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Atmospheric deposition and lateral ocean
transport enhance nitrogen supply to the
North Pacific Subtropical Gyre
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Atmospheric nitrogen deposition is an important external nitrogen source to the ocean that can fuel
export production, yet its origin and contribution remain uncertain in the nitrogen-limited North Pacific
Subtropical Gyre (NPSG). We present aerosol nitrate and reduced nitrogen (RN) concentrations and
nitrogen isotopic composition (5'°N), along with air-mass back trajectories, across the NPSG in
summer and winter. High 6"°N values (-0.4%. to 3%o) of aerosol nitrate and RN suggest that natural
sources dominate in both seasons, contributing only modestly to the local external nitrogen supply.
A synthesis of historical observations reveals pronounced zonal gradients in aerosol nitrogen
concentrations and &N between the NPSG and transition zone, indicating enhanced anthropogenic
influence in the latter, where nitrogen limitation is weaker. We estimate that lateral ocean transport
from the transition zone increases external nitrogen inputs to the NPSG by 18%, highlighting an
indirect pathway linking human emissions to oligotrophic ocean productivity.

Nitrogen availability limits primary productivity and carbon sequestration
in most of the ocean, thereby playing a pivotal role in regulating Earth’s
climate'. External (allochthonous) inputs of reactive nitrogen (N,) to the
ocean’s sunlit surface can increase the marine nitrogen inventory and sti-
mulate the biological carbon pump”. While biological N, fixation has tra-
ditionally been considered the dominant external nitrogen source in
oligotrophic oceans’, atmospheric N, emissions have increased substantially
over the past century due to human activities and can be transported rapidly
to remote ocean basins’. Atmospheric nitrogen deposition (AND) is
therefore now recognized as a significant pathway supplying bioavailable
nitrogen to the surface ocean, with profound implications for marine bio-
geochemical cycles and global climate’”.

Oligotrophic subtropical gyres, including the North Pacific Subtropical
Gyre (NPSG), are strongly N-limited® and thus highly sensitive to external
N, supply'. Over recent decades, the western North Pacific (WNP) has
experienced substantial increases in anthropogenic nitrogen fluxes origi-
nating from East and South Asia”"’. Model simulations indicate that AND
fluxes are considerably high along the Asian continental margin and in
open-ocean regions downwind of the continent, decreasing sharply toward
the NPSG’. However, ocean circulation processes associated with western
boundary currents, including mesoscale eddies, Ekman transport, and

enhanced mixing, can contribute to the cross-frontal exchange of nutrients
between the subpolar and subtropical gyres'""”. Such lateral transport may
deliver external nitrogen into the NPSG interior, potentially amplifying the
influence of anthropogenic emissions beyond areas of direct atmospheric
deposition. Observational constraints on these processes, however, remain
limited.

Field observations of atmospheric aerosol nitrogen in the wNP have
been sparse, focusing mainly on its marginal seas and mid- to high-latitude
open-ocean regions, where anthropogenic nitrogen emissions are high'*"'°.
However, some observations indicate that aerosol nitrate and ammonium
concentrations in the western NPSG can be comparable to those in more
polluted regions" . Atmospheric organic nitrogen measurements are even
scarcer, despite evidence that this component may constitute a substantial
fraction of atmospheric N, over the open ocean'****". Seasonal variability in
aerosol nitrogen is also poorly characterized owing to insufficient winter-
time measurements, yet models indicate elevated AND fluxes during boreal
winter’”. In this context, the magnitude, distribution, and sources of
atmospheric N, over the wNP and its contribution to the surface-water
nitrogen budget remain highly uncertain.

Stable nitrogen isotopes (8"°N) provide a powerful framework for
distinguishing between anthropogenic and natural sources of aerosol N, in
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Fig. 1 | Aerosol sampling end locations and surface chlorophyll-a (Chl-a) con-
centrations in the western North Pacific during the summer and winter cruises.
a for the summer cruise, b for the winter cruise. The white curve represents the
boundary between the NPSG and the transition zone (NPTZ) in the western North
Pacific (0-50°N; 122°E-160°E)®. The distribution of surface Chl-a obtained from
MODIS-Aqua (https://www.oceancolour.org/) is shown as monthly averages for the
aerosol sampling periods: June-August 2020 (summer) and December 2020 to
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February 2021 (winter). The 7-day air mass backward trajectories (AMBTs; dotted
lines) for starting altitudes of 500 m above ground level are connected to the sam-
pling end locations (see “Methods”). The AMBT at sites within the NPSG that
traversed or passed over the continent were classified as continental AMBTSs
(orange). In contrast, those originating from the remote open ocean to the east were
classified as marine AMBTs (light blue).

