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Elevated Nutrient Supply Caused by
the Approaching Kuroshio to the
Southern Coast of Japan

Gloria Silvana Durdn Gémez* and Takeyoshi Nagai

Department of Ocean Sciences, Tokyo University of Marine Science and Technology, Minatoku, Japan

Although the Kuroshio Current has been well-known for being nutrient poor in its upper
layers, it sustains a great biodiversity within its region, including the Kuroshio Extension.
Previous studies reported that the Kuroshio carries a large amount of nutrients in its dark
subsurface layers, yet, the mechanisms of how these nutrients are brought to sunlit layers
remain unclear. In a previous observational study, it is shown that when the Kuroshio flows
near the shelf break, very strong turbulence with dissipation rates of O (10 " W kg ™),
caused by trapped near-inertial internal waves, leads to the generation of large diffusive
nitrate fluxes of 1-10 mmol N m 2 day ™. Nevertheless, since these results were obtained
from just one transect survey, questions remain, such as how long the enhanced turbulent
diffusive nitrate flux extends downstream, and how the Kuroshio path modulations affect
this nutrient injection. In this study, observed features were reproduced by using a high-
resolution nested simulation coupled with a NoPZD, ecosystem model. The results show
that when the model Kuroshio flows closely to the coast, it hits a small bump in the
upstream region of the Hyuganada Sea producing negative potential vorticity. At the same
time, trapped near-inertial internal waves in a streak of lowered lowest internal wave
frequencies are reproduced near the area with low PV values, generating strong vertical
mixing similar to the observations. Since more nitrate is brought upward on the continental
shelf when the Kuroshio approaches to the coast, the enhanced vertical mixing effectively
difuses up the nitrate from subsurface to surface layers at a rate of ~O(1 mmolN m 2 day )
toward 50-100 km downstream along the Kuroshio. Further analyses on how the distance
between the model Kuroshio and the southeastern coast of Kyushu affects the nutrient
supply, suggest that when the Kuroshio flows closer to the coast, the internal wave kinetic
energy, the nitrate concentration, its vertical gradients and vertical diffusive flux increase.

Keywords: Kuroshio, Hyuganada Sea, ROMS, continental shelf, turbulence, nutrient supply

1 INTRODUCTION

The Kuroshio is a strong western boundary current of the North Pacific. It has been considered
nutrient poor in its surface layers, that contradicts the implications that the Kuroshio regions
accommodate a large variety of marine organisms, possessing the highest biodiversity of the world
ocean (Saito, 2019). Several recent studies have reported that the Kuroshio carries a large amount of
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nutrients in its deep layers that are transported downstream
(Guo et al, 2012), similar to the Gulf Stream in the North
Atlantic (Pelegri and Csanady, 1991; Palter et al, 2011). The
amounts of nutrients carried laterally along these nutrient
streams are found to be increased by current mergers, e.g,
between the Gulf Stream and other current branches (Palter
and Lozier, 2008), and between the Kuroshio and its
recirculation gyre (Guo et al., 2013). In addition to these along
stream variations, several studies have pointed out that nutrient
concentrations on the density surfaces are elevated along the
Gulf Stream (Pelegri et al., 1996; Palter and Lozier, 2008; Whitt,
2019) and the Kuroshio (Komatsu and Hiroe, 2019; Nagai et al.,
2019), in comparison to those on the shore and oftshore side of
the streams. The mechanism of how these elevated nutrient
concentrations are formed has been under debate. Pelegri et al.
(1996) speculated diapycnal mixing, caused by the geostrophic
vertical shear, as a mechanism to bring up nutrients to shallow
layers and form the elevated nutrient concentrations on the
density surfaces, which then increases the nutrient lateral
transport near the surface to the downstream. On the contrary,
Palter and Lozier (2008) analyzed the historical hydrographic
dataset and concluded that the elevated concentrations are
advected laterally, maintaining the characteristics of the
tropical origin, and that the advected transport is much greater
than that caused by the diapycnal mixing processes
(Whitt, 2019).

However, a recent numerical study showed that when the
upstream Gulf Stream near the Bahamas Banks interacts with a
topography on its anticyclonic side, it generates negative
potential vorticity and associated forward energy cascade (Gula
et al., 2016). Likewise, it has been reported that when the
Kuroshio encounters topographic features, such as islands,
seamounts and ridges, it can induce strong turbulence and
elevated vertical mixing (Hasegawa et al., 2004; Chang et al,
2016; Nagai et al., 2017; Tsutsumi et al., 2017; Hasegawa, 2019;
Nagai et al., 2021a; Tanaka et al., 2019). The enhanced mixing
can modify the water masses in the surroundings, and diffuse
tracers vertically including nutrients. Nagai et al. (2021b)
reported that the elevated turbulence in the Kuroshio flowing
over the Izu Ridge induces a large nutrient diffusive flux,
accompanied by the subsurface increase in chlorophyll-a
concentrations. Since the Kuroshio encounters topographic
features in many other regions, the topography-induced
diapycnal mixing within the Kuroshio could be the cause to
supply a large amount of nutrients to the euphotic zone. If this is
the case, the Kuroshio nutrient stream enriches not only its
downstream region, but also the southern coast of Japan,
sustaining the biological productivity over the continental
shelf. Nevertheless, whether and how the subsurface nutrients
can be injected in the regions of the continental shelf remain
unclear. A previous observational study by Nagai et al. (2019)
showed that in the Hyuganada Sea, southeast of Kyushu,
turbulence caused by trapped near-inertial internal waves in
the Kuroshio can diftuse up subsurface nutrients to sunlit surface
layers. Since this previous study was conducted for only one
transect survey, questions remain as to how long this enhanced

turbulent diffusive nitrate flux extends downstream along the
Kuroshio. Although several studies have pointed out that the
Kuroshio variabilities, such as modulations of its path and
strength, can affect the biological productivity and fish catches
(Oey et al., 2018; Duran Gomez et al., 2020; Lizarbe Barreto et al.,
2021), how these modulations may influence on the nutrient
supply along the southern coast of Japan is still unknown.

