmospheric deposition in 2010.
We found a high N burden of 2-9 kg N ha™! yr~! over the Yellow Sea, East China Sea (ECS), and Sea of Japan.
Emissions over East Asia were dominated by ammonia (NHg3) over land and nitrogen oxides (NOy) over oceans,
and N deposition was dominated by reduced N over most land and open ocean, whereas it was dominated by
oxidized N over marginal seas and desert areas. The verified numerical modeling identified that the following
processes were quantitatively important over East Asian oceans: the dry deposition of nitric acid (HNO3), NH3,
and coarse-mode (aerodynamic diameter greater than 2.5 pm) NO3, and wet deposition of fine-mode (aero-
dynamic diameter less than 2.5 pm) NO3 and NHJ. The relative importance of the dry deposition of coarse-mode
NO3 was higher over open ocean. The estimated N deposition to the whole ECS was 390 Gg N yr™'; this is
comparable to the discharge from the Yangtze River to the ECS, indicating the significant contribution of at-
mospheric deposition. Based on the high-resolution modeling over the ECS, a tendency of high deposition in the
western ECS and low deposition in the eastern ECS was found, and a variety of deposition processes were
estimated. The dry deposition of coarse-mode NO3 and wet deposition of fine-mode NH4 were the main factors,
and the wet deposition of fine-mode NO3 over the northeastern ECS and wet deposition of coarse-mode NO3 over
the southeastern ECS were also found to be significant processes determining N deposition over the ECS.

1. Introduction

et al., 2011; Kim et al., 2014; Jickells et al., 2017; GESAMP, 2018). The
emission of nitrogen oxide (NOy), defined as the sum of nitrogen oxide

The central pathway for the supply of nutrients to the ocean surface
layer is biological nitrogen fixation (Shiozaki et al., 2010; Fowler et al.,
2013). In addition to this pathway, nutrients originating from the at-
mosphere via deposition processes are also important for the supply to
the ocean surface layer, and the supply of such nutrients has steadily
increased since 2000, particularly over Asia, owing to the increase of
anthropogenic emissions (Galloway et al., 2004; Duce et al., 2008; Kim

* This paper has been recommended for acceptance by Jorg Rinklebe.

(NO) and nitrogen dioxide (NO3), from anthropogenic sources (e.g.,
industry, power plants, transportation, domestic) produces nitric acid
(HNO3) and various other nitrogen (N) compounds through atmospheric
photochemistry. The amount of NOy emissions in China increased
threefold from 1980 to 2000 (Ohara et al., 2007), doubled from 2000 to
2010 (Kurokawa et al., 2013; Itahashi et al., 2014), and reached its peak
in 2011 and subsequently declined (Irie et al., 2016; Itahashi et al.,
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2019; Kurokawa and Ohara, 2020). The concentration of ammonia
(NH3), a highly reactive gas that is mainly emitted from agricultural
sources (livestock and fertilizer), is also remarkably high over East Asia
(Kong etal., 2020; Wang et al., 2020). This gas plays an important role in
the formation of nitrate (NO3) and ammonium (NHJ) aerosol in this
region (hereinafter referred to as pNO3 and pNHj, respectively, to
specify that it is particulate matter rather than dissolved ions).

Continuous increases in atmospheric N deposition, which provide N
as a nutrient, can cause eutrophication. Seas in East Asia face a high risk
of eutrophication due to land-based N loads from the surrounding
countries (IOC-UNESCO and UNEP, 2016; Gonzales et al., 2019). An
ongoing international project, the International Nitrogen Management
System (INMS), focuses on the East China Sea (ECS) as part of the “East
Asia Regional Demonstration” (INMS , 2020; 2021). Land-based N loads
roughly consist of riverine exports and atmospheric deposition. Detailed
information of N deposition over the ECS is indispensable for assessing
its N pollution status. Based on budget analyses, it was estimated that the
nitrate influx to the ECS from the atmosphere was more than 30% of the
influx from river discharge (Chen and Wang, 1999). Additionally, the
annual atmospheric influx of nitrate to the ECS was shown to correspond
to 60% of the river discharge from the Yangtze River based on onboard
observations during cruises by the research vessel Hakuho Maru
(Nakamura et al., 2005). Using a tracking technique, Zhang et al. (2019)
evaluated differences in contributions of N to the inner, middle, and
outer shelves of the ECS by four external nutrient sources, namely, the
Kuroshio Current, the Taiwan Strait, rivers, and the atmosphere, and
found that atmospheric inputs contributed more than 20% of N supply
over the inner shelf (depth, 0-50 m) and middle shelf (depth, 50-100
m). It was also reported that the importance of the atmospheric supply of
N was greater than or equal to the riverine input over the Yellow Sea
(YS) (Zhang and Lui, 1994) and over the shelf of the ECS (Zhang et al.,
2007). These studies demonstrated the importance of atmospheric N
deposition in East Asian oceans. It has also been shown that atmospheric
N inputs affect oceanic primary production (Onitsuka et al., 2009;
Taketani et al., 2018). In our previous study, the deposition of total
nitrate (defined as the sum of pNO3 and HNO3) over East Asian marginal
seas was estimated using a regional chemical transport model (Uno
et al., 2007). Additionally, we later expanded upon this study by
including the interactions between HNOj3; and sea salt to produce
coarse-mode pNO3 (Itahashi et al., 2016). The analyzed periods were
1980-2003 and 2002-2004, respectively, on the way of the increase in
emissions in East Asia, especially for NOy (Li et al., 2017; Kurokawa and
Ohara, 2020). The purpose of the present study is to extend the analysis
period of the N burden from atmospheric deposition over East Asian
oceans, which are considered to have a high risk of N burden because the
N emission status has been dramatically changing in this region. This
paper is structured as follows. In Section 2, the framework of the model
analysis and the modeling design are described, and observations for
evaluating the modeling performance and its protocols are provided. In
Section 3, an evaluation of the modeling performance is presented, the
analysis of the N burden over East Asian oceans is discussed, and a
detailed analysis over the ECS is presented based on the high-resolution
simulation. Finally, in Section 4, conclusions and potential directions for
future study are presented.

