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Abstract
Horizontal/Vertical nutrient supply in the upper ocean of the North Pacific Subtropical Gyre (NPSG) plays a

pivotal role in biogeochemical cycling and CO2 uptake. However, research quantifying water/nutrient transport
based on direct chemical observations and measurements is limited. Based on observations made during three
GEOTRACES cruises in spring, summer, and winter, we identified horizontal and vertical water sources and
quantified the water and nutrient supply, applying modified Optimum Multiparameter (OMP) analysis based on
iterative calculation, in which rare earth elements (REEs) were used as quasi-conservative chemical tracers. The
mean quantification results with a depth of ≤ 200 m show that Equator-derived water (Nutrient fraction:
51% � 37%) and vertical supply (31% � 33%) are the dominant nutrient sources; northern NPSG-derived water
(0% � 1%) has little influence; North Equatorial Current-derived water shows a higher contribution at 200–
300 m (38% � 26%) than the shallow layers (10% � 19%); coast-derived water (7% � 15%) contributes to NPSG
in an inconsistent way. In addition, the enhanced vertical nutrient supply during the sampling period, which is
more significant in spring, is likely to be attributed to the influence of what are considered different types of
eddies based on the sea surface height. The vertical fluxes of dissolved inorganic nitrogen in the bottom eupho-
tic layer at stations near warm, cold, and no eddies were estimated to be 0.10–0.76, 0.21–2.13, and 0.066–
0.53 mmol m�2 d�1, respectively, which are 1–100 times the supply from nitrogen fixation. These nutrient
fluxes could explain 5–169 mg C m�2 d�1 of the carbon fixation in the euphotic zone.

Horizontal and vertical nutrient supply in the upper North
Pacific Subtropical Gyre (NPSG) regulates biogeochemical
cycles and CO2 uptake. The NPSG functions as a significant
CO2 sink in the North Pacific (Takahashi et al. 2009), despite
concurrently constituting the world’s largest oligotrophic
marine desert with chronically depleted surface nutrients and
low chlorophyll concentrations (Karl et al. 1997; Karl
and Church 2017; Meng et al. 2021). Mesoscale eddies (cold/
warm-core systems) are widely distributed in the southwestern

NPSG (Chen et al. 2021; Cheng et al. 2014), providing a major
pathway for nutrient transport from nutrient-rich sub-
surface water to the surface (Falkowski et al. 1991; Chelton
et al. 2011; Radic et al. 2011) and thus affecting biological pro-
cesses and carbon export (McGillicuddy et al. 1998; Resplandy
et al. 2019; Zhou et al. 2021). Model analysis by McGillicuddy
and Robinson (1997) suggests that mesoscale eddies may be
the dominant mechanism supplying nutrients to the euphotic
zone of the oligotrophic ocean, delivering 0.35 � 0.10 mol
nitrogen m�2 yr�1 through a mechanism they name eddy
pumping. Within a warm eddy near Station ALOHA, chloro-
phyll concentrations in the near-surface ocean were � 5-fold
greater than in the surrounding waters (Fong et al. 2008).
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However, few relevant quantitative data have been reported
on the composition of NPSG water and nutrient supply, with
this sparsity of data the result of the large spatio-temporal vari-
ability in the physical characteristics associated with eddies
(Barone et al. 2022). Moreover, identification of water masses
using chemical tracers remains challenging due to the com-
plex water composition in the region, including horizontal
advection (e.g., North Equatorial Current, northern NPSG
water, Coastal water, Equatorial water) and vertical mixing.