In this study, we seek to complement by setting two working
hypotheses: 1) a large amount of subsurface nitrate from the
Kuroshio nutrient stream is brought upward when the Kuroshio
approaches to the coast, leading to an increase in nitrate
concentrations and its vertical gradient on the continental
shelf; 2) anticyclonic vorticity and geostrophic vertical shear in
the Kuroshio can cause the trapping of near-inertial internal
waves, that induce strong turbulence and vertical mixing, thus,
increasing the nitrate vertical diffusive flux. These inherent
characteristics of the Kuroshio, the subsurface nutrient stream
and the elevated mixing, may work together, leading to an
efficient agent to supply nutrients, which could temporarily be
modulated depending on how close the Kuroshio flows to the
shelf break. To this end, a high-resolution nested numerical
simulation, coupled with a N,PZD, ecosystem model, is used to
reproduce the Kuroshio, near-inertial internal waves and
enhanced nitrate diffusive flux over the continental shelf. The
objectives of this study are to elucidate how far the elevated
nutrient supply persists downstream along the Kuroshio, and to
understand how the elevated nutrient flux is related to the model
Kuroshio path transitions in the region off east of Kyushu.
Section 2 shows the methodology to reproduce the
observations with a numerical model, and the equations for
the parameters to examine the hypotheses. Section 3 presents the
comparisons made between the numerical simulations and the
observations taken onboard in November 2018 (Nagai et al,
2019), the analyses for the continuance of the elevated nitrate
diffusive flux to the downstream, and the nutrient flux
modulations due to the Kuroshio path variabilities. Discussions
follow in Section 4, and lastly, conclusions are given in Section 5.

2 METHODOLOGY

2.1 Numerical Model

In this study, the Regional Oceanic Modeling System (ROMS) is
used. The ROMS is an ocean circulation model developed for
global and regional simulations, that solves incompressible
hydrostatic primitive equations under the Boussinesq
approximation with a so called s-coordinate vertical grid and a
horizontal curvilinear grid (Shchepetkin and McWilliams, 2005).
4-level nested grids are used for the simulation, with a finest grid
of ~500 m resolution, that is nested in the ~1.5 km resolution
grid off Kyushu and Shikoku. The selected area for the finest grid
is located within the ranges 30.9-32.6°N and 130.9-132.4°E.

A nitrogen based N,PZD, ecosystem model, including
nitrate, ammonium, phytoplankton, zooplankton, large and
small detritus (Gruber et al.,, 2006; Nagai and Clayton, 2017),
is coupled with a physical model to reproduce nitrate
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distributions and its diffusive flux. The nested ecosystem
simulation was started from model October year 8 with
interpolated initial conditions taken from the coarse resolution
(10-15 km) model outputs in the North Pacific. The COADS
monthly climatology wind, heat and freshwater fluxes are forced
at the surface (da Silva et al., 1994), and lateral boundary
conditions for the coarse North Pacific model are given from
Levitus climatology (Levitus, 1982). Bottom drag was modeled
with the quadratic bottom friction with a drag coefficient of
0.004. The model vertical diffusivity K, was parameterized with
the K-Profile Parameterization (KPP) (Large et al., 1994), and the
lateral Laplacian viscosity was parameterized using the
Smagorinsky scheme in the finest grid (Smagorinsky, 1993).
The bottom depths for these grids are generated using JODC
500-m mesh topography data (J-EGG500). Due to the lack of
field observations in the study area, except for our high-
resolution data obtained in November 2018, the validation of
the ROMS results was made through comparisons with the
available reanalysis data from COPERNICUS Marine Service
(MERCATOR GLORYSI12V1, http://www.mercator-ocean.fr).
More details have been added in the Supplementary Material.

2.2 Potential Vorticity PV

For the vertical section obtained onboard in November 2018,
two-dimensional PV, is computed neglecting gradients normal
to the observation line as follows,

e 2 A G] o

where f is Coriolis parameter, V, geostrophic velocity normal to
the observation line, x, the coordinate along the observation line,
b =-gp/p, is buoyancy with p density, p, reference density, and g
gravitational acceleration.

On the other hand, three-dimensional PV is computed using
the horizontal flow in the simulation according to the following
form, neglecting the small vertical velocity,

1 ava_p+8u8_p+(f+av_8_u)a_p] 2)

PV=-—|-— — —
pl dzdx 0Jzdy ox 0dy/) dz

where u and v are zonal and meridional velocities, and x and y,
respective coordinates with z vertical coordinate.

2.3 Non-geostrophic Shear

Assuming that density perturbations caused by the near-inertial
waves are small, the non-geostrophic shears (1 and v{) are
obtained by subtracting the geostrophic shear (-b,/f and b./f)
from the total shear (u, and v,),

duy _ 9u  12b
0z dz = f oy
3)
9Ve _ dv _19b
dz ~ dz fox®

2.4 Internal Wave Kinetic Energy
Since the Kuroshio is a strong current, it can induce Doppler-
shift to the model variables recorded on the Eulerian frame. With

this strong current, the finest grid domain is too small to employ
the Lagrangian temporal filter by using numerous passive
particles to extract internal wave energy flux, avoiding the
Doppler shift (e.g., Nagai et al., 2015). Instead, the non-
geostrophic shear is used to extract the internal wave velocities
and the kinetic energy without the Doppler smearing effects.
First, the surface mixed layer, which is defined as the layer with a
density difference within 0.001 kg m™ from the surface, is
excluded for the analysis. Second, the non-geostrophic shear
(3) is demeaned and detrended vertically to reduce the influences
from the subinertial submesoscale shear. Finally, the modified
non-geostrophic shear is integrated vertically to obtain the
internal wave velocity (upy, viw). The estimated internal wave
velocity exhibits baroclinic wave structures with vertical phase
transitions consistent with the internal waves. Then, the obtained
horizontal velocity of internal waves is used to compute the
internal wave kinetic energy, IWKE = (ufy + viiy)/2.

2.5 The Lowest Internal Wave Frequency
The lowest internal wave frequency @,,;, is computed using the
vertical component of the relative vorticity ¢=v,—u,, Coriolis
parameter f, the geostrophic vertical shear (18, v8), and the
buoyancy frequency square N° = db/dz as follows,

du v, \ 2
(5) ()
wmin = f(f + g) _f T (4)
The geostrophic shear is obtained from model density
horizontal gradient using the thermal-wind relation, foug/dz =

-0b/dy, fovg/dz = 0b/ox.