2. Materials and methods
2.1. Framework of model analysis

In this study, we estimated the N burden from the atmosphere to the
ocean in East Asia in 2010. NOy emissions in China had increased up to
2011, whereas sulfur dioxide (SO,) emissions have decreased since 2005
(Kurokawa and Ohara, 2020). As a result of these changes in NOy and
SO, emissions, the chemical composition over East Asia has become
N-rich in both the atmosphere (Itahashi et al., 2017; Wang et al., 2017;
Uno et al., 2020) and precipitation (Itahashi et al., 2015; Itahashi et al.,
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Fig. 1. Schematic view of nitrogen (N) deposition processes. Nr, reactive ni-
trogen; HNOs, nitric acid; NHs, ammonia; NO3, nitrate; NH4, ammonium.
Other Nr chemical species were also treated in the modeling analysis (see the
main text for details).

2018a). Therefore, it might be expected that N deposition into the
adjacent East Asian oceans has also increased. The year 2010 was tar-
geted in the harmonization of multi-scale and multi-model activities
(Galmarini et al.,, 2017), and a high-spatial-resolution emission in-
ventory with a 0.1 ° x 0.1 ° grid over the whole world is available
(Janssens-Maenhout et al., 2015). This year was also the target period of
the Model-Intercomparison Study in Asia (MICS-Asia) phase III (Chen
et al., 2019; Ge et al., 2020; Itahashi et al., 2020a; Kong et al., 2020);
however, its horizontal spatial resolution was 45 km to cover the whole
of Asia, and ocean regions are not extensively focused on. The present
study used a higher spatial resolution of 36 km over East Asia and was
nested to a spatial resolution of 12 km over a rectangular region sur-
rounding the ECS as a target area. Additionally, in our previous study,
although coarse-mode pNOj3 was incorporated via reaction with sea-salt,
mineral dust was not considered. In MICS-Asia III, the implementation of
a dust scheme was noted as being key to improving the modeling per-
formance for particulate matter with aerodynamic diameters of less than
10 pm (PMjg) (Tan et al., 2020). Thus, in the present study, a dust
scheme was implemented and the N burdens with and without this
scheme were compared. Using this regional modeling design, this study
elucidates the N burden due to atmospheric deposition over East Asian
oceans. A schematic representation of N deposition from the atmosphere
is shown in Fig. 1.

2.2. Design of chemical transport model

The Community Multiscale Air Quality (CMAQ) model version 5.2.1
was applied as the chemical transport model in this study (U.S. EPA,
2018). The simulation domain covered the whole of East Asia with a
horizontal grid resolution of 36 km and was nested over the ECS with a
horizontal grid resolution of 12 km (see Fig. 2 for the locations of these
domains). In the vertical layer configuration, 44 nonuniform layers from
the surface to 50 hPa were set to fully represent the
stratosphere-to-troposphere transport (Mathur et al., 2017; Itahashi
et al,, 2020b). To drive the CMAQ, the meteorological fields were
simulated by the Weather Research and Forecasting (WRF) model
version 3.6.1 (Skamarock et al., 2008). The WRF used a MODIS-based
land-use dataset with 21 categories, including lake. The detailed
configuration of the WRF is the same as in our previous study, which
conducted precipitation analysis over East Asia (Itahashi et al., 2015).
As input data for the CMAQ, the emission dataset was created as follows:
anthropogenic emissions from the high-spatial-resolution global emis-
sion inventory developed for the Hemispheric Transport of Air Pollution
(HTAP) version 2.2 (Janssens-Maenhout et al., 2015); biogenic
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Fig. 2. Maps of the emissions of (a) NOy and (b) NH; used in this study. (c) The
ratio between emissions of NOy and NHg; values greater than unity (blue colors)
indicate an NOy-rich emission status, and values less than unity (green colors)
indicate an NH3-rich emission status. The purple rectangle indicates the nested
domain for detailed analysis over the East China Sea.