In recent years, novel tracers, particularly trace elements,
have been employed to enhance water composition identifica-
tion and mixing quantification (Chen et al. 2013; Kumamoto
et al. 2018; Whitmore et al. 2020). Zhang et al. (2018) demon-
strated the utility of heavy rare earth elements (REEs) as semi-
conservative tracers for water mixing studies, based on their long
oceanic residence times (� 103 yr, Alibo and Nozaki 1999),
despite minor particle scavenging effects (Byrne and Kim 1990).
Applications include quantifying oxygen-depleted water in the
East China Sea (Liu et al. 2022) and Atlantic Ocean mixing
regimes (Zheng et al. 2016). Beyond REE concentrations, anoma-
lies (e.g., Ce/Ce*, Eu/Eu*) and ratios (heavy/light REEs [HREE/
LREE], Y/Ho) provide insights into mixing dynamics and biogeo-
chemical processes like phytoplankton blooms and weathering
(Nozaki et al. 1997; Hara et al. 2009; Möller et al. 2021). For
example, the Ce deficiency (low Ce/Ce*) in seawater is subject to
preferential scavenging over REEs due to the oxidation of Ce(III)
to Ce(IV) (Moffett 1990), while HREE/LREE ratios indicate parti-
cle adsorption biases favoring light REEs (Zhang et al. 2008).
Compared to widely used tracers like potential temperature and
salinity, REEs effectively increase the number of tracers and
improve source discrimination through concentration and pat-
tern analyses. Additionally, REE analysis requires significantly
smaller sample volumes (10–100 mL; Hatje et al. 2014; Behrens
et al. 2016) compared to conventional isotopic tracers (e.g., Nd,
Cs, Ra), which typically demand 20–200 L. This advantage in
sample efficiency enables the generation of high-resolution
datasets through cost-effective, large-scale sampling. By integrat-
ing REE signatures with hydrographic parameters, researchers
can systematically quantify water mixing and nutrient contribu-
tions in the oligotrophic NPSG.

In this study, we aim to identify possible horizontal and
vertical water sources in the upper southwestern NPSG. The
water composition and nutrient flux subject to warm and/or
cold eddies in three seasons (spring, summer, and winter) are
further quantified by applying potential temperature, salinity,
and REEs as tracers, and the modified optimum multi-
parameter analysis. In addition, the biological process and
scavenging effect of REEs are discussed.

Survey and sampling: Samples from the southwestern NPSG
were collected by R/V TAN KAH KEE during three GEOTRACES
cruises (GP09 cruise from 27th April to 11th June 2019,
GPpr15-summer cruise during 5th July to 17th August 2020,
and GPpr15-winter cruise in 10th to 25th January 2021).
Seawater for REEs was sampled from 12 L Niskin bottles with

conductivity, temperature, and depth sensors (CTD, Sea-Bird
911 plus) and filtered through Pall AcroPak 1000 capsule
(0.45 μm) filters. The filtrate for REEs analysis was acidified
with 6 M ultra-pure hydrochloric acid (Optima grade, Fisher
Chemical) to pH ≤ 2. All operations were carried out in a clean
container. Seawater samples for nutrients (NOx, PO4, SiO2)
were filtered and frozen at �20�C and analyzed using a Four-
channel Continuous Flow Technicon AA3 Auto-Analyzer
(Bran-Lube GmbH) in the onshore laboratory (Du et al.,
unpubl.). The nutrient analysis followed the methodology
described by Du et al. (2017) and Yuan et al. (2023). The ana-
lytical precision was 0.9% for NO3

�, 0.6% for DIP, and 10.4%
for NO2

�. The alkalinity was measured by Gran titration (Cai
et al. 2010) using an Apollo ALK2 Alkalinity Titrator, with a
variation of ≤ 0.1% between three measurements. Details
about sampling and measurement of alkalinity and nutrients
can be found in Cai and Zhou (2019).

Seawater (100–150 mL) for REEs was pre-concentrated
using NOBIAS-chelated PA-1® resin (Hatje et al. 2014). The
eluent (2 mL 1 M nitric acid [HNO3]) was determined by an
inductively coupled plasma-mass spectrometer (ICP-MS,
Thermo iCAP Q). The relative standard deviations (1σ RSD)
of mean REE concentrations determined by replicate analy-
sis of Pacific surface water (n = 4) were less than 5%. The
normalized Ce anomaly (Ce/Ce*)N was calculated as
(Ce/Ce*)N = (Ce)N�(Nd)N/(Pr)N

2, where “N” refers to the
Post-Archean Australian Shale (PAAS) (Taylor and
McLennan 1985) normalization. (HREE/LREE)N was calcu-
lated by PAAS-normalized heavy REEs (Ho, Er, Tm, Yb) and
light REEs (Pr, Nd). Data quality was confirmed by interna-
tionally conducted intercalibration between the laboratories
of the Ocean University of China and the University of
Southern Mississippi and confirmed by comparison with
published GEOTRACES data (Behrens et al. 2018). The
detailed methodology and intercalibration results were
reported by Cao et al. (2024, 2025).