2.6 Averaged Variables Over the
Continental Shelf

To investigate how the approaching model Kuroshio path
influences on the environment of the continental shelf, several
variables are averaged over the shelf, such as nitrate
concentration, nitrate vertical gradient, nitrate vertical diffusive
flux, and IWKE. The continental shelf is defined as the area with
model depths shallower than 200 m. The 200 m criterion is used
since internal waves are allowed in the stratified layers, and
appear only below the mixed layer depth (50-100 m), leaving a
layer of 150 m depth for their propagation at most.

The nitrate diffusive flux F (mmol m™s") is obtained using F =
K,dNut/dz, where Nut is the nitrate concentration (mmol m™), z
vertical coordinate, dNut/dz vertical nitrate gradient, and K, KPP
vertical diffusivity (m’s™). These nitrate related parameters are
interpolated at 100 m depth, just above the nutrient stream core
(0g = 26-26.5 kg m™, Guo et al, 2012) where the water of high
nitrate concentrations starts climbing up the slope when the
Kuroshio flows closer to the coast (Supplementary Animation
Anime S1).

Then, the nitrate parameters and IWKE are averaged zonally
to construct the quantities over the continental shelf as a
function of latitude and time. Along the latitudinal direction, a
2.5 km running average is performed for these zonally
averaged parameters.
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2.7 The Minimum Distance From the Shore
To investigate the influences of the Kuroshio path modulations
on the IWKE, nitrate concentration, nitrate vertical gradient, and
nitrate diffusive flux, the minimum distance between the
Kuroshio and the coast as a function of latitude and time are
computed. First, the model Kuroshio axis is defined by the
contour of the sea surface height (SSH) at 0.2 m. The
SSH = 0.2 m is selected because the fastest part of the Kuroshio
is found to be aligned parallel to this contour on average, although it
is sometimes misaligned due to effects of land and islands on the sea
surface height gradients of the Kuroshio. Second, the coastline is
determined excluding small bays with convoluted shoreline. Finally,
the minimum distance to the Kuroshio is obtained at each point
along the defined coastline.

2.8 Lagrangian Particle Tracking

To determine the frequency of the fluctuating internal wave
velocity shear in the simulation, avoiding the Doppler effect,
Lagrangian particles passive to three-dimensional flow are
released in the finest grid model domain during December.
The passive 3000 particles are released three times every 5 days
from December 1% between 15 and 200 m depth, within the
ranges of 131.1-131.45°E and 30.9-31.18°N in the upstream
region. The vertical shear of zonal and meridional velocities is
interpolated along the trajectories of each particle and written as
hourly averages in the output file. The released particle
trajectories are shown as an Animation In Supplementary
Animation Anime S2.

3 RESULTS

3.1 Physical and Biological Conditions in
the Hyuganada Sea

Sea surface temperature (SST) and sea surface height (SSH)
satellite observations from Himawari-8 and AVISO (Archiving,
Validation, and Interpretation of Satellite Oceanographic data),
respectively, are obtained on November 25", 2018, same period

when observations were taken onboard by Nagai et al. (2019),
to be compared with the model results (Figure 1). Besides, the
simulation results on November 11" and December 20™ are
compared to contrast the different Kuroshio path states
(Figures 1B, C). From these comparisons, it is found that the
model results in December are more consistent with the
satellite observations during the November 2018 cruise, since
the model Kuroshio (defined at SSH = 0.2 m contour) flows
northeastward off Kyushu, reaches the latitude 31.45°N, and
sets a warm temperature boundary up to 24°C in front of the
coast, similar to the observations. Slightly colder SST on the
model December 20" (Figure 1C) than the satellite SST on
November 25% (Figure 1A) is attributed to a more active
wintertime cooling in late December. Simultaneously,
December model nitrate distributions present a tongue of
high concentration near the bottom that runs along the
shoaled isopycnal toward the coast (Figure 2A). Although the
detailed nitrate distribution is not perfectly reproduced by the
model, the relation between the nitrate concentrations and the
water density is consistent with the observations. For example,
nitrate concentrations of NO3 ~ 10 — 12uM and ~14 - l6u M
can be found along isopycnals oy = 25.5 and 26 kg m?,
respectively, for both in the observations and the model. The
difference of nitrate distributions between the observations in
November and the model December arises from the slightly
different density distributions. Since the hydrographic vertical
structures are rapidly changing, as shown in the supplementary
animations (Supplementary Animation Anime S1), and
observations took 8 hours to complete, the differences can be
caused not only by spatial distribution mismatches but also by
the temporal aliasing in the observations. The detailed
comparisons of the ROMS results with the reanalysis given in
the Supplementary Material (Supplementary Figures S1-S8)
suggest that the hydrographic vertical structures are fairly well
reproduced by ROMS as long as the Kuroshio flows similarly
with respect to the coast.

On the contrary, the model Kuroshio in November flows
away from the coast, being observed at the southern edge of the
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FIGURE 1 | Sea Surface Temperature °C for (A) satellite observation by Himawari-8 on Nov25™", 2018, and for the ROMS simulation on (B) November 11" and
(C) December 20™. Thin black contours represent Sea Surface Height (SSH), and the Kuroshio axis is represented as the blue contour at SSH = 1.1 m for (A) the
observation (COPERNICUS Marine Service) and at SSH = 0.2 m for (B, C) the simulations. Cyan lines represent where the vertical sections are computed, and black
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FIGURE 2 | Vertical sections, computed along the cyan line in Figure 1, of nitrate concentration (WM) for (A) in-situ data taken onboard in November 2018
(Nagai et al., 2019), for ROMS numerical simulation on (B) November 11" and (C) December 20™ at hour 18:00. The black contours represent isopycnals, and the
magenta line represents the mixed layer depth (MLD) where density difference is 0.125 kg m™ from the surface. Black shapes near the bottom represent (A)

acoustically detected bottom depth and (B, C) model topography.

finest model domain (inside the black square in Figure 1) at the
position of 31.1°N, 131.8°E. The vertical section of the model
density shows that less dense water (0g < 24 kg m™) is located at
the surface layers, above 50 m depth, except near longitude
131.6°E, in which relatively dense water appears (Figure 2).
Further, isopycnals are nearly flat below 50 m depth with the
contours of g =26 kg m™ and 0y = 26.5 kg m™ located at depths
of 150 m and 270 m, respectively, suggesting that there is no
frontal structure and nitrate rich water is kept in darker and
deeper layers.

