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A B S T R A C T

The supply of nutrients via diapycnal processes from depth to the euphotic zone (EZ) is thought to be a main 
source sustaining new production in oligotrophic oceans. However, such diapycnal fluxes of nutrients remain 
insufficiently constrained due to limited observations and the dynamic nature of ocean turbulence. In this study, 
we present a comprehensive dataset of diapycnal fluxes of nutrients, including diapycnal diffusive (Fdiff_NOx) and 
effective diapycnal fluxes (Fe_NOx, representing the net diapycnal influx to the upper water column) of NO3

− +

NO2
− (NOx

− ), based on measurements of turbulence microstructure and nutrients with high vertical resolutions 
from two cruises conducted during summer and winter in the oligotrophic western North Pacific Subtropical 
Gyre (NPSG). The Fdiff_NOx (Fe_NOx) exhibits evident spatial variations, with higher values observed at the south 
boundary of the NPSG near the North Equatorial Current and at the northern NPSG influenced by the North 
Pacific Tropical Subtropical Mode Water. In contrast, lower values are found in the central NPSG. These spatial 
variations are primarily attributable to the vertical concentration gradient of NOx

− . At the base of the EZ, the 
cruise-averaged Fdiff_NOx (Fe_NOx) are 11.7 ± 9.6 (11.9 ± 8.6) and 8.5 ± 6.1 (11.3 ± 9.3) μmol m− 2 d− 1 in summer 
and winter, respectively, displaying insignificant seasonal variations. Moreover, we observed significantly higher 
flux ratios of Fdiff_NOx to diapycnal diffusive flux of phosphate (Fdiff_DIP), which were 18.2 ± 2.0 and 13.9 ± 2.0, 
compared to the N/P concentration ratios of 10.4 ± 1.1 and 7.4 ± 1.2 at the base of the EZ during summer and 
winter cruises, respectively, suggesting that the diapycnal transport could relieve nitrogen limitation in the upper 
NPSG. Notably, we identified strong linear relationships between the logarithm of Fdiff_NOx (Fe_NOx) and the NOx

−

gradient. Leveraging these relationships, we estimate the climatological distributions of Fdiff_NOx (Fe_NOx) utilizing 
nutrient data from the World Ocean Atlas (WOA23). The Fe_NOx is estimated to be 20.2 ± 16.6 μmol m− 2 d− 1 and 
contributes to 8.5 ± 8.3 % of the nitrogen required for new production in the NPSG. These estimates are slightly 
lower than previous studies, but highlight that diapycnal fluxes play a less important role on nitrogen budget 
compared to N2-fixation and atmospheric deposition in the oligotrophic NPSG. In contrast, the effective dia-
pycnal diffusive flux of phosphate (Fe_DIP) is 1.5 ± 1.3 μmol m− 2 d− 1, contributing to 18.1 ± 17.9 % of the 
phosphorus required by new production, and is roughly ten times larger than the atmospheric phosphorus 
deposition in the NPSG.

1. Introduction

The nutrient cycling in oceanic and associated biotic reservoirs in-
fluences the rates of biological production and the structure of marine 
ecosystems (e.g., Arrigo, 2005). Within highly oligotrophic oceanic re-
gions, the low levels of macronutrients, in particular nitrogen, have been 
identified as the primary limiting factor for phytoplankton growth 

(Browning and Moore, 2023). Therefore, the supply rate of nutrients 
from depth to the upper ocean plays a crucial role in regulating marine 
primary production, new production, and export production, which 
ultimately determines the efficiency of the marine biological carbon 
pump that largely influences the oceanic uptake of atmospheric CO2 
(Lipschultz et al., 2002; Johnson et al., 2010; Sigman and Hain, 2012; 
Dai et al., 2023).
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Among others, field measurements of turbulence combined with 
nutrient analysis offer a direct approach to effectively constrain the 
vertical transport of nutrients. This approach has been employed to 
investigate the nutrient supply to the upper ocean (e.g., Lewis et al., 
1986; Kaneko et al., 2013; Painter et al., 2013; Fernández-Castro et al., 
2015; Du et al., 2017; Hashihama et al., 2021). Recent global estimates 
indicate that nitrate diffusive fluxes are comparable to the sum of inputs 
from nitrogen fixation, fluvial fluxes, and atmospheric deposition 
(Mouriño-Carballido et al., 2021). Nonetheless, prior studies reveal a 
significantly large range in the estimates of diapycnal fluxes of nitrate, 
spanning from 0.007 to 42 mmol m− 2 d− 1, across different oceanic re-
gimes - a variation of up to four orders of magnitude (Mouriño-Carbal-
lido et al., 2021). Furthermore, each turbulence measurement captures 
processes spanning timescales from seconds to minutes (Liu and Loz-
ovatsky, 2012), with the corresponding derived diapycnal flux repre-
senting an instantaneous value. These variations can mainly be ascribed 
to sparse observations, the dynamic nature of ocean turbulence, along 
with the spatial heterogeneity and vertical isopycnal displacements. All 
of these factors give rise to fluctuations in the estimates of nutrient 
fluxes. Consequently, accurately quantifying the diapycnal fluxes of 
nutrients into the euphotic zone (EZ) presents a considerable challenge.

The North Pacific Subtropical Gyre (NPSG) represents one of the 
largest surface marine biomes in the world’s oceans (Karl and Church, 
2017; Dai et al., 2023). Surface waters in this region are characterized by 
extremely low nutrient concentrations, limiting primary production (e. 
g., Dave and Lozier, 2010; Browning et al., 2021; Dai et al., 2023). 
Within the NPSG, the mean vertical advection acts as a sink for mac-
ronutrients, facilitated by basin-wide downwelling caused by Ekman 
convergence (Lee and Williams, 2000). In contrast, diapycnal fluxes of 
nutrients play a vital role in sustaining new/primary production by 
supplying nutrient-rich water from the deeper layers to the EZ (Kaneko 
et al., 2013; Fernández-Castro et al., 2015; Nagai et al., 2019; Tanaka 
et al., 2019; Kaneko et al., 2021; Mouriño-Carballido et al., 2021).

