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Concentration at the Subsurface Near the Kuroshio During
Well-Stratified Seasons
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'Fisheries Resources Institute, Japan Fisheries Research and Education Agency, Yokohama, Japan, 2Now at Graduate School
of Agricultural and Life Sciences, The University of Tokyo, Tokyo, Japan

Abstract The contribution that fronts and frontogenesis make to subsurface chlorophyll a (CHL)
concentration was investigated near the Kuroshio using data from multiple surveys across the Kuroshio during
summer and fall and satellite sea surface height (SSH) data alongside high-resolution reanalysis data set. An
intensive survey was conducted during a period of frontogenesis as seen from the in-situ and satellite-derived
velocity data as well as the analysis of the reanalysis data set. Physical and biological observation showed
shoaling of the nitracline and a subsurface CHL maximum (SCM) near the evolving front. The CHL
concentration at the SCM (CHLg,,) was large near the front compared with the concentration in ambient water.
Sections of 10 repeat seasonal surveys also captured the frontal structure, the shoaling of the nitracline, and the
increase in CHLg,, as well as their interrelationship. The CHL,, was large, and the depth of the SCM (Z,,)
was shallow above a large horizontal density gradient (i.e., marked mesoscale frontal structure) in the ocean
interior. In addition, we demonstrate that the lateral strain rate, which is a measure of frontogenesis obtained
from the SSH, can be used to estimate Zg,, and CHL,,. Frontogenesis, secondary circulation, symmetric
instability, and vertical diffusion were considered to cause the nutrient supply to the subsurface layer. The
surveys and analysis indicate that fronts and frontogenesis increase CHLg,, and the physical data obtained
from both in-situ and satellite observations can be used to estimate CHL distribution in the ocean interior.

Plain Language Summary The contribution that oceanic front and its strengthening make to
subsurface chlorophyll a (CHL) concentration was investigated near the Kuroshio south of Japan using data
from multiple surveys and satellite altimetry alongside high-resolution reanalysis data set. The Kuroshio

front strengthened during an intensive survey across the Kuroshio as seen from in-situ, satellite-derived and
reanalysis velocity data. Physical and biological observations showed nutrient upwelling and increase in
subsurface chlorophyll a concentration near the strengthening front. Sections of 10 repeat surveys during
summer and fall showed that the depth where the chlorophyll a concentration increased was shallow and the
chlorophyll a concentration was large when the front was strong. In addition, we demonstrate that a measure of
strengthening of fronts obtained from the satellite-derived data is valid to estimate the distribution of subsurface
chlorophyll a concentration.

1. Introduction

Satellite images of the sea surface show that oceanic fronts, where water masses with different physical and
biogeochemical properties meet, are always associated with gyres and mesoscale eddies (e.g., Munk et al., 2000).
The heterogeneous environments that are produced by fronts are important for marine life and fisheries (Claustre
et al., 1994; Mahadevan, 2016; Saitoh et al., 1986; Sugimoto & Tameishi, 1992; Videau, 1987). Fronts can
be identified as a surface band on the water, made visible because of the higher concentrations of suspended
solids (Munk et al., 2000; Uda, 1938; Yanagi, 1987). The experimental and theoretical study of frontogenesis,
the generation and evolution of fronts, is well established (Hoskins, 1982; Miller, 1948). Following progress
in modeling and monitoring techniques in recent decades, the effect of frontogenesis on biogeochemistry has
been studied as part of research into submesoscale (O(1-10 km)) phenomena (McWilliams, 2016; Tandon &
Nagai, 2019; Thomas et al., 2008).

Frontogenesis is often associated with mesoscale (O(100 km)) eddies and fronts. Recent numerical models
have revealed the importance of frontogenesis in both dynamical processes (Capet et al., 2008a, 2008b, 2008c;
Gula et al., 2014; Lapeyre & Klein, 2006; McWilliams et al., 2009; Mensa et al., 2013; Sasaki et al., 2014)
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and rapid primary productivity (Klein & Lapeyre, 2009; Lévy et al., 2012, 2018; Mahadevan, 2016; Perruche
et al., 2011; Smith et al., 2016). For example, the vertical transport of nutrients via frontogenesis-enhanced
upwelling can increase chlorophyll @« (CHL) concentrations near fronts (Klein & Lapeyre, 2009; Lévy et al., 2012;
Mahadevan, 2016; Perruche et al., 2011). Direct microstructure measurements have also shown that active
turbulent mixing near frontal structures increases the vertical transport of nutrients (Hales et al., 2009; Kaneko
et al., 2013). At the same time, CHL concentrations increase due to passive process (e.g., mesoscale stirring) that
existing biological features are accumulated by submesoscale currents (Lévy et al., 2018).

The Kuroshio is one of the main oceanic fronts and a western boundary current of the North Pacific subtropical
gyre, which is bordered by a shallow pycnocline inshore, between the Kuroshio and the south coast of Japan.
Despite being subtropical, the inshore region is characterized by relatively nutrient-rich water in the surface
layer (Komatsu & Hiroe, 2019). In addition, the evolution of the Kuroshio front induces local nutrient upwelling
(Kaneko et al., 2013; Kimura et al., 1997; Kimura et al., 2000) in common with other frontal regions, such
as the Gulf Stream (Hales et al., 2009; Yoder et al., 1981) and at the periphery of mesoscale eddies (Lévy
et al., 2001; Mahadevan et al., 2008). Several in-situ observations near the Kuroshio have shown that turbu-
lent mixing is caused by submesoscale phenomena such as frontogenesis, resulting in a secondary circulation
(Nagai et al., 2009), and symmetric instability (SI) (D’Asaro et al., 2011). The secondary circulation is a closed
circulation with upwelling (downwelling) on the less (more) dense side of evolving fronts. Moreover, internal
waves likely trapped in the Kuroshio front also enhance turbulent mixing near the jet (Kaneko et al., 2012; Nagai
et al., 2012). These processes on scales smaller than mesoscale supply nutrients to the euphotic layer (Kaneko
et al., 2013; Nagai & Clayton, 2017; Nagai et al., 2017; Nagai et al., 2019).