Note that the model bottom topography (black shape in
Figure 2B) is shallower near the coast than the acoustically
detected ones in the observations that is around 150 m depth
(black shape in Figure 2), that likely blocks the model onshore
flow. However, as shown in the Supplementary Material
(Supplementary Figures S9, S10), the model topography near
the coast is generally deeper by 10-50 m and smoother than the
topographic source data (J-EGG500). This suggests that the
contrast in the topography between the model and the
acoustically detected one is due to high resolution lateral in-
situ depth changes that are not resolved in J-EGG500 and does
not represent the average difference between the model and the
real topography, i.e., the model has much deeper and milder
bottom slope compared to the real topography, which would
allow more onshore flows rather than blocking them.

The mixed layer depth (MLD) across the Kuroshio during
November 2018 observations, defined at the depth where the
density differs 0.125 kg m™ from the surface, is as shallow as ~30
m on the onshore side, and it deepens slightly offshore between
longitudes 131.58-131.61 °E with a convex downward structure
down to ~60 m (Figure 2). Similarly, the model MLD in
December remains shallower on the onshore side (~50 m)
than that on the offshore side from longitude 131.55°E, where
the MLD deepens to ~100 m depth, with a convex downward
structure centered at 131.6°E (Figure 2). Although the spatial
patterns of the MLD in the observation and the model are
consistent, the model MLD during December is roughly 50 m
deeper than that in the observation. Yet, as it was explained

previously, the December model nitrate concentration NOj
presents more similar distributions to the in-situ data with a
high concentration tongue running over the slope, probably
caused by the tilted pycnocline of the Kuroshio approaching to
the coast for both observations and December model results.
Below the model MLD, the nitrate concentrations are brought
upward onshore side, resulting in higher concentrations between
50 and 100 m depth over the continental shelf.

To compare the model Kuroshio with the observations
quantitatively, the mean distance between the Kuroshio axis
and the coastline within the latitude range of 31.0-31.45°N is
computed. This range is selected since the model Kuroshio in
December (SSH = 0.2 m) flows away from the coast at latitude
31.45°N, as it is observed in the finest grid of the ROMS (inside
the black square in Figure 1C). The computed mean distance to
the Kuroshio is 92 km from the coastline. On the other hand, the
distance obtained for the observations considers the Kuroshio
axis as the contour at SSH = 1.1 m, since the SSH contour from
satellite sea surface height AVISO data at this value is located
within the highest SSH gradient band along the Kuroshio
(Supplementary Figure S11). The calculated distance with
respect to the coastline within the same latitude range is 93
km. The similarity in these distances and the SSH spatial
patterns, between the observations in November and the model
December, allows us to consider that the model December results
are closer to the observed ones for further analyses.

However, even though both the observation and the model
results present similar spatial distribution patterns for
chlorophyll-a (Figure 3), with higher concentrations on the
shore side in upper 50 m depth, the model chlorophyll-a
overestimates the in-situ data by threefold.

3.2 Shear-Bands and Potential Vorticity in
the Hyuganada Sea

To compare the model velocities with the observations, velocities
are decomposed into along and across front components with
respect to the mean Kuroshio Current direction for both the
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FIGURE 3 | Vertical sections, computed along the cyan line in Figure 1, of chlorophyll-a concentration (ug L") for (A) in-situ data taken onboard in November 2018
(Nagai et al., 2019), and for (B) ROMS numerical simulation on December 20" at hour 18:00. The black and white contours in A and B, respectively, represent

isopycnals and the magenta line represents the MLD.

observations and the model (Figure 4). A core of large positive
along-frontal velocities are directed northeastward above 120 m
depth in the observation (Figure 4A), while the fast current of ~1
ms™' in the model reaches down to 250 m depth on the offshore
side from the longitude 131.63°E, associated with a deeper
baroclinic isopycnal structure (Figure 4B). Additionally, the
observations suggest the presence of a counter current near the
sloping bottom of the continental shelf, with negative values of
the along-front current velocity within the depth ranges of 50-
125 m and 175-250 m. Although this counter current is also seen
in the model but with a deeper extent, the model across-front
current presents larger spatial structures than the observations

Depth{m]

with offshore-ward and onshore-ward currents separated around
131.6°E. Both the model and the observations show banded
structures of alternating positive and negative signs, that are
suggestive of internal waves (Figures 4C, D). Thus, the model
velocity fields are in fairly good agreement with the observations.

From the observation data, two-dimensional potential vorticity
(PV,p) is computed using (1), with measured density and the
velocity across the Kuroshio (Figure 5A). Note, however, that as the
geostrophic flow with the level of no motion at 300 m depth at most
is not reliable, the ADCP lateral velocity gradient is used for the
geostrophic lateral velocity shear, instead. Negative values of PV,
appear on the core of the along-frontal flow in the upper 75 m depth
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FIGURE 4 | Vertical sections of (A, B) along and (C, D) across-frontal velocities (ms™). (A, C) are from in-situ observations taken onboard in November 2018 (Nagai
et al., 2019); (B, D) are from ROMS numerical simulation on December 20™ at hour 08:00. Positive velocity indicates the flow toward the Kuroshio downstream in
(A, B) and toward offshore in (C, D). The black contours represent isopycnals. Note there are marked differences in the density structures at 50-100 m between
isopycnals oy = 24.5 and 25 kg m® after 10 hours that are shown in Figure 3, illustrating how rapidly the hydrographic structures change over time.
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at longitude 131.55°E. These negative PV, values coincide with
intense turbulent kinetic energy (TKE) dissipation rates
(Figure 5B), suggesting that submesoscale inertial and symmetric
instability could be the cause of the strong turbulence over the shelf.
It should be noted that these negative values are also found in some
other regions, such as around 50 m depth at longitude 131.4°E;
however, since these locations are in well-stratified layers without
large TKE dissipation rates, it is suspected that the missing
nonmeasurable along-frontal gradients produce these erroneous
negative values. Those neglected gradients in the two-dimensional
assumption are probably caused by internal waves.