emissions from the Model of Emissions of Gases and Aerosols from Na-
ture (MEGAN) (Guenther et al., 2012); biomass burning emissions from
the Global Fire Emissions Database (GFED) version 4.1 (van der Werf
et al., 2017); and emissions from 15 active volcanoes in Japan from
observational data obtained by the Japan Meteorological Agency (JMA,
2020). The emissions of NOy and NHj3 used in this study are illustrated in
Fig. 2(a) and (b). From the viewpoint of emissions, land is dominated by
NHj and ocean is dominated by NOy. The initial and lateral boundary
conditions for chemical species were taken from the global model of the
Model for Ozone and Related Chemical Tracers (MOZART) version 4
(Emmons et al., 2010). The WRF and CMAQ simulations covered the
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Fig. 3. The analyzed areas over marginal seas (Yellow Sea; YS, East China Sea;
ECS, and Sea of Japan; SJ) and open ocean (Northwest Pacific; NWP) in East
Asia. Gray circles indicate observation sites of the Acid Deposition Monitoring
Network in East Asia (EANET), and the numbers correspond to Table 1.

period from December 1, 2009 to December 31, 2010, with the one
month of December 2009 being discarded as a spin-up period.

Gas and aerosol chemistry in the CMAQ were respectively adopted
for SAPRCO7 (Hutzell et al., 2011) and aero 6 with non-volatile primary
organic aerosol (Simon and Bhave, 2012). To improve the modeling
performance for sulfate (SO37) during winter, aqueous-phase produc-
tion was enhanced based on our previous studies (Itahashi et al., 2018b,
2018c). In order to simulate coarse-mode pNO3 and hence the parti-
tioning between the gas- and aerosol phase and the size distribution of
PNOs, sea salt and dust aerosols are important factors (Uematsu et al.,
2003; Itahashi et al., 2016; Uno et al., 2017a, 2017b, 2017c). The
updated scheme for sea salt emissions in CMAQ (Gantt et al., 2015) and
the newly developed dust scheme for CMAQ were adopted (Foroutan
et al., 2017). Because the Noah land surface model was used in this
study, the calculated soil moisture was multiplied by a factor of 0.1 to
avoid the suppression of dust emission (Darmenova et al., 2009).
Because of the implementation of the dust scheme, metallic ions related
to mineral dust affect the gas and aerosol partitioning via ISORROPIA
thermodynamics (Karydis et al., 2016). The dry and wet deposition
schemes in the CMAQ model were used; these are respectively described
in Pleim et al. (2001) and Fahey et al. (2017). The analyzed chemical
species of reactive nitrogen (Nr, i.e., N species other than molecular N)
were oxidized N of pNO3, NO, NO,, nitrogen trioxide (NO3), nitrous acid
(HNO3), HNOg, peroxynitric acid (HNOjy), dinitrogen pentoxide (N2Os),
peroxyacetyl nitrate (PAN), and related species (hereafter referred to as
PANSs), chlorine-related N (e.g., Sarwar et al., 2012; Sarwar et al., 2014),
nitrophenols, organic nitrates (e.g., Pye et al., 2015; Mathur et al.,
2017), and reduced N of pNH4 and NHs. The simulated hourly average
concentration, and the information of the aerosol distributions were
used to calculate fine- and coarse-mode (divided by 2.5 pm) aerosols.
The analyzed areas as East Asian Oceans are shown in Fig. 3 following
the definitions of the International Hydrographic Organization (IHO). In
this study, the YS, ECS, and Sea of Japan (SJ) are defined as marginal
seas, and the Northwest Pacific (NWP) is defined as open ocean.

2.3. Observations for the evaluation of modeling performance and its
protocol

The observational data for the ambient concentration and wet
deposition over East Asia were obtained from the Acid Deposition
Monitoring Network in East Asia (EANET) (EANET, 2020). Since the
year 2000, EANET observations have been continuously providing the
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Table 1
Information of the observation sites of the Acid Deposition Monitoring Network in East Asia (EANET) that were used for the evaluation of ambient concentration and
wet deposition.