The nutrients supplied by these processes should support primary production and subsequent biological and
fishery production near the Kuroshio, which is the main spawning and nursery ground for commercial pelagic
fish (Sugisaki et al., 2010; Takasuka et al., 2008, 2014; Okazaki et al., 2019). In fact, a subsurface CHL maxi-
mum (SCM) usually appears in well-stratified seasons (i.e., summer and fall) near the Kuroshio (e.g., Takahashi
et al., 1985). The SCM is common in the subtropics (Saijo et al., 1969) due to depletion of surface nutrients,
and is typically observed near the base of the euphotic zone, which often coincides with the nitracline (Cullen
& Eppley, 1981) because of the upward flux of nutrients (Cullen, 2015). Variations in the distribution of the
nutrient supply will affect the degree to which the SCM develops. The importance of the SCM in biological
production varies seasonally; the SCM has a particularly large impact on primary production during summer and
fall (Goericke & Welschmeyer, 1998; Masuda et al., 2010; Richardson et al., 2000; Sharples et al., 2001; Weston
et al., 2005).

The CHL concentration of SCM (CHL,,) is likely to be heterogeneous and elevated episodically near the front,
because the nutrient supplies determine both the CHL, and its depth (Zy,,). However, there are few in-situ
observations of the SCM's distribution in relation to fronts. In addition, although the CHL,, has been predicted
using an optical model (Morel, 1988), few studies have estimated CHL,, using physical observations, such as
hydrographic sections and satellite sea surface height (SSH) maps despite the importance of the SCM in primary
production. In this study, an intensive summer survey was conducted near the Kuroshio to examine the condi-
tions under which CHL,, increased due to the mesoscale front and frontogenesis. The process of submesoscale
phenomena was diagnosed using a high-resolution ocean reanalysis data set. In addition, repeat seasonal surveys
across the Kuroshio and SSH data were analyzed to evaluate increases in CHL,, associated with the mesoscale
variation of the front both at the surface and in the interior. Our data clarify the role that fronts and frontogenesis
play in SCM distribution.

2. Materials and Methods

In this study, several different materials and methods were used for meso-to submesoscale phenomena. The
intensive survey data resolved mesoscale, and contained traces of smaller-scale phenomena. The seasonal repeat
surveys had similar features although their horizontal resolution was lower than that of the intensive survey.
The SSH data set also showed the mesoscale distribution patterns of water mass. These data were used for a
linear model analysis to examine the contribution of dynamical processes to the CHL distribution. In addition,
the output of a numerical experiment driven by the horizontal velocities calculated from SSH well described
submesoscale feature. The high-resolution ocean reanalysis data set was partially submesoscale-resolving, and
was used to examine the temporal evolution of the front.
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Figure 1. Locations of CTD stations (open circles) for (a, ¢) the intensive survey and (b, d) the observation along 138°E in
August-September 2017 as an example of the repeat survey. Colors denote (a, b) @ (107> s~!) and (c, d) Finite-size Lyapunov
exponent (day~') on 26 August 2019 and 24 August 2017, respectively. Thin and thick black lines denote satellite sea surface
height with a contour interval of 10 and 50 cm, respectively. Colored arrows in (a) and (b) denote the horizontal velocity

(m s~") at 70-m depth observed ADCP.

2.1. Intensive Survey

The intensive survey was conducted on 26 August 2019 (Ito et al., 2023a, 2023b), using the R/V Soyo-maru
along 31°50'N across the Kuroshio (Figure 1a). The Kuroshio had a large meander (Kawabe, 1985, 1995) in the
summer of 2017, and the western side of the meander crest was observed. Stations were set every 10 min in longi-
tude. At each station, temperature (7), salinity (S), dissolved oxygen (DO), and fluorescence were measured by
a conductivity—temperature—depth (CTD) profiler (Sea-Bird Scientific SBE 9plus) with a DO profiler (SBE43)
and a fluorometer (Seapoint Sensors Inc.) from the surface to 200-m depth. In addition, 7 and S in the lower layer
were obtained by an expendable CTD (XCTD; Tsurumi Seiki Co. Ltd., type 4) to a depth of 1,850 m, taken at the
same location as the CTD. All casts were completed in 12 hr. Potential temperature (), potential density (c,), and
buoyancy were calculated from 7 and S obtained by the CTD/XCTD. Buoyancy was derived as:

b= —gp/po, (1

where g is the gravitational acceleration and p is the density anomaly from the mean density p,. Northward and
eastward current velocities (1 and v, respectively) were measured continuously with a shipboard RDI 75-kHz
acoustic Doppler current profiler (ADCP) at depth intervals of 16 m. The data were calibrated for angle misalign-
ment using bottom tracking data (Joyce, 1989). The ship velocities were measured using the Global Positioning
System. Current velocity profiles were estimated at intervals of 5 min and an average for each CTD station was
taken from the seven profiles.

Discrete water samples were collected vertically using Niskin bottles mounted on the CTD with a carousel
multiple sampling system. Nutrient concentrations, nitrate plus nitrite, nitrite, phosphate, and silicate concen-
trations were measured on shore in a laboratory by colorimetric method using an autoanalyzer (QuAAtro39;
BL TEC) (Kodama et al., 2014). Hereafter, only nitrate concentrations are shown because nitrogen is the poten-
tial limiting nutrient for primary production in the Kuroshio and nitrate is the dominant nitrogenous species
(Kodama et al., 2014, 2015). We defined the 1-pM-nitrate isoconcentration as the nitracline and made this a
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Table 1 focus of the study (e.g., Cullen & Eppley, 1981). The CHL concentration
List of the Repeat Observation Cruise Dates in Summer and Fall was measured by analyzing 250 mL of seawater on shore fluorometrically
v (Welschmeyer, 1994) using a fluorometer (10AU Field and Laboratory Fluo-
ear Summer Fall ; o . . .
rometer; Turner Design) after extraction in N, N-dimethylformamide (Suzuki
2014 August 22nd—September 3rd October 23rd—November 4th

2015
2016
2017
2018

August 21st—September 2nd
August 24th—September Sth
August 22nd—September 1st

August 23rd—September 2nd

& Ishimaru, 1990). Here, we show the analyzed CHL concentration, rather
October 23rd-November 4th than the concentrations obtained from the mounted fluorometer.