Studies on the western side of the North Pacific have shown an 
increasing trend in diffusive fluxes of nitrate with increasing vertical 
gradient of nitrate from oligotrophic subtropical gyre to non- 
oligotrophic subarctic waters (Kaneko et al., 2021). Diffusive fluxes of 
nitrate within the Kuroshio Current exhibit significant variability. 
Diffusive fluxes of nitrate on the northern Kuroshio axis are 1–2 orders of 
magnitude larger than those on the southern axis off the east coast of 
Japan due to enhanced mixing by active eddies and fronts (Kaneko et al., 
2013; Nagai et al., 2019). Additionally, seamounts play an important 
role in enhancing diapycnal fluxes of nitrate. Tanaka et al. (2019)
observed nitrate fluxes ranging from 10− 2 to 10 mmol N m− 2 d− 1 across 
the Izu Ridge, which are 2–3 orders of magnitude larger than those in the 
open ocean and 1–2 orders of magnitude larger than those in the Kur-
oshio front.

Utilizing the relationship between the field determined diffusive 
fluxes of nitrate and environmental variables, Mouriño-Carballido et al. 
(2021) derived the diffusive fluxes of nitrate in the global ocean. Their 
study reported nitrate fluxes of 120 ± 10 μmol m− 2 d− 1 in the northwest 
subtropical Pacific, which are comparable to the sum of nitrogen fixa-
tion rates and atmospheric deposition. These results agreed with the 
finding of Fernández-Castro et al. (2015), who reported that diffusive 
fluxes of nitrate predominate over nitrogen fixation in the NPSG at the 
time of sampling. In contrast, based on measurements from 13 cruises 
conducted between 2014 and 2019, Hashihama et al. (2021) found that 
diffusive fluxes of nitrate are much lower than the sum of nitrogen fix-
ation and atmospheric nitrogen deposition in the northwest NPSG. This 
finding is also supported by Yuan et al. (2023), who reported that the 
enhanced nitrogen fixation rather than diffusive fluxes of nitrogen, 
primarily drives the phosphate depletion in the upper NPSG. These 
discrepancies may stem from significant spatial and temporal variations 
in turbulent mixing and the relatively large uncertainties due to limited 
observational data. In addition, a limitation in prior estimates of 
nutrient flux is that most studies only consider nutrient flux induced by 

diapycnal diffusion, while diapycnal advection is often overlooked.
This study aims to investigate the diapycnal fluxes of nutrients and 

their ratios in the western NPSG, utilizing data from two cruises con-
ducted during summer and winter. In addition to assessing diapycnal 
diffusive fluxes, we also consider the contribution of diapycnal advec-
tion in determining the diapycnal fluxes of nutrients. Furthermore, we 
explore factors influencing the spatial and seasonal variations in dia-
pycnal fluxes of nutrients. Lastly, we apply a regression model in 
conjunction with a climatological nutrient dataset to examine the dia-
pycnal fluxes of nutrients throughout the entire NPSG.

2. Data and methods

2.1. Sampling and measurements

Field observations were conducted in summer (July–August 2020) 
and winter (January–February 2021), on board the R/V TAN KAH KEE 
within the western NPSG (Fig. 1). The sampling region spanned from the 
Kuroshio (120.5◦E) at west to the central NPSG (158◦E) at east, and from 
the North Equatorial Current (NEC) at south at approximately 11◦N to 
33◦N at north. A total of 18 and 11 stations were sampled during the 
summer and winter cruises, respectively.

Nutrient samples were collected at vertical intervals of approxi-
mately 10 m within the upper 200 m and approximately 50 m between 
200 and 300 m. Samples were analyzed for NO3

− + NO2
− (NOx

− ) and 
dissolved inorganic phosphate (DIP) concentrations, including mea-
surements at micro- and nanomolar levels. The nutrient analysis fol-
lowed the methodology described by Du et al. (2017) and Yuan et al. 
(2023). Onboard analysis of nutrient concentrations at micromolar 
levels was performed using a Four-channel Continuous Flow Technicon 
AA3 Auto-Analyzer (Bran-Lube GmbH). The detection limits for NO3

− , 
DIP, and NO2

− were 0.1, 0.08 and 0.04 μmol L− 1, respectively. The 
analytical precision was 0.9 % for NO3

− , 0.6 % for DIP and 10.4 % for 
NO2

− . The determination of nanomolar levels of NOx
− utilized a contin-

uous flow analysis system combined with a liquid waveguide capillary 
flow cell, with a detection limit of 5.2 nmol L− 1 and a precision of 4.7 % 
(Du et al., 2017; Yuan et al., 2023). DIP concentrations at the nanomolar 
level were determined using an onboard flow injection system, with a 
detection limit of 2.5 nmol L− 1 and the precision was 11 %.