remote oceanic regions™. Aerosol nitrate from anthropogenic/terrestrial
emissions typically exhibits lower 8°N-NO;™ values than nitrate from
natural sources'*****. However, recent observations reveal that marine alkyl
nitrates emitted from the ocean surface can also produce isotopically light
aerosol nitrate”, complicating source attribution. Isotope constraints on
aerosol ammonium and organic nitrogen over the open ocean are parti-
cularly limited. Available evidence suggests that, compared to terrestrial
sources, marine emissions contribute substantially to aerosol ammonium
with lower 8"°N values, at least over the Atlantic Ocean™". By comparison,
aerosol organic nitrogen, derived mainly from marine biogenic sources, may
exhibit positive 8N values™”. To date, the sources of atmospheric N, over
the NPSG have not been adequately validated, underscoring the need for
comprehensive measurements of multiple N, species.

In this study, we conducted aerosol sampling over the oligotrophic
NPSG during both summer and winter (Fig. 1 and Supplementary Table S1)
to characterize the concentrations and §"°N of major aerosol N, species and
to constrain their dominant sources in each season. By integrating these
observations with historical datasets across the wNP, we assessed region-
scale patterns in aerosol N, sources and their contributions to the marine
nitrogen budget. We further evaluated the role of lateral ocean transport in
redistributing external nitrogen inputs to the NPSG on seasonal and annual
timescales.

Results

Concentrations of water-soluble Nr species in aerosols over
the NPSG

During the summer cruise, air mass backward trajectories (AMBTS) at sites
near China’s southeastern coast (sites S14, S15, and S1) traversed or passed
over the continent and were therefore classified as continental AMBTs. In
contrast, AMBTS at sites within the NPSG predominantly originated from the
remote open ocean to the east and were classified as marine AMBTSs (Fig. 1;
Supplementary Table S2). Despite substantial variability, concentrations of all
water-soluble N, species in marine aerosols with continental AMBTSs were
markedly higher than those with marine AMBT' (Fig. 2; Supplementary Fig.
S1 and Table S3). Over the western NPSG, concentrations of water-soluble N,
species exhibited relatively limited spatial variability. During summer, NOz™
dominated the WSTN pool, accounting for 44.8-91.5% of WSTN, with a mean
contribution of 64.2% (Supplementary Fig. S2).

During the winter cruise, air masses influencing the western and
northern sites within the NPSG (W2, W13, W6, and W7), as well as the
coastal sites, originated over or near the continent, whereas sites east of
130°E in the central NPSG were mainly influenced by air masses from the
open ocean (Fig. 1b). Spatially, higher concentrations of water-soluble N,
species were observed at the coastal sites and at the western NPSG sites with
continental AMBTSs. In contrast, among the remaining open-ocean sites,
concentrations of water-soluble N, species did not differ substantially

between sites with continental AMBTSs in the northern NPSG and those
with marine AMBTs in the central NPSG (Fig. 2). Compared with summer
conditions, coastal sites with continental AMBT's had higher concentrations
of all water-soluble N, species during winter (Fig. 2; Supplementary Fig. S2).
At open-ocean sites with marine AMBTSs, wintertime concentrations of
WSTN (5.29 +2.17 nmol m™), NH," (1.74 + 1.05 nmol m™*), and WSON
(2.05 + 2.30 nmol m~) were higher than those in summer, whereas NO5~
concentrations (1.50 + 0.34 nmol m ™) were comparable between seasons
(Supplementary Figs. S1 and S2). Throughout the winter cruise, WSTN
exhibited a balanced composition, with similar contributions from NOs;,
NH,’, and WSON (Supplementary Fig. S2).

Isotopic composition of water-soluble Nr species in aerosols
over the NPSG

Figure 3 presents the 8N values of aerosol NO5~, RN, and WSTN over the
NPSG during the summer and winter cruises. Overall, the 8" N-RN values
exhibited a wider range (~3.0%o to 12.6%o) than §"°N-NOs~ (-3.6%o to
4.8%o0) and 8" N-WSTN (~2.8%o to 6.3%o) (Supplementary Table S3). For
both seasons, the 8N values of aerosol N, species differed markedly
between samples with continental and marine AMBTSs.

During summer, most aerosol samples with either continental AMBT's
or marine AMBTs displayed positive §'"°N values for the water-soluble N,
species (Fig. 3). The concentration-weighted §"°N values of NO3™ (1.0%o vs.
2.2%0), RN (2.3%o vs. 6.8%0), and WSTN (1.5%o vs. 4.4%o) in aerosols with
marine AMBTs were consistently lower than those with continental
AMBTs. In addition, the §"°N values of the water-soluble N, species in
aerosols with marine AMBTs exhibited less variability. One exception was
the sample collected at S9 (155°E, 12°N), which contained negligible WSON
and showed an anomalously high §"°N-RN value (12.6%o).