Modified optimum multiparameter analysis based on iterative
REEs: To quantify the water fractions originating from differ-
ent sources, eight REEs (Pr, Nd, Tb, Dy, Ho, Er, Tm, Yb) were
used as additional tracers alongside potential temperature and
salinity. Concentrations of La, Ce, Sm, Eu, and Gd were
excluded because they are susceptible to the influence of non-
conservative factors; La and Gd are prone to anthropogenic
interference, exhibiting positive anomalies (Lim et al. 2023;
Guan et al. 2022), while Ce and Eu are influenced by redox
processes (Tanaka et al. 1990); Sm is affected by microbial
activities, such as iron-manganese oxide reduction. Six water
sources, including two vertical and four horizontal sources,
were identified as end members and were featured in the dis-
cussion content. In this study, assuming that the water in the
southwestern NPSG is in a steady state, Optimum Multi-
parameter (OMP) analysis was carried out following Che and
Zhang et al. (2018) and Singh et al. (2012) and modified while
employing the equations below:
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X6

i¼1

f i ¼1þR0 ð1Þ

X6

i¼1

f i�θ’i ¼ θ’sampleþRθ ð2Þ

X6

i¼1

f i�S0i ¼ S0sampleþRS ð3Þ

X6

i¼1

f i� REEs½ �0i ¼ REEs½ �0sampleþRREEs ð4Þ

where “R” is the residual of the fit and “f” is the fraction of
water sources. The subscript “sample” signifies the parameters
of measured samples. θ0, S0, and REEs½ �0 stand for the
weighting-normalized potential temperature, salinity, and REE
concentration, respectively. The weighting factors for θ and
S and the REE concentration were estimated as 10 and
1, respectively, following the methodology outlined by
Tomczak and Large (1989).

Because REEs are subject to non-conservative behavior in
seawater (i.e., due to scavenging by particles), the REEs½ �0sample

in Eq. 4 has been influenced by more than just mixing so that
the calculated water fractions could show deviation. There-
fore, in order to remove the influence of scavenging, we
refined Eq. 4 by replacing the measured REE concentrations in
samples ( REEs½ �0sample) with their calculated values (

P6

i¼1
f i REEs½ �i)

after the initial quantification, while holding potential tempera-
ture and salinity constant. As shown in Supporting Information
Fig. S1, the modified vertical profiles of LREEs and HREEs with a
weakened scavenging effect show a similar distribution. The
modified OMP analysis was conducted again to get more accu-
rate fractions based on Eqs. 1–3 and modified Eq. 4. This step
was iterated several times until the calculated REE concentration
remain constant, although the modifications were mainly gener-
ated in the first iteration. Details of the iterative process are given
in Supporting Information Text S1. After the above modification,
REE concentrations can be regarded as quasi-conservative tracers,
since the influence of scavenging has been removed. The scav-
enging contribution can be quantified by

α¼ REEs½ �sample�
X6

i¼1

f i� REEs½ �i
 !

=
X6

i¼1

f i� REEs½ �i ð5Þ

where [REEs]sample is the measured concentration of the sam-
ples’ REEs. Positive and negative values represent addition and
scavenging, respectively.

Based on the quantified fractions of six water sources, the
influence of biological processes on water components can be
further calculated by

ΔX¼Xsample�
X6

i¼1

f i�Xi ð6Þ

where ΔX, such as ΔNutrient, represents the material con-
sumption/production.

Results
Hydrography in the southwestern North Pacific
Subtropical Gyre

The study area is located in the southwestern NPSG, pri-
marily in the region of 11–21�N and 120–155�E, with the
western stations being in close proximity to the Philippine
Islands. The sea surface height (SSH) observations during sam-
pling periods (Fig. 1) roughly reveal the widespread occurrence
of warm (SSH > 1 m) and cold (SSH < 0.8 m) eddies in the
northern region (> 12�N). Several cold eddies can also be iden-
tified in the southern region, although the SSH is lower than
that of the northern region due to the influence of upwelling/
downwelling near the Equatorial region (Dugdale and
Wilkerson 1998; Johnson et al. 2001). In particular, the warm
and cold eddies can be observed at stations K2/K2b (north-
western region) and K13/K13a (southwestern region, Minda-
nao Eddy, Chen et al. 2015), respectively.