The discrete nutrient data were interpolated to have a one-meter 
vertical interval to match the high-resolution temperature and salinity 
data. Interpolation was performed using the relationship between 

Fig. 1. Map of the western North Pacific Subtropical Gyre illustrating the ba-
thymetry, sampling stations and the major ocean currents including the North 
Equatorial Current (NEC), Kuroshio Current, and Mindoro Current (MC). The 
red and blue arrows denote the cruise tracks in summer and winter, respec-
tively. Note that some station names are the same between summer and winter 
but their locations are slightly different. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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nutrients and potential density (σθ) due to their better alignment 
compared to the relationship between nutrients and depth in the ocean 
(Ascani et al., 2013; Omand and Mahadevan, 2013). The interpolation 
resulted in errors of less than 0.014 μmol L− 1 and less than 0.051 μmol 
L− 1 for NOx

− concentrations below 0.1 μmol L− 1 and above 0.1 μmol L− 1, 
respectively. For DIP concentrations, the interpolation errors were 
below 0.005 μmol L− 1 and below 0.009 μmol L− 1 for concentrations 
below 0.1 μmol L− 1 and above 0.1 μmol L− 1, respectively. Since the 
distribution patterns of NOx

− and DIP were similar, we primarily focus on 
NOx

− unless stated otherwise in this paper.
Turbulence microstructures were measured using a VMP500 profiler 

(Rockland Scientific). The profiler was deployed in a free-fall way from 
the sea surface to a depth of approximately 500 m. The dissipation rate 
of turbulent kinetic energy (TKE) (ε) was determined by fitting the 
empirical Nasmyth spectrum to the measured shear spectra (Liu et al., 
2017). Turbulence measurements were collected on 1 to 10 profiles at 
each station depending on sea conditions and ship time availability (see 
Table S1 for details). The station-averaged profiles of ε were used to 
calculate the diapycnal diffusivity. Thus, diffusivity estimates at stations 
with fewer sampling profiles are subject to larger uncertainties.

2.2. Methods for quantifying the diapycnal fluxes

The determination of diapycnal fluxes of nutrients follows the 
methods outlined by Du et al. (2017). Briefly, the diapycnal diffusivity 
Kv is calculated using the Osborn (1980) formula based on estimates of ε, 
i.e., Kv = εΓ/N2. Here, Γ is the mixing efficiency, and a canonical value 
of 0.2 is adopted (Gregg et al., 2018). N2 denotes the squared buoyancy 
frequency, calculated as N2 = − gρz/ρ0, with ρz representing the ver-
tical gradient of the potential density, ρ0 as a reference value for po-
tential density, and g the acceleration due to gravity.

The diapycnal velocity w is calculated according to the formula 
derived firstly by McDougall (1984, 1987) based on neutral density 
surface analysis. The diapycnal fluxes of nutrients (Fv) are a summation 
of diapycnal diffusive flux (Fdiff = − KvCz) and advective flux (Fadv =

wC). Here, Cz denotes the vertical gradient of nutrient concentration 
(C), i.e., ∂C/∂z. The Cz is calculated at every depth level using central- 
differential method. In addition, effective diapycnal flux (Fe) is defined 
as Fe = Fdiff + Fadv − FH, where FH is the along-isopycnal divergence or 
convergence of C therein. Fe represents the net diapycnal influx of C to 
the water column between depth z and the sea surface. The equations, 
their derivations, and the accompanying explanations are detailed in the 
supplementary file of Du et al. (2017).

2.3. Calculating the background new production

The calculation of new/export production (NP) in this study follows 
the empirical equation proposed by Laws et al. (2011): 

NP = NPP×0.04756
(

0.78 −
0.43T

30

)

NPP0.307 (1) 

where, NPP represents the annual net primary productivity obtained 
from the Vertically Generalized Production Model available at http://si 
tes.science.oregonstate.edu/ocean.productivity, while T corresponds to 
the annual mean sea surface temperature obtained from the World 
Ocean Atlas (WOA23) accessible at https://www.ncei.noaa.gov/access/ 
world-ocean-atlas-2023.

3. Results

3.1. Hydrography and nutrient distributions

Located in the tropical and subtropical regions, the western NPSG 
exhibits noticeable variations in hydrography and NOx

− concentrations. 
In summer, the conservative temperature (CT) in surface waters of the 

southwestern NPSG reached up to 30.7 ◦C, evidently higher than in the 
northern NPSG (Fig. 2a), with the lowest value down to 28.2 ◦C at Sta. 6. 
At depths of 50–150 m, the lowest CT values were found in the northern 
NPSG, while the highest values were mostly in the southern NPSG. 
Below 150 m, the pattern reversed, with the CT in the southern NPSG 
being evidently lower than in the other regions. If the North Pacific 
Subtropical Mode Water (STMW) was defined as having a CT between 
16.0 and 19.0 ◦C (Oka, 2009), it was evident that the mode water in the 
northern NPSG ranged from 100 to over 300 m, much thicker than that 
in the other two regions, indicating that the northern NPSG was largely 
influenced by the STMW. In winter, in the upper 50 m, the CT was 
mostly lower than that in summer (Fig. 2b), with the lowest value of 
22.8 ◦C observed in surface water at Sta. 8 in the northern NPSG.

In summer, in the upper 50 m, the absolute salinity (SA) in the 
northern and central NPSG was higher than in the southern part 
(Fig. 2c). At depths of 100–150 m, subsurface salinity maxima were 
clearly observed in the central and southern NPSG, whereas the northern 
NPSG exhibited weak or no subsurface salinity maxima. Below 200 m, 
the SA in the southern NPSG was generally lower than that in the other 
two regions. Seasonally, in the upper 50 m, the SA in summer was higher 
than in winter (Fig. 2c–d). At depth greater than 150 m, the seasonal 
changes in SA were not evident. The potential density anomaly (σθ) 
displayed an inverse distribution pattern compared to CT (Fig. 2e). In 
the upper 150 m, the σθ in the northern NPSG was significantly higher 
than in the central and southern NPSG. Below 150 m, the σθ in the 
southern NPSG was higher than in the other two regions. The σθ in 
winter display similar patterns to that in summer particularly at depths 
of >100 m (Fig. 2e–f).