October 26th—November 6th
November 7th—17th

November 8th—18th

The NO value was calculated from DO and nitrate data based on Broecker (1974):

NO = 9 x [Nitrate] + [DO]. 2)

The NO value is nearly conservative at subsurface layers without air-sea
oxygen exchange because the variation of nitrate during respiration and
photosynthesis is compensated by that of DO. We also estimated diffusive
upward nitrate flux (F) as:

F=—N.,

b 3)
where I', €, b., and N, are the mixing ratio, turbulent energy dissipation rate, and the vertical gradient of 5 and
nitrate, respectively; I'e /b; is the vertical diffusivity according to Osborn (1980). We assumed that I" and & was
0.2 (Osborn, 1980) and 1078 m? s~ (Kaneko et al., 2012; Kodama et al., 2014), respectively, although & has
considerable spatiotemporal variation.

2.2. Seasonal Repeat Surveys

The repeat seasonal surveys were carried out between 34°45’N and 28°N along 138°E (called the O-line) aboard
the R/V Soyo-maru (Figure 1b). The surveys were conducted five times a year from 2014 to 2018. We analyzed
the summer and fall cruise data (Table 1) because strong stratification and associated SCM only develops in these
seasons. The CTD stations and water sampling points were typically set at every 15-30 miles (Figure 1b). Hori-
zontal velocities were measured continuously using the ADCP. The data and water samples were processed using
the same methods as in the intensive survey data. In addition, a horizontal gradient of » along the meridional
observation line (b,) was calculated to identify the fronts. To estimate location and strength of the front, the
maximum value of absolute b, in a profile (b, ,,,) was determined as the largest maximum value of absolute b,
from three profiles: the profile itself and the two neighboring profiles. This was done to consider the horizontal
extent of the fronts and the dynamical processes associated with the fronts. The values of b, were calculated
at offshore stations where bathymetry was >1,000 m to eliminate the influence of coastal water on the density
gradient.

2.3. Satellite Observation

We used the absolute SSH data set produced and distributed by the Copernicus Marine and Environment Moni-
toring Service (https://marine.copernicus.eu/) provided on a 1/4° X 1/4° grid to detect the location of fronts, and
evolving fronts in particular. The lateral strain rate («) was used as a measure of the deformation of fronts includ-
ing frontogenesis. The rate is derived as:

a= U=V + i+ U] @)

where U and V are zonal and meridional velocities deduced from SSH as U = — (g/f,)h, and V = (g/f )., h and f,
are SSH and the Coriolis parameter, respectively, x and y are zonal and meridional coordinates (positive eastward
and northward), and subscripts denote derivatives. The value of a calculated from SSH was large near the Kuro-
shio and eddies and was estimated to be 1.6 X 10~ s~! in the observed area (Figures 1a and 1b). The value of «
in the observed area was consistent with the value reported for frontogenesis driven by mesoscale confluence in
numerical models (Thompson, 2000) and observations (Rudnick, 1996; Nagai et al., 2009); that is, the SSH field
suggested the evolution of the fronts in the observed area.

Finite-size Lyapunov exponent (FSLE) was used to identify regions where the surface stretching driven by
altimetry-detected mesoscale structure was strong. FSLE is a Lagrangian feature and the separation of a pair
of initially close particles forced by the satellite-observed flow field (d’Ovidio et al., 2004). The magnitude of
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the separation is defined as the largest eigenvalue (1) of FSLE, A(do,d,) = 7' log(d, /do), where d, and dis
the initial and final separation distance, respectively, and 7 the first time when the separation distance reached
d. We used the 1/25° X 1/25° grid delayed-time FSLE value-added product provided by AVISO (https://www.
aviso.altimetry.fr/es/data/products/value-added-products/fsle-finite-size-lyapunov-exponents.html). FSLE is
calculated backward in time (i.e., 4 has negative values) using d, = 0.02° (approximately 2 km) and d; = 0.6°
(approximately 66 km). Large negative values of 4 indicate regions of strong stretching. The relation between
FSLE and submesoscale fronts has been demonstrated in previous studies (e.g., Siegelman et al., 2020).

We used a data set of the Kuroshio axis provided by the Japan Coast Guard (https://www1.kaiho.mlit.go.jp) to
estimate the positions of the CTD stations relative to the Kuroshio since the inshore region of the Kuroshio is
characterized by relatively nutrient-rich water in the surface layer (Komatsu & Hiroe, 2019). The Kuroshio axis
is determined by synthetic analyses of satellite data alongside in-situ observations. The distance in degrees from
the Kuroshio axis at 138°E (D,) was calculated for each CTD station. Positive and negative values of Dy denote
the distance to the south and north, respectively.