In winter, the §°N values of water-soluble N, species were generally lower
than those observed in summer, particularly for NO5" (Fig. 3). The wintertime
8"°N-NO; values were significantly lower than the §°N-RN values (Fig. 3). As
in summer, the concentration-weighted §”N-NO; value was lower in aero-
sols with marine AMBTS than with continental AMBTS (-0.4%o vs. 1.9%o).
Aerosol NO5~ with marine AMBTSs also showed a lower concentration-
weighted 6"N value in winter than in summer. In contrast, the wintertime
concentration-weighted "N values of RN (3.3%o vs. —~0.5%0) and WSTN
(2.1%o vs. 0.6%o0) were higher in aerosols with marine AMBTS than in those
with continental AMBTSs. Compared with summer observations, wintertime
aerosol with continental AMBTSs showed lower concentration-weighted §"°N
values for RN and WSTN, whereas that with marine AMBTs exhibited slightly
higher concentration-weighted "N values.

Discussion
At the coastal sites, aerosol NO5;™ and RN with continental AMBTSs dis-
played higher concentrations that were one to two orders of magnitude
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Fig. 2 | Concentrations of water-soluble N, species in aerosols collected over the NPSG during the summer and winter cruises. a-c show NO;", NH,", and WSON,
respectively, for the summer cruise, while d—f present the corresponding species for the winter cruise.

higher than those observed at the open-ocean sites in the NPSG for both
seasons. These aerosols exhibited distinct 8'°N values compared to samples
with marine AMBTs (Fig. 3), indicating contrasting source regimes between
coastal and remote regions. Before reaching the coastal sites, air masses
passed over the densely populated regions of East Asia (Fig. 1), where
anthropogenic N, emissions rank among the highest globally*. As observed
previously along the northwestern Pacific margins™ 7, these concentrations
and isotopic characteristics indicate that aerosol NO; and RN at coastal sites
with continental AMBT' are predominantly derived from anthropogenic
and terrestrial sources.

In contrast to the coastal sites, air masses over most open-ocean sites
originated from the remote regions of the North Pacific and did not traverse
East Asia during either season (Fig. 1). Aerosol NO;” and RN concentrations
declined sharply offshore, suggesting efficient removal of anthropogenic N,
from the marginal seas. Consequently, aerosol NO3 and RN over the NPSG
are likely dominated by non-terrestrial sources and in situ marine processes.

The concentration-weighted average §°N-NO; values with marine
AMBTS (1.0%o0 in summer and -0.4%o in winter; Fig. 3) are comparable to
previous observations in remote oceanic regions”’ and point to a dominant
contribution from lightning-derived NO; to aerosol NO5;™ ¥, In addition,
the §"*0-NO5" values showed limited seasonal fluctuations (33.36 + 7.83%o;

Supplementary Table S3) and were substantially lower than those associated
with ozone oxidation pathways, which typically occur in polluted areas with
higher ozone concentrations™. This also suggests that aerosol NO;~ over the
NPSG is largely produced by localized sources and by reaction with the
hydroxyl radical in the marine boundary layer", rather than by long-range
transport from polluted regions. Nevertheless, moderately elevated
8”N-NO;" values (reaching 4.4%o) observed in several summer samples
likely reflect hemisphere-scale transport of continental-sourced perox-
yacetyl nitrate (PAN) and subsequent NOx release over the subtropical
regions™, as supported by model simulations™. The visible seasonal differ-
ences in §"°N-NO;’ values are unlikely to be driven by changes in lightning
NOx production, which exhibit minimal seasonality in the tropics*’. Instead,
isotope fractionation during gas-particle partitioning during heterogeneous
halogen chemistry in the marine boundary layer, which preferentially
incorporates N into particulate nitrate™, provides a more plausible
explanation. Enhanced sea-salt aerosol production (including Na* and CI")
under stronger winter winds may amplify this process, consistent with the
frequent occurrence of negative §°N-NO; values (Fig. 1; Supplementary
Table S3).