On the other hand, three-dimensional PV is computed using
(2) in the numerical model. The plane view of the model PV,
interpolated at 100 m depth, shows its highest values of 4 x 10
’m's™" along the cyclonic side of the model Kuroshio axis (the
blue contour at SSH = 0.2 m), which extends closely to the coast.
More importantly, the northeastward flowing model Kuroshio
generates negative PV at the shallow bump in the upstream
region, located within the range of 30.9-31.4°N, 131.1-131.5°E,
forming a streak of low PV in the southwestern region of the
domain (Figure 6A). The vertical section of the model PV
presents large positive values along the pycnocline, while the
negative PV values are above the pycnocline at 131.55°E, similar
to the observation (Figures 6B, 5A). Furthermore, banded shear
with positive and negative signs along the tilted isopycnals of the
Kuroshio front are reproduced by the model, presenting larger
amplitudes over the continental shelf (Figure 6C). The shear
banding nearly along density surfaces is suggestive of
propagating near-inertial internal waves, which can be trapped
within the Kuroshio by its large anticyclonic vorticity and
geostrophic vertical shear (Whitt and Thomas, 2013). In
addition, the negative PV, accompanied by sharp lateral
density gradient, can induce submesoscale instability, such as
inertial and symmetric instability, followed by secondary Kelvin-
Helmholtz (K-H) instability and strong turbulence (Molemaker
et al., 2015; Gula et al., 2016; Nagai et al., 2021a), although these
instabilities are not fully resolved in the present simulation of
500-m resolution.

3.3 Internal Waves and Nutrient Flux

Aside from the similarity of the nitrate tongue in the model
December result and in the observations, which extends from
dark subsurface layers toward upper layers in the onshore region
(Figures 2A, C), elevated subsurface nitrate diffusive flux also
appears within the density range of oy = 24.5-26 kg m™, that is
consistent with the observations (Figure 7). Since the core of the
model Kuroshio nutrient stream is found at og= 26-26.5 kg m™
(Supplementary Animation Anime S1), as it has been found by
Guo et al. (2012), the elevated diffusive flux could inject nitrate
from the upper part of the nutrient stream to shallower layers.
However, the isopycnal 6= 26 kg m™ is found at approximately
50 m deeper in the observation than the simulation because of a
much thicker pycnostad of ©¢=25-25.5 kg m™ in the
observations, probably caused by tidal mixing and/or the
mixing induced by the Kuroshio intrusion in the upstream
region. Consequently, the isopycnal o = 26.5 kg m™ cannot
be seen in the observations (Figure 7A), since its depth is too
close to the bottom or exceeds the tow-yo instrument reachable
depth. Although the depths of denser water than 6y = 25.5 kg m™
in the model are approximately 50 m shallower than the
observations, the large nitrate diffusive flux of 1-10 mmol m’
*day™ is found within the density range of 24.5-26 kg m™>, similar
to the observation, demonstrating that the model does capture
the elevated diffusive nitrate flux from the upper core of the
Kuroshio nutrient stream.

The generation of negative PV on the slope of the shallow
bump in the upstream region, revealed by the observation and
the model (Figures 5A, 6A), implies that the observed intense
turbulence can be attributed to secondary K-H instability
associated with inertial and symmetric instability. Nonetheless,
Nagai et al. (2019) interpreted that the strong turbulence and
associated elevated nitrate diffusive flux are caused by trapped
near-inertial internal waves within the Kuroshio. To elucidate
whether trapped near-inertial waves influence on the nitrate flux,
the model internal wave kinetic energy (IWKE) is investigated.
In the region of the latitudes 31-31.5°N, the computed IWKE
shows two bands of high values that form a V-shaped
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FIGURE 5 | Observations taken onboard in November 2018 (Nagai et al., 2019) for (A) two-dimensional potential vorticity (1) and (B) turbulent kinetic energy (TKE)
dissipation rate (WKg"). The black contours represent isopycnals and the magenta line represents the MLD.
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FIGURE 6 | Potential vorticity and vertical shear from the simulation on December 20™ at hour 08:00 for (A) plane view of potential vorticity (2) interpolated at 100 m
depth, vertical sections computed along the cyan line in (A) for (B) potential vorticity (m™'s™") and (C) zonal shear (s™'). Blue contour in (A) represents the model

Kuroshio axis at SSH = 0.2 m, and magenta line in (B, C) is the MLD.

distribution (Figure 8A). One of these branches runs offshore
region, while the other one spreads closer to the coast. The latter
one coincides with a narrow band of lowered lowest internal
wave frequency @, (4), suggesting that these internal waves are
near their minimum frequencies and they may have gotten
trapped in the region with lowered @,,;, (Figure 8B). It should
be noted that the high IWKE coastal branch goes through the
region where the vertical sections have been shown previously in
Figures 2-4 and 6, 7.

Regions of high IWKE with relatively high @,,;,, especially in
the offshore region, are found probably because internal waves
could have broadband frequencies, but they are still near the local
@yin, Which varies spatially because of the geostrophic shear. For
instance, high IWKE regions with ®,,;,/f ~ 1, surrounded by
@pinlf> 1.1, can still be attributed to trapped internal waves with
super-inertial frequencies, yet these frequencies are still near the
lowest local internal wave frequency (Whitt et al., 2018). These
trapped near-lowest-frequency internal waves, in a region with
lowered @,,;,, could induce strong turbulence caused by their
large amplitude vertical shear with high vertical wavenumbers.
Lastly, the model diffusive NO3 flux clearly shows large values of
O(1 mmol m'zday'l) that persist downstream over ~100 km
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December 20" at hour 18:00. Magenta line represents the MLD.
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along the Kuroshio (Figure 8C). This band of elevated nitrate
diffusive flux is found near and within the region of high IWKE
band and lowered ®,,;,,, that is close to the coast. Likewise, there
is an even larger nitrate diffusive flux O(10 mmol m™day),
which can be clearly seen in the upstream region where the
Kuroshio flows over the shallow bump, that coincides with the
locations of negative and near zero PV values (Figure 6A). From
the December model results, it has been shown that the
approaching Kuroshio to the coast leads to generations of low
and negative PV and to the near-lowest-frequency internal wave
trapping, which in turn elevate the nitrate diffusive flux. This
simulated nitrate diffusive flux of 1-10 mmol m>day ' over the
tilted thermocline of the Kuroshio, within 50-120 m depth, is
qualitatively and quantitatively consistent with the observations,
whereas the elevated flux above the model mixed layer depth is
inconsistent with the observations (Figures 7A, B).