No. Country Site name Latitude (°) Longitude (°E) Altitude (m a.s.l.) Automatic monitor Filter pack Wet deposition
China Zhuhai
1 - Zhuxiandong 22.20 113.52 18 v
2 - Xiang Zhou 22.27 113.57 29 v v
Xiamen
3 - Hongwen 24.47 118.13 39 v v v
4 - Xiaoping 24.85 118.03 530 v
5 Republic of Korea Cheju 33.30 126.16 37 v v v
6 Imsil 35.60 127.18 217 v v v
7 Kanghwha 37.70 126.28 60 v v v
8 Japan Hedo 26.87 128.25 60 v v v
9 Ogasawara 27.09 142.22 212 v v v
10 Yusuhara 33.38 132.93 790 v v v
11 Banryu 34.68 131.80 53 v v v
12 Oki 36.29 133.19 90 v v v
13 Ijira 35.57 136.69 140 v v v
14 Tokyo 35.69 139.76 26 v v
15 Sadoseki 38.25 138.40 129 v v v
16 Tappi 41.25 140.35 106 v v v
17 Rishiri 45.12 141.21 40 v v v
18 Ochiishi 43.16 145.50 49 v v v
19 Russia Primorskaya 43.70 132.12 85 v v
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Fig. 4. Scatter plots between EANET observations and model simulations for ambient concentrations of NO,, NOy, HNO3, pNO3, NHs, and pNH; and the wet
deposition of NO3 and NHJ on a monthly time-scale. Different symbols denote countries and different colors denote months in 2010.
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ambient concentration and wet deposition over Asia (e.g., Endo et al.,
2011; Ban et al., 2016). From EANET data, observation sites located
along coastlines were used. These sites are also mapped in Fig. 3 and
their details are listed in Table 1. Automatic gas monitoring was con-
ducted using the chemiluminescence detection method; NO, was
available for China and the Republic of Korea, and NOx was available for
Japan with a temporal resolution of 1 h. Based on the four-stage filter
pack method, pNO3 and pNHj in total suspended particle (TSP) and
HNOj3 and NHj gases were measured daily for the Republic of Korea and
every two weeks for China and Japan (EANET, 2010a). The sum of the
fine- and coarse-mode concentrations of pNO3 and pNHjJ simulated by
the model were compared for the measured pNO3 and pNHj in TSP. For
ambient concentrations, months with less than 60% complete data were
discarded in the comparisons according to the guidelines of the Japan
Environmental Laboratories Association (JELA (2020), and
monthly-averaged values were used for model validation. Based on this
criterion, the observed data at sites in the Republic of Korea (site nos. 5,
6, and 7) were discarded. Wet deposition was measured by a wet-only
sampler designed to collect precipitation samples during rainfall and
was analyzed by ion chromatography (EANET, 2010b), except for Pri-
morskaya (site no. 19). At Primorskaya, spectrophotometry was used to
analyze the wet deposition components. For wet deposition, data
completeness was checked using the duration of precipitation coverage
and the total precipitation amount; the data discarded by EANET were
not used for comparison. Monthly-accumulated wet deposition data
were used for model evaluation. The observational data used in this
study are available from the EANET data report (EANET, 2020), and
details are also included in EANET (2012).

The information of the size-resolved aerosol concentration was not
available from EANET observations; however, this information is
important because of the different roles of fine- and coarse-mode aero-
sols for deposition processes (Itahashi et al., 2016). In 2010, the training
ship Nagasaki Maru conducted observations for the fine- and
coarse-mode (divided by 2.5 pm) aerosol concentration during a cruise
from April to December around the eastern ECS. Sampling was con-
ducted on a Teflon filter with a high-volume virtual impactor air sampler
(AS-9, Kimoto Electric Co. Ltd., Japan) on the compass deck of the
Nagasaki Maru, and concentrations of water-soluble inorganic N were
analyzed by standard colorimetric techniques using an autoanalyzer
(AACS 4; BLTEC, Japan) (Yamada et al., 2013). Measurements with an
accumulative flow below 60 m® during each sampling period were not
used for this analysis due to the insufficient measurement volume. A
total of 62 samples were available.

To evaluate the modeling performance, the correlation coefficient
(R), normalized mean bias (NMB), and normalized mean error (NME)
were used. The NMB and NME are defined according to the following
formulae:

SV (M- 0)
NMB==—"_———-"= 1
>0 W

> |Mi - ol
NME ==—""—+—— 2
S0, (2)

where N is the total number of paired observations (O) and models (M).
Recommendations for the modeling performance for the ambient con-
centration of PMy 5 and its components were proposed by Emery et al.
(2017). For daily pNOs3, R was not used to determine the model per-
formance, the goals (i.e., for the best model performance) were NMB <
+15% and NME < +65%, and the criteria (i.e., for an acceptable model
performance) were NMB < +65% and NME < +115%. For the daily
pNHY, the goals were R > 0.70, NMB < +10%, and NME < +35% and
the criteria were R > 0.40, NMB < £30%, and NME < +50%. These
scores were set based on a literature review of modeling studies con-
ducted over the U.S. and on the daily-averaged aerosol concentration.
Because of the lack of indexes to evaluate the modeling performance, we
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used the above values to judge the modeling performance in this study.
3. Results and discussion
3.1. Evaluation of modeling performance over East Asian oceans