This isotope fractionation was particularly evident in continentally
influenced air masses reaching the open-ocean sites during winter, where
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Fig. 3 | N isotope composition (%o vs. air N,) of water-soluble N, species in
aerosols collected over the NPSG during the summer and winter cruises. a—c show
NOj7, reduced nitrogen (RN), and WSTN, respectively, for the summer cruise, while
d-f present the corresponding species for the winter cruise. The box-and-whisker

plots show seasonal comparisons of the N isotope composition of NO;™ (g), RN (h),
and WSTN (i) observed over open-ocean sites of the NPSG. The line and diamond
symbol in the plot denote the median and mean, respectively.

aerosol NO;~ concentrations and their 8N values (less than —2.5%o) were
markedly lower than those at the coastal sites (Fig. 1; Supplementary Fig.
S3a). Such offshore patterns are consistent with progressive removal of
“N-enriched particulate nitrate during long-range transport, a feature
widely observed from coastal to remote oceanic regions™. The strong rela-
tionship between §”N-NO; and the logarithm of NO5™ concentrations
(p<0.01, R*=0.61; Supplementary Fig. S3a) suggests the importance of
transport-related chemistry in shaping §°N-NO;™ over the open ocean.
This finding underscores the need to explicitly account for atmospheric
processing when attributing aerosol NO;™ sources in remote oceanic
environments.

Unlike marine aerosol NO3~, marine aerosol RN exhibits more com-
plex source characteristics, as reflected by the wide variability in NH, /RN
ratios and §8”N-RN (Fig. 3; Supplementary Fig. S3b). The persistently low
concentrations of aerosol NH, and WSON with marine AMBTSs, together
with their short atmospheric lifetimes (typically less than a few days™),
indicate that local marine emissions, rather than anthropogenic sources,
dominate the atmospheric RN pool over the NPSG in both seasons. This
inference is supported by the strong positive correlation between aerosol
NH," concentration and wind speed (Supplementary Fig. S$4), consistent
with the understanding that enhanced sea-air NH," exchange occurs under
high-wind conditions”. Similarly, aerosol WSON concentrations were

higher in winter, accompanied by elevated wind speeds and sea-salt Na* and
Chl-a contents (Supplementary Tables S2 and S3), further pointing to a
marine biological origin. These patterns agree with previous findings in the
North Pacific and South Atlantic**”'. Additionally, recent evidence links
aerosol WSON to N, fixation and marine DON, suggesting a potential
contribution from diazotroph-derived N,", which may be particularly
plausible in the NPSG, where N, fixation rates are high**.

Elemental and isotopic mixing analysis was examined to further con-
strain RN sources. Most samples fall within the range of marine NH," and
organic nitrogen endmembers (Supplementary Fig. S3b). Samples with
lower NH, /RN ratios, reflecting a greater contribution of WSON, exhib-
ited higher 6"”N-RN values, pointing to the endmembers of seawater
8"N-DON and marine aerosol §°N-ON. As the NH,"/RN ratio increased,
the 6"N-RN values became more scattered and lower, consistent with the
wide isotopic variability in marine NH," sources as previously reported in
aerosols and rainwater’>*. Although the broad range of §”°N-NH," com-
plicates precise source appointment, the combination of short lifetimes,
remote air-mass origins, and isotopic characteristics strongly supports
marine origins for aerosol NH," over the NPSG. Overall, these results
demonstrate that oceanic emissions play an important role in shaping
aerosol RN over the NPSG, challenging the traditional view of the ocean as a
passive recipient of N, deposition from land. Our findings align with recent
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Fig. 4 | Concentrations and N isotope composition of NO;~ and RN in aerosols
over the western North Pacific. a, ¢ for NO;7, and b, d for RN. The dashed dots in
b indicate datasets lacking measurements of organic nitrogen; we assumed it to be
30% of total nitrogen, consistent with our measurements (Supplementary Fig. S2)

and previous studies”. The solid curve represents the boundary between the NPSG

and NPTZ’. The box-and-whisker plots show the data for the NPSG and NPTZ. The
line and diamond symbol in the box plot denote the median and mean values,
respectively. Data are compiled from Baker et al.”, Kamezaki et al."’, Luo et al."**,
Seok et al.*, Shi et al.”, and this study.
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endmember of agricultural activities in North China. The orange and pink bars in
¢ show the 8"N values of total nitrogen dominated by organic nitrogen in marine
aerosols and the surface seawater §'”"N-DON observed in the NPSG, respectively.
The data are derived from those shown in Fig. 4.

observations from Bermuda in the North Atlantic, which indicate that
marine processes constitute a significant source of atmospheric RN in
remote oceanic regions”’.

To assess region-scale patterns in aerosol N, sources, we integrated our
new measurements with historical observations spanning all seasons to
generate a comprehensive map of aerosol N, concentrations and 6N sig-
natures across the wNP (0-50°N, 122°E-160°E; Fig. 4; Supplementary Fig.
S5). Coastal data (water depth shallower than 200 m) were excluded to
minimize local influences. Based on different Chl-a levels and nutrient
regimes, the study area was divided into the N-limited oligotrophic sub-
tropical gyre (with Chl-a content < 0.1 mgm™ and NO;~ concentration <
0.4 pmol L") and the non-N-limited mesotrophic transition zone (with
Chl-a content > 0.1 mgm™ and NO;™ concentration > 0.4 pmol L")
(Supplementary Fig. S6).