There were significant differences in SA maximum at σθ of less than 
24.8 kg m− 3 (Fig. 3). In summer, the central NPSG was primarily 
characterized by a subsurface SA maximum with SA greater than 35.2 g 
kg− 1 (Figs. 2c and 3a), indicative of the evident North Pacific Tropical 
Water (NPTW) (e.g., Qu et al., 1999). In contrast, the subsurface SA 
maximum in the southern NPSG was weak and thin. In the northern 
NPSG, the subsurface SA maximum was shallow, weak or even absent. 
The SA maximum in winter (Figs. 2d and 3b) exhibited an overall similar 
pattern to that in summer.

In summer, the squared buoyancy frequency, N2, was below 0.1 ×
10− 4 s− 2 within the surface mixed layer, and gradually increased to a 
maximum of approximately 6.0 × 10− 4 s− 2 at depths of 50 to 200 m, and 
then decreased to values below 1.0 × 10− 4 s− 2 at 300 m (Fig. 2g). 
Spatially, the N2 maxima in the northern NPSG appeared at 10–50 m, 
which was much shallower than the 90–200 m range observed in the 
southern NPSG. At 100–300 m, the N2 in the northern NPSG was 
significantly lower than that in the central and southern NPSG, sug-
gesting low stratification attributed to the influence of STMW. As 
compared to summer, winter mostly displayed lower stratification in the 
upper 90 m (Fig. 2g–h), while below this depth, winter overall displayed 
higher stratification particularly in the central NPSG.

The NOx
− concentrations exhibited an inverse distribution pattern 

relative to CT. In summer, NOx
− concentrations were mostly below 0.1 

μmol L− 1, characterizing a nutrient-depleted layer (NDL) within the 
upper 60–170 m, and increased to values ranging from 4.4 to 30.0 μmol 
L− 1 at a depth of 300 m (Figs. 2i and 5d). In this study, the bottom of the 
NDL is defined as the depth where NOx

− concentration reaches 0.1 μmol 
L− 1 (Dai et al., 2023). It should be noted that this value serves as a 
practical definition, as the limited sampling resolution (~10 m) con-
strains our ability to precisely identify the top of the nutricline. This 
approach slightly overestimates the NDL depth and diapycnal fluxes. 
The NDL depth ranged from 56 to 116 m in the northern NPSG, evidently 
shallower than the 91–153 m range in the southern NPSG, and was 
significantly shallower than 108–170 m range in the central NPSG. From 
the bottom of the NDL to 200 m, NOx

− concentrations in the central NPSG 
were lower than those in the northern and southern NPSG. Below 200 m, 
the southern NPSG exhibited the highest values compared to the other 
two regions. The seasonal variations of NOx

− concentrations were not 
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evident (Fig. 2i-j).
In summer, the negative vertical gradients of NOx

− (− ∂NOx
− /∂z) 

within the NDL were mostly close to 0.0 mmol m− 4, but increased to 
approximately 0.3 mmol m− 4 within the 100–300 m depth range 
(Figs. 2k and 5e). Spatially, the central NPSG displayed noticeably lower 
–∂NOx

− /∂z values than the northern and southern NPSG. The highest 
–∂NOx

− /∂z values were observed at 150–200 m in the southern NPSG. 
The seasonal variations of –∂NOx

− /∂z were not evident (Fig. 2k–l).
Based on the spatial variations of CT, SA, σθ, water masses, and NOx

−

concentrations, we categorized our study area into three regions: (1) the 
southern NPSG, characterized by low sea surface salinity, high stratifi-
cation at subsurface water and a shallower nutricline; (2) the northern 
NPSG, characterized by low sea surface temperature, weak stratification 
at subsurface water and a shallower nutricline, with subsurface influ-
enced by STMW; (3) the central NPSG characterized by high sea surface 
salinity, a subsurface salinity maximum, and a deep nutricline evidently 
influenced by the NPTW.

3.2. Turbulence and diapycnal fluxes of nutrients

The TKE dissipation rate ε ranged O(10− 10–10− 5) W kg− 1 in the 
upper 50 m and decreased to O(10− 10–10− 8) W kg− 1 at 300 m 
(Figs. 4a–b and 5f). Spatially, at depths of <100 m, ε in the northern 
NPSG was generally lower than that in the southern and central NPSG. 
Seasonally, the averaged ε in winter was higher than in summer, 

particularly in the upper 200 m (Fig. 5f). Generally, the estimated ε 
values in this study were consistent with the microstructure measure-
ments of Kaneko et al. (2021) but lower than O(10− 8) W kg− 1 estimated 
by Whalen et al. (2018) using fine-scale parameterizations in the same 
region.

The diapycnal diffusivity KV ranged from 10− 7 to 10− 5 m2 s− 1 at 
depth range of 70–300 m (Figs. 4c–d and 5g). The calculated KV was 
consistent with field measurements of turbulence by Itoh et al. (2021)
and Kaneko et al. (2021), suggesting relatively low KV in the western 
NPSG. Although evident spatial heterogeneity of ε was observed, spatial 
variation of KV was not apparent. This phenomenon can be attributed to 
the relationship between KV, ε and N2. In the northern NPSG, low ε and 
low N2 tended to neutralize their effects on determining the values of KV. 
By contrast, in the central and southern NPSG, KV was primarily 
controlled by ε. Seasonally, the averaged KV in winter was slightly larger 
than in summer particularly at depths <150 m and > 250 m. The dia-
pycnal velocity w, with positive values indicating upward motions, 
ranged (− 2.0 to 2.0) × 10− 6 m s− 1, with mean values of (− 0.5 to 2.0) ×
10− 7 m s− 1 within the depth range of 100–300 m (Figs. 4e–f and 5h), 
predominantly showing an upward diapycnal motion.