Before the discussion of the N burden over East Asian oceans, the
modeling performance for the ambient concentration and wet deposi-
tion over East Asia was evaluated using monthly EANET observations
(EANET, 2020). Fig. 4 shows a scatter plot between observed and
modeled values with statistical scores for the ambient concentrations of
NO,, NOy, HNO3, pNO3, NH3, and pNHJ. For the NO, concentrations
over China and Korea (Fig. 4(a)), the model showed underestimation,
while for the NOy concentrations over Japan (Fig. 4(b)), the model also
showed underestimation. For HNOj3 (Fig. 4(c)), the model showed pos-
itive bias. For the analysis without the dust scheme, a tendency of
overestimation was found for HNO3, which was improved by including
the chemical reactions with mineral dust components (Supplementary
Information) because HNO3 was consumed by mineral dust components
to produce coarse-mode pNOj3. This shows the importance of the dust
scheme for improving model performance and for the subsequent esti-
mation of deposition. For pNOj (Fig. 4(d)), the model showed over-
estimation, especially during summer; however, the NMB and NME were
within the performance criteria. For NH3 (Fig. 4(e)), the model had
difficulty capturing the observed features compared to other N species.
Data with a higher temporal resolution are required for NHjs as its
ambient concentrations fluctuate to a large degree, even within a single
season (e.g., Sakurai et al., 2018). For pNHZ (Fig. 4(f)), the modeling
performance judged by R, NMB, and NME satisfied the criteria. In terms
of the observational uncertainties, the filter pack method used in EANET
is known to introduce artifacts for the volatile component of ammonium
nitrate (NH4NO3) (Seinfeld and Pandis, 2016). These artifacts are
affected by temperature and lead to the overestimation of concentra-
tions of the gases HNO3 and NH3 and the underestimation of pNO3 and
pNHY, especially in summer. The discrepancy between the observed and
modeled values in summer (red colors in Fig. 4) are partly due to the
observational artifacts. In addition to the judgment based on the rec-
ommended criteria, the modeling performance achieved in this study
was compared to those of other studies. The modeling performance for
NO; and NH3 was comparable to that reported in MICS-Asia (Kong et al.,
2020), and the performance for pNO3 and pNHZ was also comparable to
that reported in MICS-Asia (Chen et al., 2019). The concentration of NOy
was underestimated during winter, which was similar to the results of a
model inter-comparison study in Japan by Yamaji et al. (2020). Overall,
the model performed well for capturing the observed ambient concen-
tration. The modeling performance for the total aerosol concentration
(PM;o and aerosol optical depth) was improved by the dust scheme
(Supplementary Information). Based on these evaluations for ambient
concentration, we expect that dry deposition can be simulated but also
consider that the observational uncertainties, especially for dry depo-
sition velocities, should be considered in future work (e.g., Baker et al.,
2017).

Scatter plots between the observed and modeled wet deposition are
shown in Fig. 4. Precipitation (Fig. 4(g)) and the wet deposition of NO3
(Fig. 4(h)) and NHj (Fig. 4(i)) were underestimated in this study. To
directly compare the concentration in precipitation, a comparison of the
volume-weighted mean concentrations of NO3 and NH} in precipitation
was performed. This comparison showed that the NMB for the volume-
weighted mean concentration in precipitation was around —30%, which
was higher than for wet deposition (Supplementary Information). The
underestimation of precipitation can be partly attributed to the under-
estimation of the wet deposition (Fig. 4(g)). Precipitation is an impor-
tant factor to calculate the wet deposition, and precipitation adjustment
can be used to improve the estimation of wet deposition (Zhang et al.,
2018; Itahashi et al., 2020a); however, such adjustment does not
consider the budget for air pollutants, and this method was not used in
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Fig. 5. Temporal variations of observations by the ship Nagasaki Maru (black circles) and model simulations (white circles) in the nested domain for ambient
concentrations of (a) fine-mode pNO3, (b) coarse-mode pNO3, (c) fine-mode pNHJ, and (d) coarse-mode pNHj. A total of 62 datasets were used. The model results
are shown as average concentrations along the ship track and the standard deviations are indicated by whiskers. The map shows all ship tracks, with different colors

denoting months in 2010.
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Fig. 6. Spatial distribution of the simulated total deposition (sum of dry and wet deposition) of (a) oxidized N, (b) reduced N, (c¢) Nr, and (d) the ratio of oxidized N to
reduced N over East Asia. Values greater than unity (blue colors) indicate an oxidized-N-rich status and values less than unity (green colors) indicate a reduced-N-

rich status.

this study. The modeling performance for wet deposition achieved in
this work was comparable to that reported in MICS-Asia (Itahashi et al.,
2020a; Ge et al., 2020). It is notable that wet deposition in East Asia was
markedly higher. For example, the value of 10 kg N ha™! yr ! has been
proposed for diagnosing the threat of N deposition for biodiversity on
land (Bleeker et al., 2011), that is, an average of 0.83 kg N/ha/month.
Some sites in East Asia located near coastline exceeded this value by the
wet deposition of NO3 or NH{. If these wet deposition are summed and
dry deposition are also included, the N deposition over East Asia can be
considered to represent a high risk to biodiversity.