Notable spatial gradients were observed in both concentrations and
8"N values of aerosol NO;™ and RN (as well as WSTN) across the wNP (Fig.
4; Supplementary Figs. S7 and S8). Concentrations of NO;", NH,*, and

WSON were significantly higher in the transition zone (NPTZ) and in the
western part (< 150°E) of the North Pacific, reflecting proximity to con-
tinental sources (Supplementary Figs. S8 and $9). In parallel, the °N values
of aerosol NO5™ and RN presented clear latitudinal gradients, with more
N-depleted signatures in the NPTZ than in the NPSG (Fig. 4). These
spatial patterns were closely linked to AMBTs (Supplementary Figs.
S5 and S10). Continental AMBTSs were associated with higher N, con-
centrations and lower §"°N values, whereas marine AMBTS featured lower
concentrations and higher "°N values. Therefore, aerosol N, concentrations
and isotope signals exhibit coherent distribution patterns that are consistent
across air mass origins and geographical settings (Fig. 5; Supplementary
Fig. S10).

In the NPTZ, higher concentrations and more negative §"°N values of
NO;™ and RN in most aerosol samples with continental AMBTS indicate a
significant influence of anthropogenic and continental N, inputs from East
Asia®”*. These results are consistent with previously documented obser-
vations of aerosol NO;™ in downwind areas of polluted North America,
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Fig. 6 | Spatial distribution of external nitrogen inputs across subregions of the
western Pacific and estimated lateral transport fluxes from the NPTZ to the
central subtropical gyre. a Box-and-whisker compilation of published observa-
tional datasets of net aerosol N, and N, fixation fluxes across the subregions of the
western North Pacific (see Supplementary Fig. S11). The line and diamond symbols
in the box plot denote the median and mean values, respectively. The data on N,
fixation fluxes are from Shao et al.” Sato et al.”’, and Yu et al.*. The Kuroshio aerosol
N, deposition fluxes are from Baker et al.”” and Luo et al.”. b In situ fluxes of net
aerosol N, deposition and N fixation (Fanp and Feng; pmol m > day ') in the
subregions and their lateral transport fluxes from the NPTZ to the central sub-
tropical gyre (CSG) via lateral ocean circulation above the mixed layer. Note that
aerosol N, deposition flux in the NPTZ and the associated transport estimates
derived from the full dataset were treated as the lower bound, whereas those based
solely on data with continental AMBTSs were considered the upper bound (also see
Supplementary Fig. S5, and Tables S4 and S5). The map’s background colors
represent nutrient limitation conditions for pico-phytoplankton, which is dominant
in the study area.

Western Europe, and Southern China®*******. The dominance of NH,*" in
aerosol RN, together with more negative §"°N-RN values, points to the
isotopic endmembers of vehicle and agricultural emissions (Fig. 5¢), the
major sources of NH; in North China”’. Moreover, the mean ratio of NH,’
to NOj; in aerosols (~2) in the NPTZ aligns with the ratio of NH," to NO3*
emissions in China?, suggesting a strong linkage between emission sources
from land and aerosol composition collected over the downwind oceanic
regions. Overall, our synthesis reveals a pronounced shift in aerosol N,
sources between the NPSG and NPTZ, driven by distinct air-mass regimes,
which largely govern aerosol N, dynamics at the atmosphere-ocean
boundary layer over the wNP.

Here, we obtain the basin-scale datasets of aerosol N, deposition fluxes
across the extensive wNP, derived from aerosol N, concentrations and
sinking velocities (see Methods). Because aerosol RN in the NPSG is pre-
dominantly marine in origin, it is excluded from our calculations; thus, our
estimates represent external nitrogen inputs to the marine ecosystem. The
resulting net aerosol N, deposition fluxes exhibit significant spatial het-
erogeneity across subregions (Fig. 6a, see Methods for the subregional

definition), with markedly higher annual mean fluxes in the Kuroshio and
transition zones (47-110 pmol m™~ day ') compared to the central sub-
tropical gyre (CSG) and the North Equatorial Current (NEC)-influenced
region (5-13 pmol m~* day"). This spatial pattern persists across all four
seasons (Supplementary Table S4). Consistent with their proximity to East
Asia, the Kuroshio and transition zones receive atmospheric N, primarily
from anthropogenic sources™”. Therefore, we conclude that anthro-
pogenic/terrestrial inputs dominate dry deposition for the extensive wNP,
whereas natural sources prevail only in the NPSG.