Due to the small values of –∂NOx
− /∂z, the diapycnal diffusive flux of 

NOx
− (Fdiff_NOx) in the NDL was mostly <1.0 μmol m− 2 d− 1 (Figs. 4g–h 

and 5i). These fluxes increased to maximum values of up to 121.1 μmol 
m− 2 d− 1 at depths of 150–250 m and then decreased to 3.9–21.5 μmol 
m− 2 d− 1 at 300 m. It should be noted that the formation of Fdiff_NOx 

Fig. 2. Section distributions of the conservative temperature (CT, a–b), absolute salinity (SA, c–d), potential density anomaly (σθ, e–f), squared buoyancy frequency 
(N2, g–h), concentrations of NO3

− + NO2
− (NOx

− , i–j), and the negative vertical gradient of NOx
− (− ∂NOx

− /∂z, k–l) within the upper 300 m of the North Pacific 
Subtropical Gyre (NPSG). The left column represents the summer season, and the right column represents the winter season. The gray dashed, gray dotted and white 
dotted lines denote the base of the mixed layer (defined as the depth at which σθ difference of 0.125 kg m− 3 with respect to 10 m (Suga et al., 2004)), the nutrient- 
depleted layer (defined as the depth where NOx

− concentration reaches 0.1 μmol L− 1) and euphotic zone, respectively. The stations located inside the black and red 
dashed lines are in the northern (N. NPSG, with a latitude range of roughly >24 oN) and southern (S. NPSG, with a latitude range of roughly <14 oN) NPSG, 
respectively. The stations located outside of the dashed rectangles illustrate the central NPSG (C. NPSG, with a latitude range roughly between 14 oN and 24 oN). The 
solid black contour lines in a) and b) denote the CT of 16.0 and 19.0 ◦C (Oka, 2009), which are used to quantify the boundaries of mode water in the NPSG. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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maxima at these depths is controlled by complex physical and biological 
processes. Briefly, the Fdiff_NOx is a product of KV and –∂NOx

− /∂z, where 
KV is governed by turbulence intensity and density stratification, and 

–∂NOx
− /∂z maxima result from various biogeochemical processes, 

including vertical variability in biological consumption, remineraliza-
tion, as well as both diapycnal and isopycnal transports. These processes 

Fig. 3. The T-S diagrams in the upper 300 m of the western NPSG in summer and winter. The number labelled at the top of the plot denote the station illustrated in 
Figs. 1 and 2. The potential density anomaly (σθ) are superimposed on the T-S diagram.

Fig. 4. Profiles of the TKE dissipation rate (ε, a–b), diapycnal diffusivity (KV, c–d), diapycnal velocity (w, e–f), diapycnal diffusive flux of NO3
− + NO2

− (NOx
− ) (Fdiff_NOx, 

g–h), and effective diapycnal flux of NOx
− (Fe_NOx, i–j). The stations located inside the black and red dashed lines are in the northern (N. NPSG) and southern (S. NPSG) 

NPSG, respectively. Conversely, the stations located outside of the rectangles denote the central NPSG stations (C. NPSG). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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jointly determined the depth of Fdiff_NOx maxima, which should be 
carefully investigated in the future.

Spatially, in the upper 100 m, Fdiff_NOx in the northern NPSG 
exhibited higher values than the central and southern NPSG. Conversely, 
below 150 m, the southern NPSG displayed higher values of Fdiff_NOx than 

the other two regions. Seasonally, at the same depth, the averaged 
Fdiff_NOx in winter was higher than that in summer. The effective dia-
pycnal flux of NOx

− , Fe_NOx, which reflects the net influx of diapycnal flux 
of NOx

− towards the upper water column, resembled the Fdiff_NOx and was 
mostly <1.0 μmol m− 2 d− 1 in the NDL (Figs. 4i–j and 5j). These fluxes 

Fig. 5. Depth profiles of the conservative temperature (CT, a), absolute salinity (SA, b), squared buoyancy frequency (N2, c), NO3
− + NO2

− (NOx
− , d) concentrations, 

NOx
− gradient (− ∂NOx

− /∂z, e), TKE dissipation rate (ε, f), diapycnal diffusivity (KV, g), diapycnal velocity (w, b), diapycnal diffusive flux of NOx
− (Fdiff_NOx, i), and 

effective diapycnal flux of NOx
− (Fe_NOx, j) in summer and winter, respectively. The thick lines represent the cruise mean values, while the shaded areas indicate the 

standard deviations of the cruise mean obtained through bootstrap sampling.

Fig. 6. Spatial and seasonal variations of the diapycnal diffusive flux (Fdiff_NOx, a–b, in μmol m− 2 d− 1) and effective diapycnal flux (Fe_NOx, c–d, in μmol m− 2 d− 1) of 
NOx

− in summer and winter seasons.
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increased to up to 80.7 μmol m− 2 d− 1 at depths of 200–300 m. The 
averaged Fe_NOx in winter was slightly higher than that in summer.

3.3. Diapycnal fluxes of nutrients to the euphotic zone

The euphotic zone, EZ, was defined as the depth where 0.1 % of the 
surface photosynthetic active radiation is available. In this section, we 
pay particular attention to the nutrient fluxes to the EZ. The cruise mean 
values for EZ depth were 162 ± 19 m and 163 ± 10 m in summer and 
winter, respectively (Fig. 6a–d). Note that this seasonal pattern contra-
dicts with the findings of Letelier et al. (2004), who reported signifi-
cantly higher EZ in summer than in winter at Sta. ALOHA. The 
discrepancy might be attributed to the following factors: (1) the seasonal 
variations of EZ are small in the western NPSG (Dai et al., 2023); (2) the 
lack of overlapping sampling stations between summer and winter, 
particularly in the northern NPSG; (3) the fact that these averages fall 
within the range of standard deviation errors. Note also that we focus on 
NOx

− fluxes at the base of the EZ, rather than at the depths of Fdiff_NOx and 
–∂NOx

− /∂z maxima, because Fdiff_NOx at the base of the EZ represents the 
supply of new nutrients and corresponds to new production to the EZ. 
Additionally, the EZ depths are consistently deeper than the NDL 
(Fig. 4g–j), suggesting that the base of the EZ located within the 
nitracline.