2.4. Empirical Model Analyses

An empirical model (generalized linear model; hereafter GLM) analysis was performed to verify the signifi-
cant contribution of the temporal change in the fronts (a) to the CHL distribution. We set Zy,, as the objective
variable, and the following variables as the explanatory variables (Equation 5). D, is the distance from the
Kuroshio axis. The Kuroshio axis is one of the boundaries of the ocean conditions including the depth of SCM
(Kodama et al., 2014). The values of b, .

observations. The values of @ examined temporal change in the fronts including frontogenesis obtained from

was an indicator of the location and strength of the front from in-situ

satellite altimeter. The SSH was an index of the mesoscale structure. The error distribution of Zy,, is assumed
as the Gamma distribution, and the straight-linear-link function was used in the GLM. The full model is as
follows:

Zsom = glm(SSH + by, + a + Dk + ), ®)

Ymax
where /3 is the intercept. The variance inflation factor of the explanatory was smaller than 3.4, and the explana-
tory variables were selected by Akaike information criterion (AIC). The fitting of the model were evaluated with
deviance explained (DE; 100 X (1 — residual deviance/null deviance)). The explained proportion of the remained
parameters after AIC selection was evaluated with the difference of DE from the least-AIC model and those in
which the target explanatory variable was removed (ADE).

The other GLM which used the depth of the nitracline (Zy,) instead of SSH was performed to verify the signif-
icant contribution of (a) in the relationship between Z.,, and Z,. The relationship between Zy.,, and Z, was
expected to correlate strongly. However, when the other parameters’ contribution was significant, nitrate supply
from the lower layer would be strong. The full model is as follows:

Zscm = glm(ZNl +b +a+ Dk + p). (6)

Ymax

The other manners were same as those of Equation 5.

2.5. Reanalysis Data Set

We used the MOVE/MRI. COM-JPN data set for the period of the intensive survey (26 August 2019) derived
from the Japanese Coastal Ocean Monitoring and Forecasting System (Hirose et al., 2019, 2020) developed
by the Meteorological Research Institute (MRI). The surface boundary conditions were given by the 3-hourly
JRAS55-do data set (Tsujino et al., 2018). The output used in this study has a resolution of 1/33° zonally and 1/50°
meridionally (about 2 km). Details of the assimilative simulation were described by Hirose et al. (2019).

The surface lateral strain rate was calculated using Equation 4 from SSH in the reanalysis data set. The geostrophic
velocities were derived by subtracting the SSH at approximately 15 km intervals. In addition, the lateral strain rate
in the ocean interior was calculated by replacing U and V in Equation 4 with the data set of # and v. To examine
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the evolution of the horizontal velocity field and frontogenesis, we calculated the time evolution of the horizontal
buoyancy gradient as follows (Hoskins, 1982):

_uxbx - Uxb Ql
Dy = =Q, 7

Dt —uybs — b, 0>

where b is considered to be forced by a horizontal two-dimensional, nondivergent flow. The components of
Q-vector Q, and Q, contribute to the temporal evolution of the frontal structure in the zonal and the meridional
direction, respectively. The frontal tendency was evaluated by the change of the amplitude of the buoyancy gradi-
ent (7} defined in Hoskins (1982) as:

Tr = Vbl ®)

1D
2 Dt
The positive and negative values of T}, indicate the evolution and decay (frontolysis) of the fronts, respectively.
The condition for SI is diagnosed by values of Ertel’s potential vorticity (PV < 0) (Hoskins, 1974; Thomas
et al., 2013, 2016). We calculated a modified form of the parameter that evaluates the condition for SI given in
Itoh et al. (2022) as follows:

-1
= (1 + —”x;”y) Ri™, ©)

where Ri = b./(u,> + v.%) is the Richardson number. The condition for SI (PV < 0) corresponds to g=! > 1.

3. Results
3.1. Intensive Survey

Warm (0 > 18°C) and saline (S > 34.8) subtropical water was observed at depths of 100-250 m (23.0-25.26,) in
the western half of the section (Figures 2a and 2b). On the eastern side, warm water in the 23.0-25.20, layer was
thin and fresh compared with that in the west, and the surface water was fresher (S < 34). These adjacent water
masses form a clear front extending from 50 to 600 m, as seen from density gradients in the western half of the
section (Figures 2a and 2b). At the front, a strong southeastward flow (>1.3 m s~!) was observed near the surface
to the west of 137°40’E (Figures 2c and 2d). This southeastward jet and the northwestward flow east of 138°20'E
form a cyclonic feature corresponding to the crest of a large meander in the Kuroshio. The southeastward jet at
a depth of 70 m was zonally confluent around 137°50’E (arrows in Figure 1a), which supports the interpretation
that the front was in the process of frontogenesis.

The nitrate was depleted above the nitracline defined as the 1-uM-nitrate isoconcentration regardless of the distance
from the Kuroshio front (Figure 2¢). The nitracline was approximately consistent with the maxima of N, especially
east of the front (Figures 2e and 2f). In the west of the front, the values of N_ were not large with the horizontal
slope of the nitracline. The distribution of nitrate follows the potential density distribution in the east of the front
(Figures 2e and 2f); the nitracline was along the 24.8¢, isopycnal (around a depth of 100 m). The apparent oxygen
utilization (AOU) was low above the nitracline at 40-80 m (Figures 2e—2g), and the CHL concentration was large
below the low-AOU water following the nitracline (Figures 2e—2h), suggesting the increase of DO through photo-
synthesis. In contrast, in the frontal region around 137°50°E, nitrate isolines were convex upward across isopycnals
with a horizontal scale of <30 km (Figures 2e and 2f). The AOU was high (~70 pmol L") in this water (Figure 2g)
probably because of the upwelling from greater depths. A particularly high CHL, (~0.5 pg L™") was observed
immediately above the convex nitracline at depths of 40-70 m (Figure 2h). The high CHL,, was located in the
large-a area (Figure 1a) and near but not just below the large-FSLE (Figure 1c). The nitrate and CHL distribution
indicate the shoaling of the nitracline and an increase in CHLg,, near the Kuroshio front (<138°E).