3.2. Evaluation of modeling performance over the East China sea

Observations of the size-resolved aerosol in the eastern ECS obtained
by the Nagasaki Maru between April and December 2010 were further

used to evaluate the modeling performance. The ship tracks and the
temporal variations of the size-resolved aerosol concentration are shown
in Fig. 5. Overall, the model simulation in the nested domain accurately
captured the temporal variation of the size-resolved pNO3 and pNHZ
along the ship tracks; however, the model performed poorly for fine-
mode pNOs3, especially in summer. The observed concentrations were
close to 0 pg m~3, whereas the model sometimes simulated concentra-
tions greater than 1 pg m 2, leading to large values of NMB and NME.
These values were mainly obtained in the sea south of Jeju Island in the
Republic of Korea, and the model simulated the outflow from the Asian
continent to the ECS. In a previous study, measurements from research
vessels in the western ECS during 2005-2007 obtained mean (+standard
deviation) concentrations of pNO3 and pNHj of 2.4 + 2.8 and 1.6 & 1.4
ng m~3, respectively (Hsu et al., 2010). These values are much higher
than those measured by the Nagasaki Maru over the eastern ECS,
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Table 2

Simulated deposition amount over marginal seas and open ocean in East Asia.
The unit is Gg N yr ~! and values in parentheses indicate the percentage
contribution to the total deposition.

Dry deposition Wet deposition Total

Yellow Sea (YS)

HNO3 25.4 (10.9%) 0.0 (0.0%) 25.4 (10.9%)

Fine-mode NO3 3.0 (1.3%) 30.8 (13.3%) 33.8 (14.6%)
Coarse-mode NO3 47.9 (20.6%) 13.8 (5.9%) 61.7 (26.6%)
Other oxidized N species 4.9 (2.1%) 0.1 (0.1%) 5.1 (2.2%)
NH3 26.7 (11.5%) 0.0 (0.0%) 26.7 (11.5%)
Fine-mode NHj 3.6 (1.5%) 39.7 (17.1%) 43.2 (18.6%)
Coarse-mode NHJ 28.9 (12.4%) 7.3 (3.1%) 36.1 (15.6%)
Total 140.4 (60.5%) 91.7 (39.5%) 232.0

East China Sea (ECS)

HNO;3 24.7 (6.3%) 0.0 (0.0%) 24.7 (6.3%)

Fine-mode NO3 2.0 (0.5%) 43.9 (11.3%) 45.9 (11.8%)
Coarse-mode NO3 93.7 (24.0%) 49.5 (12.7%) 143.2 (36.7%)
Other oxidized N species 5.4 (2.3%) 0.4 (0.2%) 5.8 (2.5%)
NH3 18.1 (4.6%) 0.1 (0.0%) 18.1 (4.6%)

Fine-mode NH} 3.4 (0.9%)
Coarse-mode NHj 39.9 (10.2%)
Total 187.2 (48.0%)

86.0 (22.1%) 89.4 (22.9%)
22.9 (5.9%) 62.8 (16.1%)
202.7 (52.0%) 389.9

Sea of Japan (SJ)

HNO3 24.4 (6.7%) 0.0 (0.0%) 24.4 (6.7%)

Fine-mode NO3 3.1 (0.9%) 48.5 (13.4%) 51.6 (14.3%)
Coarse-mode NO3 70.0 (19.3%) 45.5 (12.6%) 115.5 (31.9%)
Other oxidized N species 6.6 (2.8%) 0.6 (0.3%) 7.2 (3.1%)
NH3 25.3 (7.0%) 0.0 (0.0%) 25.3 (7.0%)

Fine-mode NHj 4.8 (1.3%)
Coarse-mode NHj 36.7 (10.1%)
Total 170.9 (47.2%)

76.0 (21.0%) 80.8 (22.3%)
20.4 (5.6%) 57.0 (15.8%)
191.0 (52.8%) 361.8

Northwest Pacific (NWP)
HNO3; 27.7 (3.9%) 0.0 (0.0%)
Fine-mode NO3 1.9 (0.3%) 79.6 (11.3%)
Coarse-mode NO3 163.0 (23.1%) 99.5 (14.1%)
Other oxidized N species 11.9 (5.1%) 1.2 (0.5%)
NH3 35.9 (5.1%) 0.1 (0.0%)
Fine-mode NHj 3.9 (0.6%) 160.0 (22.6%) 163.9 (23.2%)
Coarse-mode NHj 68.7 (9.7%) 53.7 (7.6%) 122.4 (17.3%)
Total 312.9 (44.3%) 394.2 (55.7%) 707.1

27.9 (3.9%)
81.5 (11.5%)
262.5 (37.1%)
13.1 (5.6%)
36.0 (5.1%)

Note: The top three processes for each investigated area are shown in bold font.

suggesting that the ECS is sensitive to the outflow of air pollution from
the Asian continent. In addition to the evaluation with EANET, this
verification of the modeled size-resolved pNO3 and pNHZ along mea-
surement tracks of the Nagasaki Maru increases the confidence in the
estimation of the N burden over East Asia presented in this study. The
estimation of the N burden over East Asia is discussed in the following
section.