Hydrographic and fluorescence data reveal eddy influences
on water properties (Fig. 2). Warm eddy stations (e.g., K2, K3)
show thermocline erosion from surface warm water sinking
(0–300 m), while cold eddy stations exhibit rapid potential
temperature shifts with depth, notably at K13 (26.1–18.3�C
between 83 and 120 m). Cold water uplifting is also evident at
Stations MR04 and K12a in summer and Station K13a in win-
ter (Supporting Information Figs. S2, S3), with shallower sum-
mer uplift (50–150 m) vs. spring (50–300 m). Potential density
contour deformations further confirm vertical water displace-
ments. An important characteristic in the southwestern NPSG is
that the fluorescence maximum can be observed in the bottom
euphotic layer rather than in the shallower layers. Surface fluo-
rescence remains weak due to nutrient limitation, increasing pro-
gressively with depth (Fig. 2e,f), suggesting vertical diffusion
transports deeper nutrients into the bottom euphotic layer. Fol-
lowing Wu et al. (2021), we defined the bottom euphotic layer
(89–219 m depth, station-dependent; Supporting Information
Table S1) using 0.1% Photosynthetically Available Radiation
(PAR) and 0.9% Usable Solar Radiation (USR) thresholds.

Vertical distribution of rare earth elements and Ce
anomaly

Figure 3 displays vertical REE profiles, demonstrating higher
REE concentrations in deeper layers than surface layers. Simi-
lar to the hydrographic patterns, stations near cold eddies
(e.g., K13) exhibit elevated REE concentrations at 100–400 m
depths compared to warm eddy stations (e.g., K2), though
density-normalized plots (Fig. 3c,d) show minimal REE vari-
ability. An exception occurs at station K8 (eastern boundary,
North Equatorial Current influence), displaying marginally
lower heavy REE concentrations. (Ce/Ce*)N and (HREE/LREE)N
(Fig. 3e,f) reveal consistent scavenging signatures. Shallow

Zhu et al. Nutrient supply in the upper North Pacific gyre
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Fig. 1. Site maps with sea surface height (SSH) during the GP09 (a), GPpr15-summer (b), and GPpr15-winter (c) cruises. The SSH data shown at regions
a to p (a), q to aa (b), and ab to ah (c) correspond to their respective sampling dates (April 27–May 1, 5, 3, 20, 21, 23, 25, 28, 31–June 2, 3, 5, 7, 8, and
10 in 2019; July 5, 11, 13, 19–August 1, 5, 7, 11, 13, 15, and 17 in 2020; January 10, 15, 17, 19, 21, 23, and 25 in 2021). Solid black lines show the
contours of 0.8 m and 1.0 m. SSH data are referenced from Copernicus Marine Environment Monitoring Service.
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layers (0–200 m), particularly the euphotic zone, show pro-
nounced Ce anomalies (0.3–0.5 vs. deep layer 0.1), potentially
linked to sunlight-inhibited microbial oxidation and scaveng-
ing (Moffett 1990). Notably, our Ce anomalies exceed those
from high-productivity regions like the Sea of Japan and
Southern Ocean, where primary productivity is high
and scavenging by particles is more significant (Supporting
Information Fig. S4). Moreover, (HREE/LREE)N in the shallow
layers (0–100 m) is low and increases significantly from 100 m
to 200 m, where enhanced biological processing can be
observed by higher fluorescence. These results suggest that
although REEs were reported to be not completely conserva-
tive due to scavenging (Byrne and Kim 1990), the effect is rela-
tively weak in the southwestern NPSG.

Discussion
To evaluate the water mixing and nutrient supply in

the shallow southwestern NPSG, four horizontal and two ver-
tical water sources were identified. Using modified OMP

analysis with REE-hydrographic tracers, we quantified source
contributions, validating results through measured vs. calculated
alkalinity comparisons. Moreover, the study examined the influ-
ence of various factors on REEs, such as scavenging, shedding
light on the processes affecting the REE distribution. Finally,
through quantifying the water contribution from each water
source, nutrient fluxes were estimated at stations during three
seasons: spring, summer, and winter.