The nitracline east of 138°E was clearly distinguishable following a potential density of 24.85,, above which
nitrate was depleted (Figure 3a). This low-nitrate water was a correspondingly low AOU (Figure 3b). The NO
value (Figure 3c¢) in this region was high (>200 pmol L) due to the low AOU (i.e., high DO concentrations). In
contrast, immediately west of 138°E, NO values of 200 pmol L~! were found in the 24.00,, layer corresponding to
the high-nitrate and low-AOU water, which had a convex upward shape, and in the deeper layer outside the front
(Figures 3a—3c). The high CHL,, followed the nitrate shape (Figure 3d). To the west of 138°E, the high NO
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Figure 2. Sections of (a) 8 (°C), (b) S, (¢) u (ms™"), (d) v (m s7"), (e) nitrate (umol L"), (f) N, (umol L' m™"), (g) AOU
(pmol LY, and (h) CHL (pg L) along 31°50°N on 26 August 2019. Black diamonds at the top of the panel indicate the
locations of CTD stations. Black lines denote o, with a contour interval of 0.2 kg m=3 from 23 to 27 kg m=.

value was caused by high nitrate rather than low AOU (Figures 3a—3c). Considering that NO values are conserved
without air—sea oxygen exchange, high-NO water must be supplied from greater depths to the shallower layer
near the front.

The diapycnal supply of high-NO water suggested strong turbulent vertical mixing and resulting nitrate flux. We
calculated F for the convex upward nitracline (137°50’E at a depth of 90 m) using Equation 3. The estimated
value was 1.1 X 10~® mmol N m~2 s~!, which is of an order of magnitude larger than that calculated at the same
depth outside the Kuroshio front and of the same order at the nitracline east of 138°E, where N, was large due
to the mesoscale cyclonic feature. The large nitrate flux near the front was suggested although the turbulence
intensity has a large spatiotemporal variation.

3.2. Reanalysis Data Set

The reanalysis data set showed water mass and velocity distribution consistent with the intensive observations. A
map of surface a had a higher resolution than that obtained by satellite altimeter, but a similar distribution relative
to the Kuroshio front (Figures 1a and 4a). West of 138°E, satellite-based (Figure 1a), reanalysis surface (Figure 4a)
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and 100-m depth (Figure 4c) a showed large values inside the Kuroshio front
(approximately along 110-120 and 40 cm contours, respectively). East of
139°E, these were large along the inside (110-120 and 40 cm) and outside
(140-150 cm and 90-100 cm) of the Kuroshio front. In the bended region
between 138 and 139°E, these values were large over a wide area from the
inside to the outside the Kuroshio front. These similarity suggest the valid-
ity of the identification of the interior strain field using SSH. The temper-
ature distribution at a depth of 100 m clearly showed the contrast between

the Kuroshio and the inshore region (Figure 4b). The Kuroshio front, which

137.5 138.0 138.5
Longitude (°E)

<

0 50 100
AOU (umol L)

consisted of warm and saline subtropical water and cold and fresh inshore
water and generated a strong southeastward flow, was also consistent with
that found in the intensive survey (Figures 2a—2d and Figures 5a-5d).

Since the Kuroshio front was roughly along meridians, there was a strong
negative b, and relatively weak negative b, in the observed area (Figures 4d,
4e, and 5e, 5f). Focusing on the evolution of the zonal gradient, b, increases
due to the convergent flow in the cross-front direction (u, < 0) and the tilting
of b, by the shear flow (v,), as seen from Q, in Equation 7. The values of u,
and v were negative and positive in the observed frontal area, respectively
(Figures 4f, 4g, and 5g, 5h); that is, they acted to increase and decrease the
negative b, because the stretching (—u.by;u, < 0,bx < 0) and tilting term
(—=vxby; vx > 0,by < 0) was negative and positive, respectively. The net
T forcing, Q,, contributed to the increase of negative zonal buoyancy gradient

A 71—/7 = ‘ -

(Q, < 0; Figures 4h and 5i). The region where the negative b, grew due to

138.0 138.5
Longitude (°E)

p gy mmmm— g

0.0 0.2 0.4 0.6
CHL (ug L")

the deformation flow (Figures 4h and 5i) largely detected by a (Figures 4c

T
137.5 and 5j).

While the negative b, slightly decreased (Q, > 0; Figure 4i), the frontal
tendency (7T,) was positive in the observed frontal area (Figures 4j and 5k)
because of the large increase of negative b, (Q, < 0; Figure 4h). The positive
T, supports the interpretation that the Kuroshio front was in the process of
frontogenesis during the intensive survey. In contrast, negative values of T,
were found in downstream of the observed area, indicating a weakening of
the front. The distribution of these large negative and positive T} values was
similar to that of large a values (Figures la, 4c, and 4;j), and were located
along the large FSLE values near the Kuroshio front with horizontal extent
(Figure 1c).

The parameter ¢! indicated a modest contribution of SI. In the frontal region, specifically in the vicinity of
137°50'E at a depth of 100, an enhancement of g~! > 0.1 was found. This location corresponded to the area where
values of N, (Figure 2f) and NO (Figure 3c) were locally increased. Additionally, the core of large =" was west
of observed area in the lower layer centered at 137°20'E at a depth of 300 m (Figure 51). The values of ¢! were
about 0.3 at most and did not reach 1 in the core.

3.3. Repeat Surveys

The intensive survey around the Kuroshio showed shoaling of the nitracline accompanying an increase in the
CHL.,,. Similar structures are likely to be identified in repeat hydrographic surveys because the surveys have
repeatedly traversed the front. We inspected sections of all 10 repeat surveys to confirm whether the large
CHLg.,, and shallow Zg.,, near the front was captured. Here, we show the sections from August 2017 as a
characteristic example of the distribution of physical and biological data from the surveys (Figure 6). In this
period, the Kuroshio flowed around 31°45’N at the 138°E associated with the large meander (Figure 1b), and an
anticyclonic eddy pinched off from the Kuroshio in the inshore region, with its center at 33°45’N, 137°30’E. The
eddy appears as zonally elongated SSH contours from the northward flow at the eastern side of the large meander
around 139°E (Figure 1b). The values of a along 138°E were large (>1.6 X 10~° s71) around 32° and 33°N along
138°E corresponding to the Kuroshio and the southern periphery of the anticyclonic mesoscale eddy, respectively
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Magenta line denotes the observed area in the intensive survey.