3.3. Estimation of nitrogen burden over East Asian oceans

The spatial distribution of the N deposition over East Asia is illus-
trated in Fig. 6. The total deposition (sum of dry and wet processes) of
oxidized N (Fig. 6(a)) and reduced N (Fig. 6(b)) showed a similar spatial
distribution, with large values over the Asian continent (especially
eastern mainland China), which extended into downwind regions of
Japan and the Western Pacific. For the total Nr deposition (Fig. 6(c)),
most of eastern mainland China, Seoul, and some parts of Japan (e.g.,
Osaka, Nagoya, and Tokyo) showed a total Nr deposition of 10 kg N ha™!
yr~! or more. The YS, ECS, and SJ showed a high N burden of 2-9 kg N
ha! yr~!. The regional averaged wet deposition of the sum of NO3 and
NHj are 2.3,2.8,1.9,and 1.5 kg N ha™? yr’1 over the YS, ECS, SJ, and
NWP, respectively (Supplemental Information). Based on enrichment
experiments, the growth of phytoplankton (e.g., Synechococcus) was
observed within 1 day due to an increase of inorganic nitrogen of 0.6 pM
(Takeda et al., 2014). Given that the mixture of our estimated wet
deposition over 1 m surface depth, these are corresponded to 11-21 day
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supply of nutrients to lead to the activated biological process. These
results demonstrate the importance of the role of the atmospheric N
burden to East Asian. To investigate the role of oxidized and reduced N,
their ratio is shown in Fig. 6(d). The dominance of oxidized N and
reduced N over ocean and land, respectively, was closely related to the
characteristics of emissions as seen from Fig. 2(c). The dominance of
oxidized N was found in desert areas in north-central to western parts of
China, which was due to the large dry deposition of coarse-mode pNO3.
Meanwhile, the dominance of reduced N was seen over open ocean far
from land (bottom-right part of Fig. 6(d)), despite the emission ratio
(Fig. 2(c)). This was considered to be due to the long-range transport of
pNH{ (as ammonium sulfate ((NH4)2SO4); e.g., Itahashi et al., 2017).
From the simulated spatial distribution of the total Nr deposition (Fig. 6
(c)), a clear contrast can be seen between land and ocean, with high
deposition over land and low deposition over oceans. Based on
ground-based observations in coastal China during 2010-2012, the
annual total deposition were estimated to range from 22.0 to 44.6 kg N
ha™! yr’1 (Luo et al., 2014). The simulation performed in the present
study agreed well with these estimates, returning values greater than 15
kg N ha™! yr’1 in Eastern China (Fig. 6(c)).

The simulated N deposition to East Asian oceans is summarized in
Table 2. Among the N deposition processes, the dry deposition of HNO3
and NHa, coarse-mode pNO3 and pNH{, and the wet deposition of NO3
and NHJ were quantitatively important. The importance of the dry
deposition of HNO3 and NHs in the YS, which is adjacent to the Asian
continent, was greater than that in the other studied oceans. Compared
to marginal seas, a higher weight by wet deposition of NO3 and NHj was
seen over the NWP. Contributions of oxidized N other than HNOs and
NO3 were relatively lower, and N3Os and PANs were dominant. Over
the NWP, the importance of PANs was larger than over marginal seas
and the contributions of other oxidized N species were higher. This is
because PAN is an important reservoir of N in remote sites (Seinfeld and
Pandis, 2016). Note that the estimated oxidized N deposition over East
Asian oceans is similar to our previous estimate for the early 2000s
(Itahashi et al., 2016). Under the increasing NOy emissions in China up
to 2011, it was expected that the N deposition would also have increased
prior to this year; however, this was not found in this study. Based on a
summary of the available dataset in China, the bulk N deposition showed
an increasing trend from the 1980s to 2000, but no increasing trend was
observed from 2000 to 2010 (Liu et al., 2013). EANET observations
show that the wet deposition of NO3 had an almost flat trend during
2000-2015 (Itahashi et al., 2018a). Because China’s SO, emissions have
declined since 2005, this trend could be connected to the decrease of the
deposition related to NHZ (via (NH,)2SO4). Elucidating the long-term
trends of N burden and the balance between oxidized and reduced N
is an important aspect for deposition analysis, and long-term simulations
based on the unified modeling design are required in future work.