Identifying horizontal and vertical water sources
Six water sources contributing to the southwestern NPSG

waters were identified. Four horizontal sources were used
based on the current distribution, namely the North Equato-
rial Current-derived water (NEC-derived), Equator-derived
water (EQ-derived), Coast-derived water (CW-derived), and
northern NPSG-derived water (nNPSG-derived) (Fig. 4a). Hori-
zontal source data represent mean regional characteristics in
different directions (e.g., ALOHA station for eastern NEC
waters), with selection based on density matching (isopycnal

Fig. 2. Sections of potential temperature (a, b), salinity (c, d), and fluorescence (e, f) in spring contoured by potential density anomaly. Two black
dashed lines in (e, f) represent the layer with 0.1% Photosynthetically Available Radiation (PAR) and 0.9% Usable Solar Radiation (USR), respectively.
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transport) between source and study area samples. CW-derived
data originated from the Sulu Sea (Nozaki et al. 1999; Takeda
et al. 2007), due to Philippine coastal data scarcity, with
exchange pathways via the Semirara Sea (Metzger and Hur-
lburt 1996; Hu et al. 2000). Despite potential systematic bias
in CW quantification, its minor contributions (Fig. 5;
Supporting Information Fig. S7) minimally affect overall calcu-
lations. In this study, the influence of South China Sea water
outflow (Chen and Wang 1998) was determined to be insignif-
icant by comparing hydrographic data from Stations K1–K4,
K14, and adjacent South China Sea water (Supporting Infor-
mation Fig. S5). In addition, to further quantify the contribu-
tion of vertical water mixing, two additional water sources
were defined: surface water (SW) at σθ < 22.0 kg m�3 and deep
water (DW) at σθ � 25.22–26.50 kg m�3. DW was defined by
the influence of mesoscale eddies, extending to depths of
approximately 300 m (Wilson 2021), where water properties
remained constant during westward transport (Supporting
Information Fig. S6).

Water sources were characterized using potential tempera-
ture, salinity, and REEs (see Supporting Information Table S2).
Temperature/salinity differentiated water types (e.g., warm
SW, low-salinity CW; Fig. 4b), while distinct REE signatures
(concentration ratios and fractionation patterns; Fig. 4c)
enhanced source discrimination. As an example, if we focus
on the ErN/YbN and ErN/NdN (Fig. 4d,e), the sample at station
K13 with a depth of 125 m was formed by the mixing of six
water sources. Critically, this target sample cannot be con-
structed solely from the four horizontal sources shown in
Fig. 4d. The necessity of the DW source to form this sample
indicates the presence of vertical mixing processes.

Quantifying horizontal and vertical water mixing
Water contributions from six sources across seasons in the

southwestern NPSG were quantified via modified OMP analy-
sis. NEC-derived dominated in three seasons (61% � 20%
average), though shallow layers of summer showed reduced
contributions from EQ-derived intrusion. CW-derived partially

Fig. 3. Vertical profiles of REEs, (Ce/Ce*)N, and (HREE/LREE)N with depth and density as vertical axes.

Zhu et al. Nutrient supply in the upper North Pacific gyre
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contributes to the southwestern NPSG but in an inconsis-
tent way. EQ-derived and nNPSG-derived waters exhibit
inverse density distributions, with temperature-driven strat-
ification: warmer EQ-derived waters dominate shallower
layers (< 23.5 kg�m�3), while colder nNPSG-derived waters
sink deeper (150–250 m). This confirms the subtropical
mode water intrusion reported by Huang et al. (2021) and
Zhu et al. (2023). Warm eddy (e.g., Stations K2, K3; 50–
120 m) elevated SW (Station K2: 29% � 12%; K3: 14% �
10%) vs. adjacent stations (Station K1: 11% � 7%; K4:
12% � 3%). Cold eddy (e.g., Stations K12, K13; 125–140 m)
suppressed SW (Station K12: 11% � 6%; K13: 4% � 0%)
vs. adjacent stations (Station K11: 26% � 2%; K14: 11% �

7%). Please see more details in Supporting Information
Text S2, Supporting Information Fig. S7, and Supporting
Information Tables S3–S5.

To validate calculations, measured and modeled alkalinities
were compared (Supporting Information Fig. S8), leveraging
alkalinity’s conservative nature in the upper ocean. Calculated
values show < 1.0% (mostly < 0.5%) deviation from measure-
ments. Considering the measurement precision (0.1%) of alka-
linity data and the uncertainties of parameters used in the
OMP analysis, the calculation results can provide relatively
reasonable information.