(Figure 1b). In addition, submesoscale structures were identified as large FSLE values along the Kuroshio front
and the periphery of the anticyclonic mesoscale eddy (Figure 1d).

The 138°E section crossed the Kuroshio front around 31°45’N, where isopycnal slopes were steep, and the
anticyclonic mesoscale eddy between 33°15" and 34°15’'N, which showed a typical bowl-shaped structure.
Saline (S > 34.8) subtropical water was found in the 23.0-25.2¢, layer south of the Kuroshio front and in the
interior of the eddy inshore (Figure 6a). Between the Kuroshio and the southern periphery of the anticyclonic
mesoscale eddy (between 31°45" and 33°15’N), isopycnals were convex upward, and the water mass in the
23.0-25.20, layer was fresh and thin, corresponding to typical inshore water (Kodama et al., 2014; Komatsu
& Hiroe, 2019). In addition, especially fresh (S < 34) surface water typical of inshore water during summer
was identified. The southern and northern fronts at the periphery of the eddy (around 33°15’ and 34°15'N,
respectively) and the Kuroshio front (around 31°45’N) were identified as large positive and negative b, values
at depths of 100-500 m, with a maximum near 300 m (Figure 6b). In contrast, the surface layer (above“a depth
of 100 m) had large b, values with the opposite sign to that of the lower layer due to fresh surface water from
inshore.
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The high-nitrate water was convex upward inshore north of 34°15°N (Figure 6c), and the nitracline was largely
along 24.00,. In contrast, near the Kuroshio front and in the southern peripheries of the anticyclonic eddy, the
nitracline occurred at shallow depths across the isopycnals around 32° and 33°15'N, respectively (Figure 6c).
This locally shallow high-nitrate water was accompanied by large CHL,, with shallow Zg.,,; that is, CHL,
values were larger than 0.8 pg L~! around a depth of 50 m (Figure 6d). Similar to the intensive survey, the high
CHL.,, was in the large-a area (Figure 1b) and near but not just below the high FSLE (Figure 1d). Regarding the
surface front related to the fresh water (Figure 6b), the contribution to upward nutrient transport was considered
to be much smaller than that of mesoscale front in deeper layer because the nutrient in the surface layer is depleted
during summer and fall.

General trends in the physical and biological data from all 10 surveys were examined to investigate how frequently
CHL., increased near the fronts (Figure 7). As the maximum value of by related to the mesoscale front was
usually located near a depth of 300 m (Figure 6b), we identified the positions of fronts by large positive and nega-
tive b, at a depth of 300 m (Figure 7a). All sections captured the Kuroshio front as a large negative b, that moved
south over time (Figure 7a), associated with the transition of the Kuroshio into the large meander period from
August 2017 (Kawabe, 1985, 1995). In addition, the section in August 2017 captured the fronts at the northern
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and southern peripheries of the anticyclonic mesoscale eddy as described above, and the section in November
2017 recorded the front associated with another warm water mass that flowed into the inshore region (not shown)
as a positive b, close to the coast at 34°N (Figure 7a). Thus, the repeat survey traversed the Kuroshio front 10
times and the front at the periphery of the warm water mass 3 times.
We now assume that the dynamical processes that lead to the shoaling of the nitracline near the fronts, such as
frontogenesis and the resulting mixing, occur frequently. This assumption is reasonable in this region where there
are active frontal and eddy fluctuations that interact. Large, shallow CHL,, values are expected in association
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Figure 7. Temporal changes in the distribution and value of (a) b, at a depth of 300 m (1077 s72), (b) CHLg(y, (pg L7, (¢) ACHLg(y, (pg L7, (d) Zgey, (m), and (e)
AZy (m). Dark squares denote fronts detected by b, at a depth of 300 m.

with frontal structures. On the scale of crossing the Kuroshio (30-34°N), the values of CHL,, were large, and
those of Zy.\, were shallow in the inshore water (Figures 7b and 7d). Focusing on the frontal region, their large
and shallow horizontal extrema were usually recognized (Figures 7b and 7d). To identify the variation of the
CHL., and Z, near the front, horizontal gradients of CHL, and Z,, were calculated (Figures 7c and 7e).
Large positive values of the meridional gradient in CHLy.\; (ACHL,,) were found associated with the fronts,
with accompanying negative values immediately north of them (Figure 7¢); that is, CHLg,, locally increased
near the front. At the same time, the meridional gradient of Zy.\; (AZy,,; positive values denote a shallow Zy,
toward the north) was mostly positive when ACHL, was positive (Figures 7c and 7e). The positive values of
AZg, near the front were often between negative values (Figure 7e); Zy, tended to be deep both north and south
of the area where CHL,, increased. As a result, 11 out of 13 (85%) fronts (with the exception of two unclear
fronts near the coast that were associated with a warm water mass in August and November 2017) were accompa-
nied by an increase in CHLg, and a shallow Z.,,. Stations where large absolute b, values were calculated were
close to those where large CHL ., values were observed at shallow depths. A