At the base of the EZ, the Fdiff_NOx ranged 0.6 to 30.2 μmol m− 2 d− 1. 
Higher values were mostly found in the southern and northern NPSG. 
Seasonally, the cruise averaged Fdiff_NOx was 11.7 ± 9.6 and 8.5 ± 6.1 
μmol m− 2 d− 1 in summer and winter, respectively. Our estimations are 
larger than <0.8 μmol m− 2 d− 1 estimated by Kaneko et al. (2021) in this 
region, but are comparable to the values of 10.7 ± 2.6 μmol m− 2 d− 1 

estimated by Hashihama et al. (2021) along a 24◦N zonal transect 
(133.0–140.3◦E). The cruise averaged Fe_NOx was 11.9 ± 8.6 and 11.3 ±
9.3 μmol m− 2 d− 1 in summer and winter, respectively. Fe_NOx displayed 
similar or slightly larger values than Fdiff_NOx, suggesting that Fe_NOx was 
primarily determined by Fdiff_NOx. Thus, the diapycnal advection plays a 
secondary role on NOx

− transport in the EZ, which is consistent with 
previous studies (Du et al., 2017).

The spatial and seasonal patterns of the diapycnal diffusive flux 
(Fdiff_DIP) and effective diapycnal flux (Fe_DIP) of DIP closely resembled 
those of NOx

− (Figs. S1 and S2). At the base of the EZ, the cruise-averaged 
Fdiff_DIP (Fe_DIP) values were 0.64 ± 0.58 (0.61 ± 0.65) and 0.66 ± 0.49 
(0.85 ± 0.73) μmol m− 2 d− 1 in summer and winter, respectively. The 
ratios of Fdiff_NOx to Fdiff_DIP were 18.2 ± 2.0 and 13.9 ± 2.0 in summer 
and winter, respectively. These flux ratios exceeded or approximated the 
canonical Redfield ratio of 16:1 and were significantly higher than the 
concentration ratios of 10.4 ± 1.1, and 7.4 ± 1.2 at the base of the EZ in 
summer and winter, respectively (Fig. S3). According to the definitions, 
the diffusive flux ratio is determined by the concentration gradient 
rather than the concentration itself, making it fundamentally different 
from the concentration ratio. Therefore, as compared to the concentra-
tion ratio, a larger Fdiff_NOx/Fdiff_DIP ratio suggests a relatively steeper 
nitracline than phosphacline (P-nutricline). This phenomenon warrants 
further investigations in relation to non-Redfield nutrient consumption, 
N2-fixation, and the decoupling of remineralization between nitrogen 
and phosphorus. Future studies should place greater emphasis on 
nutrient gradient ratios rather than concentration ratios. In addition, the 
elevated N:P flux ratio can supply relatively more excess nitrogen, 
implying that nitrogen limitation could be relieved by diapycnal 
transports.

4. Discussion

4.1. Factors influencing the diapycnal fluxes

In order to investigate the factors driving the spatial and seasonal 
variations of diapycnal fluxes at the base of the EZ, we performed cor-
relation analyses between the factors of Q, 1/N2, and –∂NOx

− /∂z with 

Fdiff_NOx and Fe_NOx. The use of 1/N2 instead of N2 allowed for a 
straightforward analysis of the factors influencing KV, given that KV =

Γε/N2. Linear regression models were employed for the logarithmic 
correlation analysis. As the correlations in summer and winter are 
similar, we integrate the summer and winter data together to examine 
the correlations to reduce the regression error (Fig. 7). The logarithm of 
Fdiff_NOx exhibited a strong linear relationship with the logarithm of 
–∂NOx

− /∂z (slope = 1.16, R2 = 0.63, p < 0.01; Fig. 7c), suggesting that 
–∂NOx

− /∂z are the main factors influencing the spatial and seasonal 
variations of Fdiff_NOx. Additionally, the correlation between the loga-
rithm of Fdiff_NOx and ε (slope = 1.36, R2 = 0.26, p < 0.01; Fig. 7a) dis-
played weak and positive correlations. Conversely, the correlation 
between the logarithm of Fdiff_NOx and logarithm of 1/N2 was found to be 
insignificant (R2 = 0.01, p = 0.66; Fig. 7b). Similar patterns were 
observed for Fe_NOx, with correlation coefficients being lower than those 
for Fdiff_NOx (Fig. 7d–f). These results suggest that –∂NOx

− /∂z plays a more 
important role than ε and 1/N2 on spatial variations of Fdiff_NOx and 
Fe_NOx. This implies that apart from examining changes due to global 
warming on stratification and nutrient concentrations (e.g., Gruber, 
2011; Cabré et al., 2015; Fu et al., 2016; Nakamura and Oka, 2019), 
changes to vertical nutrient gradients should also be taken into account. 
Similar patterns have also been observed for DIP (Fig. S4).

4.2. Diapycnal fluxes of nutrients in the NPSG

As discussed in Section 4.1, a strong linear relationship was observed 
between the decimal logarithm of –∂NOx

− /∂z and Fdiff_NOx (Fe_NOx) at the 
base of the EZ in the NPSG. Building upon this linear regression model 
and utilizing nutrient data obtained from the WOA23, we further pre-
dicted Fdiff_NOx and Fe_NOx across the entire NPSG on a climatological 
annual scale (Fig. 8a–b).