Optimum Multiparameter analysis uncertainties primarily
stem from REE end-member selection and measurement errors

Fig. 4. Distribution of stations (a), T-S diagram (b) and REE patterns (c). SW (Salinity: 34.30–34.80, σθ: <22.0 kg m�3) and DW (Salinity: 34.32–34.81,
σθ: 25.22–26.50 kg m�3) in (b) were identified in the shallow green and blue areas, respectively. Shaded areas in (b) show data variation of four horizon-
tal water sources and the curves in shaded areas represent mean data. The REE pattern of each water source in (c) is shown at a density similar to that of
K13-125 m (25.28 kg m�3). (d, e): Colored dots with black circles show the water sources; subscript “N” represents Post-Archean Australian Shale
normalization.
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(REE RSD < 5%). Recalculations with � 5% REE adjustments
(Supporting Information Table S6) yielded mean OMP analysis
deviations < 3% (euphotic-zone samples: < 2%). Recombined
source calculations (Supporting Information Tables S7, S8) pro-
duced mean deviations < 4%. Fractions of samples using differ-
ent combinations of chemical tracers showed similar results
(correlation coefficient r = 0.96 � 0.07, p < 0.0001, n = 30).
Please see Supporting Information Text S3, S4, Supporting
Information Fig. S9, and Supporting Information Table S9
for details. Considering the divergence of the contribution
fractions (> 10%) of the individual water sources, the OMP
analysis results do not show significant uncertainty.

Scavenging effect by particles from biological process on
the rare earth element distribution

REE distributions exhibit non-conservative behavior due to
particle scavenging linked to biological activity, observed both
locally and along horizontal transport pathways. Fluorescence
maxima, elevated nutrient supply, and transmission reduc-
tions co-occur at 100–150 m depths, with scavenging intensity
strongly correlating with fluorescence (r = �0.64, p < 0.00001)
(Supporting Information Text S5; Supporting Information
Fig. S10e). Net REE removal (excluding La, Fig. 5) is quantified,

showing preferential adsorption of light REEs (e.g., Minimum
Nd: �31%) over heavy REEs (Minimum Ho: �19%), with min-
imal α-values in the euphotic zone where biological activity
peaks. α_Ce was not provided in this study because the Ce
data of six water sources show large variations in vertical pro-
files, and α_Ce is difficult to quantify. La anomalies, likely
coal/anthropogenic in origin (Song et al. 2017), are concen-
trated in northern sections, transported eastward via the
Subtropical Countercurrent (� 20�N; Qiu et al. 2014).
Despite detectable scavenging, its impact remains limited in
the southwestern NPSG due to nutrient depletion and weak
biological activity. Within the mean � 95% confidence
interval (CI), all REEs (except La) show < 15% scavenging
influence (Fig. 5e).

Biological processes affecting REE distribution were identi-
fied based on the water-mixing fractions of six water sources.
This study estimated the consumption/production of dis-
solved inorganic nitrogen (ΔDIN) and phosphate (ΔDIP)
using Eq. 6. Negative values in shallow layers indicate nutri-
ent consumption, while positive values in deep layers signify
nutrient release. The DIN shows a good linear relationship
with DIP, with the slope at 14.06 � 0.17. ΔDIN–ΔDIP correla-
tions reveal dual trends: bulk samples follow a slope of

Fig. 5. Section maps of α_La (a), α_Nd (b), and α_Ho (c) in spring contoured by potential density anomaly, box plot (d) of all α_REE data (n = 214),
and interval plot (e) in three seasons. Dashed lines in (a-c) represent the bottom euphotic layer.
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11.47 � 0.31, while upper 140 m samples (ΔDIP: �0.4–0 μM)
display a lower slope (10.99 � 0.28) and intercept
(0.76 � 0.07). Please see more details in Supporting Informa-
tion Text S6 and Supporting Information Fig. S11.

Estimating horizontal and vertical nutrient supply in the
southwestern North Pacific Subtropical Gyre

Horizontal and vertical nutrient supply was quantified
using water source fractions and concentrations via:

Fig. 6. DIN contribution of SW (a–c), DW (d–f), NEC-derived (g–i), nNPSG-derived (j–l), CW-derived (m–o), and EQ-derived (p–r) contoured by poten-
tial density anomaly. The color bars show the contribution fractions of DIN from six sources. Red dashed lines represent the layers with 0.1% Photosyn-
thetically Available Radiation (PAR) and 0.9% Usable Solar Radiation (USR).
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Nutrient%¼ f i� Nutrient½ �i=
X6

i¼1

f i� Nutrient½ �i
 !

where [Nutrient]i represents the nutrient concentration of
each water source. The results are summarized in Fig. 6 and
Supporting Information Tables S11–S13.