3.4. Empirical Model Analyses

The relationships between the frontal structure, the shoaling of the nitracline, and the increase in CHLgy,
were examined using 174 profiles obtained from the repeat surveys. There was a positive correlation between
Zy, and Zgy, (t-value = 18.2, p-value <0.001) from each profile (Figure 8a). As anticipated, the shallower the
nitracline, the shallower is Zg.,,. The values of CHL,, were negatively correlated with Z, (z-value = —12.7,
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Table 2 p-value <0.001; Figure 8b). Moreover, Zy,, had a negative correlation with
The Results of GLMs CHLg,, (#-value = —9.3, p-value <0.001; Figure 8c); the shallower Zg.\,
Coefficient + SE r-value pvalue ADE is, the larger CHL.,, is. These relationships reflect not only tl}e phenom-
ena near the front but also the mesoscale structures such as difference of
@) Zsey ~ gm(SSH + b, 1 + @+ f) nitracline depth along the isopycnals between the inshore and offshore
p 21.67 £3.89 5588 1.04x 1077 of the Kuroshio. The relationship between Dy and CHLg,, showed such
b, ax X 10° —7.42 +1.32 -5.62 8.90 x 108 7% regional features; CHL,, is small (large) south (north) of the Kuroshio axis
a x 106 379 +2.17 175 0.0822 1% (t-value = —8.2, p-value <0.001; Figure 8d). The rough CHL distribution
SSH 0.399 4 0.030 13.154 <2x10-6 399 around the‘ Kuroshio c.an be estl.mated wl.len th.e K.uro.shlc? axis is dedl.lced
7 o b from satellite observations even if the nutrient distribution in the ocean inte-
() Zsc ~ IMZyy + by s + @ + Dy + ) rior is unknown.
p 25.8+3.5 73 1.53 x 10~
by e X 10° 246 + 1.40 —1.755 0.0812 0% We estimated location and strength of the front as b, ... The extrema of b,
ax 106 _438 4 1.60 —2.749 0.0067 1% Tlear the surface related to the fresh water from inshore (Figure 6b) was elim-
inated to focus on mesoscale frontal structure. The b, . depths were usually
Dy 1.85 +0.98 1.894 0.0601 1% .oy .
shallower than 400 m. It can be shown that Z, is negatively correlated with
Zy 0.533 + 0.042 12.576 <2 x 10710 25% b

value = —6.4, p-value <0.001), and CHL,, (t-value = 4.8, p-value

y max (-

Note. Coefficient with standard error (SE) of remained parameter, ¢ value, ~ <0.001) positively (Figures 8¢ and 8f). These relationships were different
p-value and ADE (a) The results of the least-AIC GLM including SSH (cf. from those between the distance from the Kuroshio axis (i.e., IDgl) and

Equation 5). and (b) those of the least-AIC GLM including Z, (Equation 6).

CHLg,, (not shown, but can be deduced from Figure 8d). The relationship
with b .. shows not just the regional features that CHL, is small (large)

south (north) of the Kuroshio but the influence of the strength of the fronts
on the distribution of nitrate and CHL ;.

The distribution of surface frontogenesis is broadly estimated as @ and FSLE from SSH (Figure 1). When dynam-
ical surface features obtained from satellite observation are linked with physical data in the ocean interior, the
satellite information may enable SCM distribution in the subsurface layer to be estimated. While the FSLE
detected sharp submesoscale structure (Figure 1d), it does not strictly correspond to the subsurface frontal struc-
ture and SCM as mentioned above. Although the spatial resolution was lower, we examined the relationship
between the deformation field identified by @ and SCM by considering the lateral extent of SCM. First, we
examined the relationship between b, . and « to link the surface and interior structure. The value of & at the

(t-value = 5.8, p-value <0.001; Figure 8g)

nearest grid point to the profile was i)ositively correlated with b
despite the difference in spatiotemporal resolution between in-situ and satellite observations. Although the defor-

y max

mation flow detected by a can cause both frontogenesis and frontolysis, the strong deformation tends to occur
in association with strong fronts detected by b, .. Therefore, the value of  at the surface can be related to the
SCM distribution similar to the b, ... The value of @ was negatively correlated to Zy, (-value = —4.6, p-value
<0.001; Figure 8h) and Z,, (t-value = —4.3, p-value <0.001; Figure 8i). At a fixed a, Z, is estimated realisti-
cally to be deeper than Zg.,,. The value of a was also positively related to CHL,, (t-value = 3.9, p-value <0.001;

Figure 8j), as follows:

CHLscw = 0.21 X 10° x a + 0.35, 72 = 0.16. (10)

These relationships suggest that CHL,, is large and Zg,, is shallow near the evolving fronts that have been
identified by the SSH data albeit with a small coefficient of determination.

The least-AIC GLM using SSH as the explanatory variable (Equation 5) was not include Dy (Table 2a), and
that using Zy, was the full model (i.e., Equation 6; Table 2b). The DE values of the models were >62.8%. The
detailed results of GLMs were summarized in Table 2. The coefficient values of b . was significantly negative

in the GLM using SSH, indicating Z.,, decrease with increasing b The coefficient of @ was not significant

y max*

in this GLM, but remained in the optimal model and explained approximately 1% of Zy,, variations. When using
Zy, instead of SSH, the coefficient of @ was significantly negative. An increase in a has the effect of making the
estimate of Zy,, shallower. The prediction of SCM distribution in the ocean interior could be improved by adding
a dynamic indicator of temporal change in the fronts from satellite data in addition to the quantities captured in
snapshots such as ship observations, although there are issues of spatial resolution and non-geostrophic flow
components.
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Figure 9. Schematic of the nutrient supply and increase of CHL,, caused by evolution of the fronts driven by mesoscale deformation flow. Black and purple lines
denote isopycnals and a nitracline, respectively. Gray, blue, and yellow arrows show background flow causing convergence, secondary circulation associated with
frontogenesis, and mixing caused by such as turbulence and SI. Orange and green circles indicate areas of large deformation and CHL.;. Green and purple colors

show background CHL and nutrients.

4. Discussion
4.1. Processes Causing Nutrient Supply

The surface strain, FSLE, and the convergence of the interior velocity in the cross-front direction (Figures 1a, Ic,
and 2c, 2d) and the growth of horizontal buoyancy gradient in the reanalysis data set (Figures 4 and 5) suggests
that frontogenesis occurred during the intensive survey; that is, frontogenesis and the resulting secondary circu-
lation were expected to cause the shoaling of the nitracline. The shoaling of the nitracline on the less dense side
of the evolving front was consistent with the direction of the secondary circulation during frontogenesis (e.g.,
Hoskins, 1982; McWilliams et al., 2009; Thomas et al., 2008). In contrast to the downward transport of a water
mass on the dense side of an evolving fronts, as reported near the Gulf Stream (Thomas & Joyce, 2010) and at
the periphery of the mesoscale eddy north of the Kuroshio Extension (Ito et al., 2021), the high-resolution obser-
vations in this study have probably captured the upward transport of a water mass associated with frontogenesis.