3.4 Temporal Changes of Internal Waves
and Nitrate Flux Caused by the Kuroshio
Path Variability

Although observations made by Nagai et al. (2019) revealed that
the elevated nitrate diffusive flux occurs when the Kuroshio flows

30
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FIGURE 7 | Vertical sections of nitrate diffusive flux (mmol m2day™) for (A) in-situ data in November 2018 (Nagai et al., 2019) and for (B) numerical simulation on
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FIGURE 8 | Plane views on December 20™ at hour 18:00 of (A) internal wave kinetic energy integrated over 200 m depth (m3s), (B) the minimum internal wave
frequency divided by Coriolis parameter mmin/f averaged within upper 200 m, and (C) nitrate diffusive flux (mmol m2day ") interpolated at 100 m depth. Red line

close to the coast, as the observations were conducted just once, it
remains unclear how the elevated mixing and the nitrate flux are
modulated by the Kuroshio path variations. To analyze these
temporal variations, the averaged IWKE and nitrate flux over the
continental shelf are computed as a function of latitude and time
(Figures 9, 10). The integrated IWKE over 200 m depth on the
continental shelf presents high values in the upstream latitudes
from the end of October to the beginning of November. Then,
low IWKE values appear in all through November, that are
followed by an increase from the beginning of December. After
the IWKE decreases from early-middle December, an increase is
clearly seen toward the downstream, reaching up to 31.8°N, to
the end of December. In parallel, the averaged nitrate flux at 100
m depth presents an increasing trend from the end of November
through December (Figure 10C). The averaged NOj
concentration shows a first moderate increase in the second
half of November, up to ~O(1uM), but it does not extend further
north. In contrast, from the beginning of December high NO3

concentrations of ~O(10 uM) extend along the coast getting as
far as latitude 32°N. Right before the start of this increase, the
vertical gradient of nitrate concentration is intensified, which is
accompanied by an increase of nitrate diffusive flux that reaches
values of O(10 mmol m’zday’l).

The minimum distance between the coast and the model
Kuroshio (SSH = 0.2 m) is found to be shortened more
frequently in December (Figure 11). While the in-situ
observations are conducted during November when the
Kuroshio flows relatively close to the coast, the model
Kuroshio in November presents an opposite figure by flowing
away from the coast. Even though the model distance is very
small (~30 km) at the beginning of November, it is limited only
for the lower latitude range, presenting larger distances of 140
km in the downstream latitudes. The minimum distance shows
gradual decreases from the middle to the end of November. It is
in this period when the averaged nitrate concentration over the
continental shelf shows a moderate increase (Figure 10A). After
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FIGURE 9 | Hovmoeller plot of internal wave kinetic energy integrated over 200 m depth (m®s?) and averaged zonally over the continental shelf, where depth is less
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FIGURE 10 | Hovmoeller plot of (A) nitrate concentration (uM), (B) nitrate
vertical gradient (uMm™) and (C) nitrate diffusive flux (mmol m2day ")
interpolated at 100 m depth and averaged zonally over the continental shelf,
where depth is less than 200 m depth, as a function of latitude and time.

this gradual decrease in the minimum distance, it drops abruptly
from the upstream to the downstream in the beginning of
December, presenting values less than 60 km at latitude 31.4°N
and less than 120 km at latitude 32°N. In response to this
decrease of the minimum distance in a wider latitude range
caused by the approaching Kuroshio to the coast, the nitrate
concentration and its diffusive flux increase in the beginning
of December in comparison to those in November (Figures
10A, C). In the mid-December, the minimum distance increases
again and it is accompanied by a decrease of the nitrate vertical

gradient and the nitrate diffusive flux (Figures 10B, C). Yet, in
the end of December, the model Kuroshio approaches to the
coast once more, reducing the minimum distance that is again
accompanied by increases of all these nitrate related variables
(Figures 10, 11).

Interestingly, the IWKE is also inversely proportional to the
minimum distance, presenting larger values when shorter distances
appear at the end of October, at the beginning of December, and
from the middle to the end of December (Figure 9). These results
suggest that enhanced diffusive nitrate flux is caused by the
approaching Kuroshio to the coast, which leads to an increase in
the nitrate concentration, its vertical gradient, and in the IWKE
followed by elevated vertical mixing. It is noteworthy that the
increase in nitrate concentration cannot be simply attributed to a
seasonal mixed layer deepening since the model monthly mean
MLDs for both months remain shallower than 100 m depth
(Figure 12). As in Figures 2C and 3B, the December MLD is
shallower near the coast with a band of relatively deeper MLD on
the northwestern side of the model Kuroshio axis (magenta line in
Figure 12B). The latter deep MLD band corresponds to the convex
downward MLD found in the vertical section of the model
December (Figure 3B).

4 DISCUSSION

A number of previous studies have shown that when the
Kuroshio bumps into topographic features, strong turbulence
and vertical mixing are induced (Nagai et al., 2017; Tsutsumi
et al., 2017; Hasegawa, 2019; Nagai et al., 2019; Nagai et al,
2021a). Besides, a recent high-resolution numerical study
conducted by Gula et al. (2016) demonstrated that when the
Gulf Stream interacts with a topography, it generates negative PV
that leads to inertial instability. The results in the present study
show that when the model Kuroshio approaches to the coast, in
the Hyuganada Sea, it leads to a large nitrate diffusive flux of 1-10
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FIGURE 11 | Hovmoeller plot of the minimum distance between the eastern coast of Kyushu and the model Kuroshio axis, defined as the contour of SSH = 0.2 m,
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FIGURE 12 | Monthly averaged model mixed layer depth (m), where the density difference is 0.125 kg m ™ from the surface, for (A) November and (B) December.
Black contours represent monthly mean SSH and magenta line represents the monthly mean model Kuroshio axis at SSH = 0.2 m.