Horizontal mixing: NEC-derived, nNPSG-derived, EQ-
derived, and CW-derived contribute 10% � 19%, 0% � 1%,
7% � 15%, 51% � 37% of DIN supply at a depth of ≤ 200 m,
respectively. (1) NEC-derived fractions are high at a depth of
200–300 m (mean: 38% � 26%, spring: 39% � 26%, summer:
41% � 32%, winter: 27% � 15%) but low in shallow layers.
(2) Contributions decline westward (e.g., 200 m in spring; Sta-
tions K8–K14: 85% � 3%, 74% � 2%, 69% � 2%, 43% � 3%,
47% � 3%, 35% � 4%, and 20% � 1%), reflecting mixing dur-
ing NEC westward transport. (3) nNPSG-derived (0%–9%) and
EQ-derived (45% � 36%) preferentially influence > 200 m and
< 150 m layers, respectively. (4) CW-derived only show high
nutrient contribution in specific water parcels.

Vertical mixing: The nutrient contribution of vertical
mixing at a depth of ≤ 200 m is not negligible (DW: 31% �
32%, SW: 0% � 0%), contrasting prior models emphasizing
horizontal transport (Letscher et al. 2016). (1) The nutrient
contribution of DW in spring (44% � 35%) and winter

(44% � 32%) is higher than that in summer (15% � 20%) due
to stratification (Fujiki et al. 2016). (2) Southern regions show
higher DW-driven DIN (54% � 33%, Stations K9–K13) than
northern areas (33% � 31%, Stations K2–K7), consistent with
equatorial upwelling. (3) SW makes no contribution (surface
nutrient concentration ≈ 0 μM).

Total horizontal (four sources) and vertical (SW and DW)
nutrient supplies in the bottom euphotic layer were calculated
as Nutrient supplyi ¼

P
f i� Nutrient½ �i (mmolm�3; mixing

periods excluded due to spatiotemporal variability; Fig. 7).
Total supplies were higher at southern stations (K9–K13,
spring: 2.3–7.6mmolm�3) than at northern stations (K2–K7:
1.3–2.2mmolm�3), driven primarily by cold eddies and
upwelling. These processes uplifted nutrient-rich waters,
enhancing both vertical and horizontal DIN supplies. For
instance, at 300m depth, Station K13 (density 26.71 kgm�3)
exhibited elevated DIN concentrations (30.35 μM) compared
to Station K2 (25.22 kgm�3, 4.64 μM), resulting in vertical DIN
supplies of 2.3–5.1mmolm�3 at K13, far exceeding those at
K2. In contrast, non-eddy stations (e.g., Stations K7 in spring,
M18 in summer) exhibited minimal vertical (0–0.1mmolm�3)
but notable horizontal DIN supply (1.4–2.0mmolm�3).
Despite the elevated southern DIN supplies, the ΔDIN remains

Fig. 7. DIN supply in the bottom euphotic layer in spring (green), summer (orange), and winter (blue). The negative ΔDIN values represent nutrient
consumption. The arrows indicate the current distribution. The small arrows show the current velocity on 1st June 2019 (current velocity data are from
Copernicus Marine Environment Monitoring Service). The black baselines in each histogram show 0 mmol m�3 DIN supply.
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low, likely due to Fe-limitation (Wen et al. 2022), which limits
biological activity in this region.

In this study, different eddies can be a key influencing fac-
tor of nutrient supply in the southwestern NPSG. In order to
evaluate the influence of different eddies, stations in the
northern region were classified into three groups based on
the SSH (Fig. 1): Group I (stations influenced by warm eddies:
K2, K3, K5, K5 in spring; K2b, KPR, WPS, M22 in summer;
M18 in winter), Group II (stations influenced by cold eddies:
K4 in spring; MR04 in summer), Group III (stations without
eddy: K7 in spring; M18 in summer; M22 in winter). Stations
near the Luzon Strait (K1) and those < 12�N were excluded
due to topographic mixing and equatorial upwelling interfer-
ence, respectively. Vertical DIN fluxes were calculated by
fDW � [DIN]DW � (300 m � [depth of bottom euphotic layer])/
T, where [DIN]DW and T represent the DIN concentration of
DW and the residence time, respectively. The residence time
T was estimated from eddy lifetimes (11 weeks–430 d with an
average of 3.5 months, Wilson 2021), assuming a relatively
steady state during the eddy mixing process (see details in
Supporting Information Text S7).