The predicted Fdiff_NOx and Fe_NOx exhibit similar patterns and range 
from 1 to 100 μmol m− 2 d− 1 within the NPSG (Fig. 8a–b). In the central 
and western NPSG, Fdiff_NOx and Fe_NOx range from 1 to 10 μmol m− 2 d− 1, 
notably lower than the values ranging from 10 to 100 μmol m− 2 d− 1 in 
the southern and eastern NPSG. The spatial pattern of Fdiff_NOx aligns 
with previous studies conducted by Mouriño-Carballido et al. (2021). 
However, our values were approximately one order of magnitude lower, 
particularly in the central and western NPSG. The limited spatial 
coverage of observational data in Mouriño-Carballido et al. (2021), 
particularly in the central and western Pacific, may introduce substan-
tial uncertainties in their flux estimates, potentially explaining the dis-
crepancies between our results and theirs in this region. Overall, the 
spatially averaged Fdiff_NOx (Fe_NOx) and Fdiff_DIP (Fe_DIP) are 18.3 ± 15.5 
(20.2 ± 16.6) and 1.1 ± 0.8 (1.5 ± 1.3) μmol m− 2 d− 1 in the entire 
NPSG, respectively.

The new production NP was calculated using an empirical equation 
proposed by Laws et al. (2011) (see Section 2.3 for details), which was 
converted to nitrogen (NPN) using a carbon to nitrogen ratio of 6.96:1 
(Martiny et al., 2013). In the NPSG, the NPN is 117–1310 μmol m− 2 d− 1 

with low values found in the western and central NPSG (Fig. 8c). We 
define the Fe_NOx/NPN to show the contributions of diapycnal fluxes to 
the NPN. In the southern NPSG close to the NEC, the Fe_NOx/NPN is >0.2 
(Fig. 8d). By contrast, the Fe_NOx/NPN is mostly <0.05 in the rest of 
NPSG, suggesting that diapycnal flux of NOx

− plays a minor role, and 
other nitrogen sources such as N2-fixation and lateral transport might 
play important roles on nitrogen budget (Letscher et al., 2016). The 
averaged Fe_NOx/NPN in the entire NPSG is 8.5 ± 8.3 %, respectively. 
This proportion is lower than 13–32 % between 40◦N and 40◦S esti-
mated by Mouriño-Carballido et al. (2021). If we use a carbon to 
phosphorus ratio of 195:1 (Martiny et al., 2013), the ratio of Fe_DIP to 
phosphorus required by new production (NPP, Fe_DIP / NPP) is 18.1 ±
17.9 % (Fig. S5), which is more than twice as large as than that for ni-
trogen. This suggests that the diapycnal fluxes play a more important 
role on the DIP budget and highlights the decoupling of nitrogen and 
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phosphorus cycles in the upper oligotrophic ocean.
The integrated N2-fixation rate ranges from 10 to 1000 μmol m− 2 d− 1 

in the NPSG (Dai et al., 2023 and references therein) with higher values 
found in the central NPSG. Spatially, the Fdiff_NOx exhibited an inverse 
pattern to N2-fixation rate, supporting the precedent that high NOx

−

fluxes could reduce the N2-fixation potential. Additionally, the N2-fix-
ation rate determined during the same cruises were 252.4 ± 221.4 and 
75.1 ± 78.7 μmol m− 2 d− 1 in summer and winter, respectively (Yu et al., 
2024). These values were 7–20 times larger than Fdiff_NOx and Fe_NOx, 
suggesting that N2-fixation dominated over diapycnal fluxes of NOx

− .
Limited observations found that the total dry deposition of reactive 

nitrogen ranged 5.0–1100 μmol m− 2 d− 1, mostly on the order of 
10.0–100.0 μmol m− 2 d− 1 (Martino et al., 2014; Qi et al., 2020; Dai 
et al., 2023 and reference therein). Based on five cruise observations, 
Hashihama et al. (2021) estimated that the total atmospheric nitrogen 
deposition, including organic nitrogen, was 27.4 ± 3.3 μmol m− 2 d− 1. 
Similarly, based on four cruises conducted in the NPSG, Qi et al. (2020)
estimated that the atmospheric inorganic nitrogen deposition rate was 
22.3 ± 12.1 μmol m− 2 d− 1. All these values are evidently larger than the 
Fdiff_NOx and Fe_NOx, suggesting once again that the diapycnal NOx

− fluxes 
play a minor role on nitrogen budget in the oligotrophic NPSG. In 
contrast, the atmospheric phosphate deposition ranges 0.04–0.08 μmol 
m− 2 d− 1 (Martino et al., 2014; Qi et al., 2020). Diapycnal flux of phos-
phate was roughly ten times larger than the atmospheric phosphorus 
deposition. These results further indicate a decoupling of nitrogen and 

phosphorous cycling in the upper ocean. It should be noted that these 
estimates represent spatially averaged values. Additionally, the atmo-
spheric nitrogen deposition in the western and northern NPSG is larger 
than that in other regions of the NPSG (e.g., Duce et al., 2008; Luo et al., 
2018; Hamilton et al., 2022). This pattern contrasts with Fdiff_NOx and 
Fe_NOx, implying the diapycnal transport may play relatively more 
important role in the eastern NPSG than in the western region. 
Furthermore, current levels of anthropogenic nitrogen deposition 
exceed pre-industrial levels (Duce et al., 2008), implying the anthro-
pogenic nitrogen deposition now plays a more and more important role 
in the current ocean. However, it should be noted that diapycnal fluxes, 
N2-fixation, and atmospheric deposition all contribute to additional ni-
trogen relative to phosphorus input (deviating from the canonical 
Redfield ratio) and can relive nitrogen limitation in the upper NPSG.