3.4. Detailed examination over the East China sea

In this section, the estimated N deposition to the ECS based on the
high-resolution modeling is discussed. As shown in Fig. 6(c), the
modeling suggests that the ECS received a large amount of N deposition
along the Asian continent and the N deposition to the ECS showed a
decreasing gradient from west to east. The annual maximal riverine
exports of nitrate and ammonia from the Yangtze River to the ECS in the
1990s were estimated to be 430 and 190 Gg N yr~!, respectively
(Nakamura et al., 2005). Although these riverine exports have been
changing due to the increase of N inputs (e.g., Wang et al., 2014) and the
decline of fluvial water (e.g., Yang et al., 2015), the estimated N depo-
sition of 390 Gg N yr ! over the ECS that was obtained in this study
(Table 2) demonstrates the non-negligible impact of deposition
compared with river discharge. In other studies, enhanced nitrate con-
centration at the nutrient-depleted surface over the ECS during summer
was ascribed to rainfall (Kodama et al., 2011). These patches of elevated
nitrate concentration were horizontally limited to within tens of
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Fig. 7. Spatial distribution of the simulated Nr deposition using a high-resolution nested domain over the East China Sea and the fraction of its components shown as
percentages. (a) Dry deposition of HNOs, (b) dry deposition of coarse-mode pNOs3, (¢) wet deposition of fine-mode NO3, and (d) wet deposition of coarse-mode NO3
for oxidized N. (e) Dry deposition of NHs, (f) dry deposition of coarse-mode pNH3, (g) wet deposition of fine-mode NHy, and (h) wet deposition of coarse-mode NHZ

for reduced N.

kilometers; therefore, high-resolution modeling for the ECS is important.

The estimated N deposition over the ECS and the fraction of each
component are illustrated in Fig. 7. This fine-scale simulation showed a
clearer trend in the large N deposition over the East China Sea and its
decreasing gradient from west to east. Overall, the dry deposition of
coarse-mode pNOj3 (Fig. 7(b)) and the wet deposition of fine-mode NHZ
(Fig. 7(g)) were found to be the dominant processes in N deposition in
the ECS (see also Table 2). The fractions of the dry deposition of the
gaseous species HNOj3 (Fig. 7(a)) and NHg (Fig. 7(e)) were higher over
land than over ocean. It is noteworthy that the wet deposition showed
different contribution patterns over the ECS. The wet deposition of fine-
mode NO3 (Fig. 7(c)) was found to be more important over the north-
eastern ECS, whereas the wet deposition of coarse-mode NO3 (Fig. 7(d))
was found to dominate in the southern ECS. Because wet deposition is
related to precipitation patterns, which vary from year to year, future
research of the long-term trend of N deposition over the ECS should
consider changes in human-induced emissions of Nr to the atmosphere.

4. Conclusion

The N burden into East Asian oceans via atmospheric deposition in
2010 was estimated based on a regional chemical transport model. The
modeling performance was evaluated by comparison with EANET ob-
servations and data acquired by the ship Nagasaki Maru. It was found
that the YS, ECS, and SJ had a high N burden of between 2 and 9 kg N
ha~! yr 1. The most important processes for N deposition were found to
be the dry deposition of HNO3, NH3, and coarse-mode pNO3, and the wet
deposition of fine-mode NO3 and NHj. Furthermore, the relative
importance of the dry deposition of coarse-mode pNO3 was higher over
open ocean. The estimated N deposition to the whole ECS was 390 Gg N
yr~1, which is comparable to the discharge from the Yangtze River to the
ECS, indicating the significant contribution of atmospheric deposition to
the N burden. The modeled deposition of oxidized N over marginal seas
in 2010 was similar to the reported values for the 2000s, despite the
increase of anthropogenic emissions between these two periods. Future
work should estimate the long-term variation of the compositions of
oxidized and reduced N to clarify the N burden over East Asia.

The modeling performance for the ambient concentration and wet
deposition remarked the criteria and was found to be comparable to
previous modeling studies. However, the scores of biases and errors
should be improved to refine the estimation of the ambient concentra-
tion and hence of the deposition amount. In this study, the dust scheme
was incorporated to improve the modeling performance; however,
heterogeneous reactions on dust surfaces were not considered. Hetero-
geneous reactions are thought to play an important role during dust

pollution episodes (Uno et al., 2017a, 2017b; 2017¢c; Wang et al., 2017);
therefore, the consideration of such reactions will help to refine the
modeling performance. Additionally, the verification of the simulated
dry deposition velocity using measurement data (Nakahara et al., 2019;
Xu and Matsuda, 2020) is also required to improve the estimation of the
dry deposition amount. Alongside these modeling improvements, in-
dexes should be established for the judgement of the modeling perfor-
mance over Asia, and the threshold value for assessing the risk of the N
burden over Asia should be considered.
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