mmol m~day ™ by flowing over a bump located in the upstream
region of the model domain. The most intense nitrate diffusive
flux of O(10 mmol mday™") occurs in the vicinity of negative
PV water generated on the northwestern slope of the bump. The
large flux of O(1 mmol m>day") continues further downstream
over 100 km along the Kuroshio in a narrow band of lowered
Wi, With high IWKE. Although the resolution of the numerical
model in the present study is not fine enough to fully resolve
submesoscale instabilities, negative PV would correspond to a
small Richardson number. This can be illustrated with the two-
dimensional PV after rewriting it with the geostrophic shear as it
has been shown in (1). When PV,p, is negative, the following
condition needs to be satisfied for the geostrophic Richardson
number (Thomas et al., 2013; Tandon and Nagai, 2019),

Rig = aav: 2 < avg+ ®)
(&) (5+)

Considering that the vertical component of relative vorticity
can only be smaller or equivalent to fin magnitude, the negative
PV,p corresponds to a small geostrophic Richardson number
Rig< O(1). Accordingly, the negative PV generated in the
simulation leads to a large eddy diffusivity by using the interior
KPP scheme (Large et al., 1994), which depends on the gradient
Richardson number. Although the amplitude of the enhanced
diffusivity may not be accurate, it can mimic the enhanced
vertical tracer mixing caused by the generation of negative PV.

The disturbances in the geostrophic flows, including internal
lee waves and turbulence produced by these currents themselves,
e.g., by flowing over a bump, can result in inertial oscillation
(Nikurashin and Ferrari, 2011; Wenegrat et al., 2020). Then, the
near-inertial internal waves can propagate in the stratified layers
above and below. It should be noted that the positive but low PV
values, generated over the slope of the bump, can allow internal
waves and lower their minimum frequency, @,,;,, that may trap
the near-inertial internal waves. This can be shown by rewriting
the ®,,;,, with the geostrophic Richardson number,

Opin = \/f(f + &) = f*Riy! (6)

Because of low PV corresponds to a small geostrophic
Richardson number (5), the magnitude of the second term of
(6) becomes larger with a smaller Rig, which in turn reduces the
@pin. Moreover, lateral shear caused by the flow separation
behind the bump can induce relative vorticity with both signs,
being the negative relative vorticity on the northwestern slope of
the bump able to lower the @, as well. Correspondingly, the
low PV generation caused by the geostrophic current, the
Kuroshio flowing over topographic features, leads to an intense
vertical diffusive flux of nitrate not only through the
submesoscale instability, but also by confining generated/
propagating near-inertial internal waves. These tightly
connected mixing mechanisms, associated with low PV, could
make the lee sides of topographic obstacles to geostrophic
currents as very efficient nutrient injection hotspots.

As it is shown in Figure 8B, relatively large internal wave kinetic
energy (IWKE), located in a confined thin layer of the lowered @,,;,,
near the coast, would suggest the presence of trapped near-inertial
waves within a region of strong geostrophic lateral and vertical shear
(Kunze, 1985; Whitt and Thomas, 2013), which may enhance local
mixing (Kunze et al., 1995; Li et al., 2019). The vertical section of the
model vertical shear shows large amplitude banded shear structures
roughly along the isopycnals in the tilted Kuroshio thermocline,
when the model Kuroshio approaches the coast (Figure 6C),
supporting the above explanations that the banded shear in the
model is caused by near-inertial internal waves (Rainville and
Pinkel, 2004; Nagai et al,, 2017). To determine the frequencies of
these waves in a strong current avoiding the Doppler-shift, passive
3000 Lagrangian particles were released three times into the model
Kuroshio every 5 days from December 1% (Supplementary
Animation Anime S2). The peaks in the obtained mean
Lagrangian frequency spectra of zonal and meridional shear
appear near near—-inertial frequency, f/2m, suggesting that vertical
shear in the model is mostly associated with near-inertial internal
waves (Figure 13). However, the peaks appear in a little wide
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wavenumber range, suggesting that the modulations of the lowest
internal wave frequency @,,;, are caused by the geostrophic shear.
When there is strong anticyclonic background vorticity and/or
vertical geostrophic shear, the @,,;, can be modified, decreasing
the lower-frequency bound for internal waves (Mooers, 1975;
Kunze, 1985; Li et al., 2019). Due to this modification, waves with
a frequency of ,,;, can propagate freely in regions where the ®,,;,
has been lowered further. At the same time, they can not propagate
into other regions where the local @,,;, is higher than the wave
frequencies. Thus, when they are bounded by a higher ®,,;, wall,
these near-inertial internal waves get trapped. The trapped waves
could work as mixers, by inducing turbulence (Kunze et al., 1995),
resulting in elevated nitrate diffusive flux from subsurface layers to
shallow layers along the Kuroshio and increasing the biological
production (Nagai et al., 2017; Kobari et al.,, 2020).

As shown in the temporal variations over the continental shelf
(Figures 9, 10), when the model Kuroshio approaches to the coast
in December, the IWKE, the nitrate concentration, and its vertical
gradient show increasing trends, accompanied by the intensification
of the nitrate diffusive flux to 1-10 mmol m*day'. Supplementary
Animation Anime S1 illustrates that the Kuroshio approach to the
coast during the model December is indeed accompanied by
approach of the subsurface nutrient stream core. Therefore, the
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FIGURE 13 | Mean Lagrangian shear spectra for (black) meridional and (red)
zonal velocity shear. The vertical lines (blue and magenta) indicate the range
between f and 2f, where f is Coriolis frequency. Note that spectra is in
variance preserved form (s2). The 1835 particles out of 9000, with mean
speeds more than 0.45 m s™' and last more than 58 hours in the nested
model domain, are chosen to compute the mean spectra.

approaching Kuroshio and its subsurface nutrient stream to the
coast provide a very efficient nutrient supply route to the continental
shelf, associated with the combination of the onshore nutrient
advection, enhanced vertical gradient of nutrient concentrations,
and elevated vertical mixing caused by the submesoscale instability
and trapped near-inertial internal waves, which are associated with
low PV.