The mean vertical DIN fluxes for warm eddies, cold eddies,
and non-eddy stations were 0.45 � 0.11 (0.10–0.76),
1.20 � 0.36 (0.21–2.13), and 0.33 � 0.06 (0.066–0.53) mmol
m�2 d�1, respectively (Table 1). These values exceed model
estimates for the broader NPSG (10�2–10�1 mmol m�2 d�1;
Mouriño-Carballido et al. 2021) and other subtropical areas
(10�3–10�2 mmol m�2 d�1, Kaneko et al. 2021). This can be
explained by the mean eddy frequency in this area (reported
as 0.10–0.20, Yang et al. 2013), since eddies cannot be present
at all times to enhance the nutrient supply. Moreover, in
Fig. 1, the areas with warm (SSH > 1.0 m), cold (SSH < 0.8 m),
and no eddies were roughly estimated at 31.0%, 4.36%, and
64.6% of the eddy region (123–160�E, 12–25�N); note that the

eddy region was only identified in the northern part (> 12�N)
since the southern stations can be influenced both by eddy
and upwelling. Regionally, the mean vertical flux (0.083–
0.64 mmol m�2 d�1) aligned with model predictions. Previously,
nitrogen fixation was considered as another key nitrogen source
in the oligotrophic NPSG (Fong et al. 2008; Karl et al. 1997), but
our results suggest that cold eddies could enhance vertical DIN
supply by 20–100 times compared to nitrogen fixation rates
(Wen et al. 2022), whereas warm/non-eddy zones showed com-
parable contributions from both processes.

Elevated vertical DIN supply could enhance CO2 adsorp-
tion, while CO2 uptake is also constrained by factors such as
CO2 fugacity (Pan et al. 2015). Using the Redfield ratio (C :
N = 106 : 16), the particulate organic carbon (POC) export
flux derived from vertical nutrient supply is roughly estimated
at 5–169 mg C m�2 d�1, which is slightly lower than the
fluxes observed by sediment traps (83–194 mg C m�2 d�1) at a
station near a warm eddy (Shih et al. 2015). These POC fluxes
are much higher than those at oligotrophic reference waters
(26–35 mg C m�2 d�1, Shih et al. 2015), where eddy-driven
nutrient uplift is minimal. Considering the widespread pres-
ence of eddies in the global ocean, further studies on their
contribution to carbon circulation in the ocean can be
expected. In particular, as oceanic primary production could
decline significantly due to global warming (Yuval and
Kaspi 2020; Couespel et al. 2021), mesoscale eddies could play
a more important role in adjusting the material balance and
ecosystem in global oceans.
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Table 1. DIN flux in the bottom euphotic layer of this study and in previous studies.

Sources DIN flux/mmol N m�2 d�1
Depth-integrated N2 fixation

(upper 100-m)/mmol N m�2 d�1 POC flux/mg C m�2 d�1

Vertical flux near warm eddy 0.10–0.76 (0.45 � 0.11)* 0.48 � 0.09† 8.0–60

Vertical flux near cold eddy 0.21–2.13 (1.20 � 0.36)* 0.013 � 0.011† 15.9–169

Vertical flux without eddy 0.066–0.53 (0.33 � 0.06)* 0.18 � 0.18† 5.2–42

Mean vertical flux in this study 0.083–0.64

Mean vertical flux in the NPSG by models‡ 10�2 to 10�1

Vertical flux in the subarctic and

subtropical area without eddy§

10�3 to 10�2

Observed POC fluxes in the

Northwest Pacificjj
83–194 (warm eddy)

26–35 (no eddy)

*DIN fluxes in brackets show average values.
†Data are from Wen et al. 2022.
‡Data are from Mouriño-Carballido et al. 2021.
§Data are from Kaneko et al. 2021.
jjData are from Shih et al. 2015.
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