Compared with regional N, fixation fluxes, pronounced contrasts in
external nitrogen supply can be found among subregions (Fig. 6a). In the
CSG and Kuroshio zone, both annual and seasonal mean N, fixation fluxes
greatly exceed aerosol N, deposition (Supplementary Table S4), reflecting
the dominance of diazotroph-derived nitrogen inputs to these oligotrophic
waters. In contrast, net aerosol N, deposition fluxes in the NPTZ are ~1.5
times higher than N, fixation rates, consistent with suppressed diazo-
trophic activity under higher nutrient availability from atmospheric
inputs and vertical mixing®. Both fluxes are low in the NEC-influenced
region, likely due to weak terrestrial influence and enhanced subsurface
nitrogen supply”. These patterns highlight regional differences in the
relative importance of atmospheric and biological nitrogen sources in
the wNP.

Distinct nutrient regimes among subregions may further regulate how
external nitrogen is utilized. Unlike the N-limited oligotrophic CSG and
Kuroshio zone, the NPTZ is non-N-limited (Fe-limited; Fig. 6b) and rela-
tively mesotrophic, with moderately elevated surface Chl-a levels
(0.1-0.8 mg m?; Fig. 1) and NOs5~ concentrations (0.4-5 pmol kg™"), as
indicated by observational and modeled results (Supplementary Fig. S6). In
this regard, external nitrogen inputs may elevate the surface N, inventory in
the NPTZ and not promptly and effectively enhance primary and export
production. By contrast, in those N-limited regions, external nitrogen inputs
can rapidly stimulate primary and export production. We therefore propose
that excess external nitrogen in the NPTZ can be laterally transported into
the adjacent N-limited CSG, where it can fuel productivity. Indeed, such
cross-frontal nutrient exchanges at the gyre margins along western
boundary currents have been reported as an important pathway for
replenishing nutrients and increasing biological productivity in the gyre
interior™.

Quantification of lateral transport of net aerosol N, deposition and N,
fixation signals above the mixed layer across subregions of the wNP con-
firms this mechanism. Based on the fluxes of external nitrogen inputs and
the subregional water mass exchange rates (Fig. 6a; Supplementary Fig. S11;
see Methods), we estimate that approximately 48% (46.5-49.6% seasonally)
of external nitrogen inputs to the NPTZ are advected into the CSG; on an
annual basis, this lateral transport supplies 16.7-20.9 pmol m > day ™' from
aerosol N, deposition and 12.1 pmol m > day ™' from N, fixation, with peak
fluxes occurring in spring (Fig. 6b; Supplementary Table S5). These lateral
fluxes are equivalent to 132-165% and 7% of the respective in situ inputs to
the gyre, resulting in an overall ~18% (4-21% seasonally) increase in
external nitrogen supply. When in situ and lateral advection fluxes are
considered, external nitrogen sustains approximately 77% of annual export
production in the CSG, based on the mean flux of ~273 ymol N m” day ™ at
100 m at time-series Station S1 (30°N, 145°E) measured using moored
sediment traps (see Supplementary Table S5)*>*’. Of this total, lateral ocean
transport accounts for ~12%. Seasonally, the contribution of external
nitrogen to export production is substantially greater during spring-
summer (92-103%) than during autumn-winter (50-60%; Supplementary
Table S5). In addition, it should be noted that our estimate is mainly focused
on the surface water pathway. The subtropical and central mode waters
formed in the NPTZ margin and, further east, are advected southwestward
into the NPSG and subsequently subducted into the pycnocline’. This
process may also facilitate cross-regional transport of external nutrients
between these two subregions. However, the exact importance of this
mechanism remains to be evaluated in future studies. Together, our results
identify lateral ocean transport as a critical mechanism that amplifies the
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influence of atmospheric nitrogen deposition on the subtropical gyre,
highlighting the tight coupling between physical circulation and biogeo-
chemical processes that shapes the overall productivity in the subtropical
gyre ecosystem.

Methods

Aerosol and seawater collection

Samples for marine aerosol were collected from China’s southeastern coast
towards the North Pacific Subtropical Gyre (generally chlorophyll-a con-
centrations less than 0.1 mg m™) during summer (July to August 2020) and
winter (December 2020 to February 2021; Fig. 1) using a high-volume air
sampler (TE-5170D, TISCH Environmental, USA) placing on the top deck
of the R/V Tan Kah Kee (~25m above the sea surface). The sampler
worked only during sailing to avoid contamination by the ship. We col-
lected fifteen aerosol samples during each cruise using Whatman Grade 41
cellulose filters. The sampling duration for each sample was 24-96 hours,
depending on the cruise path (Supplementary Table S1). Two filters for the
field blank were sampled during each cruise. All filters were kept in
clean, low-density polythene bags and stored at —20 °C before chemical
and isotope analyses. Meteorological data, including wind speed,
wind direction, air temperature, and relative humidity, were recorded
using the automated weather station onboard (Supplementary Table S2).
In addition, seawater samples were collected at 3-5 m of the sites where
aerosol samples were collected using Niskin bottles during two cruises.
Seawater samples for NH," measurements were analyzed onboard, and
samples for other parameters were immediately stored at -20 °C until
analysis.