In this study, we applied an average C:N ratio of 6.96:1 for the warm, 
nutrient-depleted subtropical gyre, following Martiny et al. (2013). 
However, other studies, have reported varying values. For example, 
Geider and La Roche (2002) reported a mean C:N ratio of 7.3 in marine 
particulate matter, with a 95 % confidence range of 6.8–7.8. Karl and 
Church (2017) reported an average particulate C:N flux ratio of 8.0 at 
150 m depth at the Hawaii Ocean Time-series (HOT) station. Addi-
tionally, using global particulate organic matter data, Tanioka et al. 
(2022) reported an average C:N ratio of 6.7 in the subtropical ocean. 
Based on these values, a range of C:N ratios from 6.7 to 8.0 could 
introduce a maximum error of 14.9 % for NPN when compared to a fixed 

Fig. 7. Correlation analysis between diapycnal diffusive flux (Fdiff_NOx) and effective diapycnal flux (Fe_NOx) of NOx
− , along with the parameters ε (a, d), 1/N2 (b, e) and 

–∂NOx
− /∂z (c, f). The texts and number denote the regression equation, coefficient of determination (R2) and the p value. Noted that the regression analysis is 

performed using logarithmic relationships between the fluxes and the parameters.
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C:N ratio of 6.96:1. Similarly, an average C:P ratio of 195:1 was applied 
according to Martiny et al. (2013). This selection could introduce a 
maximum error of 41.5 % for NPP when applying a C:P ratio ranging 
from 114:1 to 195:1, as reported in various studies (Geider and La 
Roche, 2002; Martiny et al., 2013; Tanioka et al., 2022).

Seamounts have been found to be able to enhance turbulent mixing 
and subsequently increase the diapycnal fluxes of nutrients in oligo-
trophic oceans (Tanaka et al., 2019; Tuerena et al., 2019). However, 
most of our sampling stations are located far from seamount areas 
(Fig. 1). Therefore, the diapycnal fluxes of nutrients estimated in this 
study may underestimate the total diapycnal fluxes in the NPSG. 
Furthermore, the spatial distribution of nutrient fluxes is influenced by 
the number of turbulence measurements conducted at each station; 
stations with more turbulence profiles are subject to greater confidence 
in flux estimates. Finally, since our sampling locations are concentrated 
in the western NPSG, estimates for the eastern NPSG may contain 
additional errors that were not evaluated in this study.

5. Concluding remarks

Based on two-cruise measurements conducted in summer and 
winter, we have revealed the spatial and seasonal variations in hy-
drography, nutrient, and diapycnal fluxes of nutrients in the western 
NPSG. The hydrography analyses revealed that the southern NPSG was 
evidently influenced by NEC, central NPSG evidently influenced by 
NPTW, and the northern NPSG evidently influenced by North Pacific 
STMW. The TKE dissipation rate ε ranged O(10− 10–10− 8) W kg− 1 be-
tween 50 and 300 m, and displayed lowest values in the northern NPSG. 
The diapycnal diffusivity KV ranged O(10− 7–10− 5) m2 s− 1 at depths of 

70–300 m. Both Fdiff_NOx and Fe_NOx showed minimal values in the NDL 
and increased with depth in the upper 250 m. In the upper 250 m, Fe_NOx 
was primarily determined by Fdiff_NOx. Spatially, higher values were 
found in the southern NPSG influenced by the NEC and in the northern 
NPSG influenced by the North Pacific STMW. At the base of the EZ, the 
cruise averaged Fdiff_NOx (Fe_NOx) was 11.7 ± 9.6 (11.9 ± 8.6) and 8.5 ±
6.1 (11.3 ± 9.3) μmol m− 2 d− 1 in summer and winter, respectively. 
Seasonal variations are not evident.

The cruise averaged flux ratio of Fdiff_NOx to Fdiff_DIP was 18.2 ± 2.0 
and 13.9 ± 2.0, significantly higher than the NOx

− :DIP concentration 
ratio of 10.4 ± 1.1 and 7.4 ± 1.2 observed at the base of the EZ in 
summer and winter, respectively. As compared to a lower N:P concen-
tration ratio implying nitrogen limitation in the upper water column, the 
elevated diapycnal flux ratio of N:P could transport more excess NOx

− , 
and potentially relieve the nitrogen limitation in the upper NPSG.

Spatial variations in diapycnal fluxes of nutrients were primarily 
controlled by the vertical gradient of nutrients instead of ε and stratifi-
cations, suggesting that the former is the key factors to influence the 
diapycnal fluxes of nutrients. This phenomenon is further employed to 
predict diapycnal fluxes of nutrients in the entire NPSG. The predicted 
Fdiff_NOx and Fe_NOx range from 1 to 10 μmol m− 2 d− 1 in the central and 
western NPSG, which are lower than 10–100 μmol m− 2 d− 1 in the 
southern and eastern NPSG. The spatially averaged Fdiff_NOx (Fe_NOx) is 
estimated to be 18.3 ± 15.5 (20.2 ± 16.6) μmol m− 2 d− 1, contributing 
approximately 8.1 ± 8.2 % (8.5 ± 8.3 %) of the new production in the 
entire NPSG. Spatially, the higher Fdiff_NOx (Fe_NOx) correspond to low N2- 
fixaiton. The averaged Fdiff_NOx and Fe_NOx were much lower than fluxes 
of N2-fixation or atmospheric nitrogen deposition, playing a minor role 
on nitrogen budget in the upper NPSG. In contrast, Fe_DIP contributes to 
18.1 ± 17.9 % of the NPP, and is roughly ten times larger than the at-
mospheric phosphorus deposition.
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(see main text for methodological details).
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