On the other hand, it was shown that the model chlorophyll-a
was overestimated compared to the observations by threefold on
the shore side (Figure 3). This overestimation could be due to the
use of a single phytoplankton functional group in the model. As
it is explained by Gruber et al. (2006), one of the deficiencies of
the modeled chlorophyll-a is its overestimation in the eutrophic
nearshore regions. And, since the Kuroshio regions are often
dominated by small size plankton communities (Clayton et al.,
2014; Endo and Suzuki, 2019), the model carbon to chlorophyll-a
ratio is most likely underestimated in the offshore region.
Moreover, as nitrate and chlorophyll-a are not conservative
parameters, the fast biogeochemical response can easily induce
these differences in the chlorophyll-a concentrations. For
example, the ecosystem model in the present study may not be
able to reproduce the rapid zooplankton grazing on
phytoplankton in the oligotrophic environment (Kobari et al.,
2020), that can induce the chlorophyll-a overestimation on the
shore side. In addition, the model isopycnal of o, = 25 kg m™
outcrops on the shore side, accompanied by water of relatively
high nitrate concentration (NO; ~ 6 —8uM, Figure 2C),
whereas in the observation it lies below 50 m depth, keeping
the nitrate concentrations near the surface relatively low
(Figure 2A). The model MLD on December 20" is roughly 50
m deeper than that of the observations during November 2018.
This deeper MLD, caused by more active entrainment and
deepening of the MLD during model December than that of
the observation in November 2018, could explain the reason of
denser water outcropping in the model as well as the large model
diffusive nitrate flux within the mixed layer, which is not seen in
the observations (Figure 7). Thus, the more active MLD
entrainment of denser and nutrient rich water to the surface
layers in the model December could also be one of the reasons for
the overestimated model chlorophyll-a concentrations.

Although this study is focused on how the submesoscale
instability and trapped near-inertial waves influence on the
vertical mixing, it should be noted that other processes can
also occur simultaneously and have some effects on the mixing.
Previous studies reported that the formation and propagation of
a small cyclonic eddy in the southern region of Kyushu induce a
small meander of the Kuroshio, that may trigger the Kuroshio
Large Meander (KLM). It is speculated that the cyclonic eddy
advects the subsurface nitrate-rich-water downstream to the
trough of the meander, leading to an increase in surface
phytoplankton (Lizarbe Barreto et al., 2021), while the
southwestward returning flow along the coast can produce
strong turbulence above the topographic features. If the
cyclonic eddy is present between the Kuroshio and the coast,
the nutrient diffusive flux could be even larger since shoaled
nutrients at the center of the cyclonic eddy are more susceptible
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to the surface mixing processes. In this manner, when the
cyclonic eddy is present, our results that show the enhanced
nutrient flux with a shorter minimum distance between the
Kuroshio and the coast would not be applicable. Moreover, Li
et al. (2018) showed that the large amplitude nonlinear internal
waves generated from the Luzon Strait in South China Sea induce
diffusive nitrate flux of 0.635-2.54 mmol m™day™', which is in
similar order of magnitude of the flux found in this study. Recent
studies have also pointed out that the turbulent mixing in the
Kuroshio over the topographic features is more consistent with
the shear instability caused by large amplitude high vertical
modes nonlinear internal waves of wavelengths ~100 m in
proximity to the seamounts (Tsutsumi et al., 2017; Takahashi
et al,, 2022). These large amplitude nonlinear internal waves can
neither be fully resolved nor well parameterized in the present
numerical model, suggesting that the model diffusive flux could
be most likely underestimated. Our analyses in the present study
are limited only to the simulation period, in which the Kuroshio
flows close to or away from the coast without a propagating
cyclonic eddy. Further, the model resolution and the KPP
parameterization do not allow highly nonlinear internal wave
induced mixing processes. In this regard, to clarify the robustness
of the results in the present study, analyses of the influences of
the Kuroshio on the continental shelf with the presence of the
small cyclonic meander and the effects of highly nonlinear
internal wave phenomena should be addressed by using
models with higher resolutions and proper internal wave
mixing parameterizations as future investigations.

5 CONCLUSIONS

In this study, a numerical simulation was conducted to
reproduce previously observed nitrate supply processes
through vertical mixing, which are considered to be caused by
trapped near-inertial internal waves within the Kuroshio in the
Hyuganada Sea, southeast of Kyushu. Our focus is to elucidate
how far the elevated nutrient supply persists downstream along
the Kuroshio, and to understand how the elevated nutrient flux is
related to the model Kuroshio path transitions.

Based on the simulation results, it is found that when the model
Kuroshio approaches to the coast of Kyushu, it encounters a shallow
bump at the southwestern region of the Hyuganada Sea, generating
low and negative PV values over the slope. The negative PV, which
corresponds to a low Richardson number, leads to an intense model
diffusive nitrate flux. On top of that, the topography-induced
disturbances seem to produce near-inertial waves, which get
trapped in a streak of lowered lowest internal wave frequency
@yin due to the strong anticyclonic vorticity field and the large
vertical shear created in the lee side of the bump. These trapped
near-inertial internal waves enhance the eddy diffusivity within this
streak of lowered @,,;,,. Simultaneously, during this approach, the
Kuroshio brings a large amount of nitrate in its subsurface layer,
increasing the nitrate vertical gradients, thus, leading to a higher
potential for the diftusive flux. Ultimately, the enhanced diffusivity,
caused by the negative PV and the trapped near-inertial internal

waves, elevates the nitrate diffusive flux from subsurface to shallow
layers, providing a very efficient route to supply subsurface nutrients
from the upper core of the Kuroshio nutrient stream over the
continental shelf. While the intense nitrate diffusive flux of O(10
mmol m™ day ") is limited only near the region of negative PV in
the upstream region of the model domain, the large diffusive flux of
O(1 mmol m™ day'l) extends downstream over ~ 100 km along
the Kuroshio.

Although the Kuroshio Current has been well-known for
being nutrient poor, the high nutrient concentration located in
its subsurface layers can be the reason for its major biodiversity.
By elevating the nutrient diffusive flux associated with
submesoscale instabilities and the trapping of generated/
propagating near-inertial internal waves in the vicinity of the
topographic features, bringing up these subsurface nutrients to
surface layers is considered to be a very important mechanism
which consists of co-working multiscale mixing processes. Along
its path, the Kuroshio is known to flow through a great deal of
topographic features, such as I-Lan Ridge east of Taiwan,
seamounts in the Tokara Strait, and the islands in the Izu-
Ridge, where several recent studies have reported elevated
nutrient supply. This study showed that the Kuroshio
approaching to the southern coast of Japan, in the Hyuganada
Sea, can also enhance the nutrient supply, promoting primary
production, hence, increasing the biological production along the
coast (Supplementary Animation Anime S3).
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