Chemical and isotope analyses

The procedure for extracting total suspended particulate (TSP) samples
followed Luo et al.”. In brief, a quarter of each filter was cut into pieces and
placed in a centrifuge tube with 30 mL Milli-Q water. The fragmented filter
was leached for 30 min on a shaker at 120 rpm and then left at room
temperature for 30 min. The leaching processes were repeated three times.
The extracts were filtered through 0.22 um polycarbonate membranes.
Major ionic species (Cl', NOs", Na*, and NH,") in the extracts were ana-
lyzed using ion chromatographs (model ICS-900 for cations and model ICS-
1100 for anions) equipped with a conductivity detector”. The detection
limits for CI" and NH," were 0.015mg L, and for other ions were
0.010mg L.

Seawater nitrate concentration was analyzed using a continuous-flow
analysis system combined with a liquid waveguide capillary flow cell, with a
detection limit of 5.2 nmol L and an analytical precision of 4.7%. Seawater
ammonjum concentration was determined on board using solid-phase
extraction coupled with a fluorescence detector, with a detection limit of 2.3
nmol L' and an analytical precision of 5.8%". Chl-a in the surface seawater
was extracted with acetone and measured using a Turner Trilogy fluo-
rometer, and the data were reported in Zhang et al.*.

The water-soluble total nitrogen in the aerosol extract (i.e., WSTN) and
total dissolved nitrogen in the surface seawater (i.e., TDN) were determined
using the ‘persulfate oxidation’ method to convert the total nitrogen to
NO; ™. The NO;™ was then measured by a nitrogen oxide (NOy) chemi-
luminescence analyzer (Teledyne) with a detection limit of 10 nmol L™.
Because the NO;™ and NH,* concentrations in the surface seawater of the
study area were generally below 0.1 umol L, the measured TDN mainly
consisted of dissolved organic nitrogen (DON; hereafter, TDN is reported as
DON). The concentrations of water-soluble organic nitrogen ([WSON])
and reduced nitrogen ([RN]) in the aerosol extract were calculated using the
following equations:

[WSON] = [WSTN] — [NH, ] — [NO, ] (1)

[RN] = [WSTN] — [NO,~] = [WSON]+ [NH,"] (2

where [NH, "] and [NO;7] are the NH," and NOj;~ concentrations in the
aerosol extract measured by ion chromatography.

N and O isotope compositions in NO;™ (§"°N-NO5™ and §**0-NO3)
were analyzed using the denitrifier method™*”". Detailed information on the
isotope analysis was reported by Yang et al.*. The measured §"°N-NO;
values in the aerosol extract and seawater after the persulfate oxidation
treatment represent the N isotope compositions of WSTN and DON
(8”N-WSTN and 8"°N-DON), respectively. The standard deviations for
replicates were +0.2%o for §"°N-NO3", +0.3%o for §'*0-NO;", and +0.5%o
for 8"N-WSTN and §"°N-DON, respectively. The N isotope composition of
RN (8"°N-RN) in the aerosol extract was calculated based on mass and
isotope balance, with a propagated error of +0.6%o:

8N — RN =(8""N — WSTN x[WSTN] — §"°N — NO;~

3
x[NO;7])/[RN] ®

The concentration-weighted 8N value for each species was calculated
using the following equation:

6lsl\lweighted = Z (C1 X 615I\Ii)/ Z Ci (4)

where C; and 6"N; represent the concentration and nitrogen isotopic
composition for the given N, species at each sampling site, respectively.

Calculation of atmospheric nitrogen deposition

We calculated the flux of atmospheric nitrogen deposition (F;) according to
the concentration of the given N; species in aerosols (C;) and the deposition
velocity of the given N, species (V;), which is expressed as follows:

F;=C;xV, (5)

As previous studies have suggested, V; is influenced by many factors,
such as meteorological conditions, particle size, and surface morphology,
and thus varies widely*®. For comparison with other works, we selected the
V; commonly used in the North Pacific, set to 2 cm s' for NO;7, 0.1 cmss™
for NH,", and 1.0 cm s for WSON*>**’.

Backward trajectory analysis

A seven-day air mass backward trajectory (AMBT) was computed for each
aerosol sample using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model from the National Oceanic and Atmospheric
Administration (NOAA; http://www.ready.noaa.gov/). The seven-day
analysis corresponds to the average lifetime of aerosol nitrate, which is
typically longer than that of aerosol RN under subtropical marine
conditions”. Five altitudes (100, 250, 500, 1000, and 2000 m above ground
level) were calculated to capture airflow transport into the marine boundary
layer. Since the AMBTSs were consistent among different altitudes, we pre-
sent the 500 m height AMBTS as representative (Fig. 1).

Diagnosis of nutrient-limiting provinces

We diagnosed the spatial distribution of nutrient-limiting provinces for
pico-phytoplankton, the dominant species in the study area, using annual
mean fields from the ROMS-CoSiNE-Fe model®. Dissolved macronutrients
(NOs5, NHy, and PO.*), dissolved iron (DFe) pools, and associated half-
saturation constants were extracted at the surface model layer. For each
nutrient i, the uptake rate was computed following the Michaelis-Menten
formulation:

) ©)

where C; is the nutrient concentration and K; is the corresponding half-
saturation constant. The DFe field was computed as the sum of dissociated
iron and iron complexed with strong and weak organic ligands.
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Nitrate uptake additionally incorporated inhibition by ambient
ammonium:

NO,]
Uoo = gy [NOs]
NO; Ko, + NO, @)

where  is the taxon-specific inhibition parameter.
Total potential N uptake was then given by:

Uy = UNO3 + UNH4 (8)

At each horizontal grid cell, the limiting nutrient was identified as the
one associated with the minimum potential uptake rate, following a stan-
dard Liebig minimum-law approach:

Lim = min(Uy, Upo,, Up,) )

The subregional definition and quantification of external nitrogen
inputs transported by ocean circulation

The NEC-influenced region is defined as the main westward-flowing current
that separates the tropical and subtropical circulations. By vertically integrating
the zonal transport U over the upper 0-100 m, the U = 0 contour was used to
delineate the dynamical boundary of the NEC. The NEC-influenced region is
thus bounded by the northern boundary of the NEC and the southern
boundary of the N-limited gyre. The Kuroshio region is defined as the western
boundary current north of the NEC bifurcation latitude along the Philippine
coast. The instantaneous axis of the Kuroshio was defined using the 0.7 m Sea
Surface Height (SSH) contour. The analysis domain extends from the Phi-
lippine coast to 150 km east of the axis. This definition captures the main body
of the Kuroshio while accounting for its meandering™.

Lateral transport fluxes of external nitrogen signals from net aerosol N,
deposition and N, fixation from the transition zone to the central sub-
tropical gyre via ocean circulation above the mixed layer were quantified
using the observational flux datasets coupled with water mass flow rates
simulated by the Regional Ocean Model System (ROMS). The model
domain spans 45°S-65°N and 99°E-70°W, with a horizontal resolution of 1/
8° (~12.5km) and 60 sigma vertical layers. Vertical turbulent mixing is
based on the Mellor-Yamada 2.5-level turbulence closure scheme. Using the
2002-2022 monthly climatological forcing fields, the model was forced by
the reanalysis products of the European Center for Medium-Range Weather
Forecasts (ERA5) for 30 years to reach a steady state. Then, we ran the real-
time series from 2015 and used the data from 2017 for analysis. The model
results were well validated in the Kuroshio Extension and in the NPSG**.

The water transport fluxes of net aerosol N, deposition or N, fixation
signals per unit area received by the central subtropical gyre (Fyansporteds
pmol m™ day') above the mixed layer were calculated as:

Q:;
Ftransported =ax Fin X 1 (10)
total
AtZ DtZ
a="Ex_E (11)
A, D,
0 L
Q = / / U, (1, 2) didz (12)
-DJ 1,

where A.,/A is the surface area ratio between the transition zone and the
subtropical gyre the central subtropical gyre, and D,/ D, refers to the mixed-
layer depth ratio between the transition zone and the subtropical gyre
(Supplementary Table S5). The mixed-layer depth data were obtained from
the GLORYS12V1 global ocean reanalysis dataset®. Q; and Qoo indicate
the outflow rate of the corresponding section and the total outflow rate of
each subregion, respectively. F;, shows the in situ flux of net aerosol N,

deposition or N, fixation. /; and I, denote the starting and ending outflow
grid points of the section across subregions; A refers to the surface area of
each subregion, and U,(l, z) represents the outflow velocity of each
grid point.

Statistical analysis

The significance of differences among longitude and latitude groups was
analyzed by one-way ANOV A, followed by Tukey tests. The relationships
between the environmental variables and the aerosol data were examined
using Student’s t-test. All statistical analyses in this study were performed
using Python 3.11.7. The significant differences are marked with asterisks
(*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Data availability

The datasets generated and/or analyzed during the current study were
deposited into the Zenodo repository®* and are available at the following:
https://doi.org/10.5281/zenodo.18871497.
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