The vertical water mass transport during frontogenesis that was reported by previous studies was largely along
isopycnals (Ito et al., 2021; Thomas & Joyce, 2010). In contrast, the present results show a diapycnal nutrient
supply in addition to one along isopycnals. High-NO water was supplied to the shallower layer near the front
(Figure 3c). The water mass characteristics suggested that this high-NO water was not advected horizontally from
inside the Kuroshio front, but was supplied vertically from the layer below. Therefore, turbulent mixing triggered
by such as frontogenesis and the resulting secondary circulation and their interaction with internal waves (Kaneko
etal., 2012; Nagai et al., 2009; Nagai et al., 2012) might have had a strong effect on the vertical transport of nutri-
ents (Kaneko et al., 2013; Nagai & Clayton, 2017; Nagai et al., 2017; Nagai et al., 2019). In addition, reanalysis
data set showed that g~! was reasonably large (~0.3) near the Kuroshio front, implying the contribution of SL
The value of F was estimated to be 1.1 X 107® mmol N m~2 s~!, using Equation 3. This is one order of magnitude
larger than that at the same depth outside the Kuroshio front, and of the same order of magnitude as that reported
near the Kuroshio front (Kaneko et al., 2013). This approach suggests that the turbulent mixing contributes to
the shoaling of the nitracline near the evolving fronts. Again, the turbulence intensity has large spatiotemporal
variation although that was not considered in this analysis.
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The nutrient supply and increase of CHLg,, caused by evolution of the
fronts are illustrated in Figure 9. Mesoscale background flow generates the
34N convergence in the cross-front direction and the deformation (extracted as
large  in this study) near the fronts (large b, ), resulting in the evolution
of the fronts (frontogenesis). The secondary circulation associated with the
frontogenesis causes upwelling (downwelling) on the less (more) dense side
32N of the front. The upwelling flow and associated mixing triggered by such

as turbulence and SI lead to shoaling of the nitracline. The shallow nitracline
causes shallow Zg.,, and large CHLg,,. A more thorough understanding of
the dynamical processes involved in the vertical transport of nutrients and the
distribution of SCM near fronts requires further observations and modeling,

T T T including both a comprehensive broad-scale view of the area and details of

136°E 138°E 140°E the small-scale structures near the front.
- — o o
04 05 06 07 4.2. Estimation of Broad SCM Distribution
CHLgem (ng L) This study demonstrates that frontal structures and frontogenesis are related
to the shoaling of the nitracline and an increase in the CHL,,,. More gener-
Figure 10. Distribution of CHLg, (1g L™") estimated from & on 26 August ally, the contribution of various frontal structures to the SCM distribution can

2019. Open circles indicate the CTD stations. Black lines denote satellite sea
surface height with a contour interval of 50 cm. White lines show the locations

where Zg = 50 m.

be deduced by analyzing observation data. Assuming that the physical and
biological feature outlined in Section 3.4 are common throughout the study
area, the distribution of the SCM is estimated from the surface « (Figure 10)
using the relationship between biological properties and physical structure
observed in this study (Figure 8), albeit with some inherent uncertainties and small explanatory power of the
single regression model (r> < 0.2). In the strong deformation (large a) near the front, both frontogenesis and
frontolysis as seen in reanalysis data set (Figures 4a and 4j) and resulting secondary circulation and turbulent
mixing are expected to lead to nutrient upwelling. Note that frontolysis also causes closed circulation opposite
direction to frontogenesis (Hoskins, 1982). This vertical transport causes a shallow Zg.,, and large CHL,;.
These processes are reflected in the relationship shown in Figure 8i, and the relationship enables us to evaluate
Zgy from the surface a (the white line in Figure 10). As an example, we compared estimated values of Zg.,, and
CHL.,, with the observations from the intensive survey. Zg.,, on the western side of the front at 137°50'E was
50 m (Figure 2h), which nearly matches the estimated value of 46 m (Figure 10). However, this approach predicted
a shallow Zy.,, over a wider area (Figure 10) than is observed (Figure 2h). In addition, using the relationship with
CHL., (Figure 8j), the values of CHL,, were also estimated from surface a (color in Figure 10). Although the
estimate of CHL ., was again for a wider area than was observed, the value was 0.6 pg L=! (Figure 10), which
was similar to the observed value of 0.5 pg L~!(Figure 2h). The GLM analyses also showed the significance of
a to estimate the distribution of CHLg,,. In addition to accumulating in-situ data, further analyses for ocean
conditions on multiple spatiotemporal scales are needed for a more detailed understanding of the contribution of
such conditions on biological processes.

In frontal regions with large horizontal advection, shallowing of the nitracline caused by the upwelling flow and
the rapid biological response do not occur at a fixed point, but are in motion. Since this Lagrangian perspective
also applies to existing biological features, the observed increase in CHL concentrations should include the effect
of the passive process (Lévy et al., 2018). Meanwhile, the high CHLg,, was located near but not just below the
large-FSLE regions (Figures 1c and 1d) probably because the submesoscale structure calculated at the surface
had a spatial gap with mesoscale front in the ocean interior. The submesoscale-resolved deformation flow calcu-
lated at the surface seems to have a spatial gap with that in the ocean interior in the reanalysis data set (Figure 5j).
Using o obtained from SSH, it is possible to quantify the increase in CHL,, over a wider area including both the
region where frontogenesis occurs and further downstream region considering the spatial extent of the physical
and biological processes. The estimates of Z,, and CHL,, were generally reasonable, but the area of shallow
Zgy and large CHL,, values was overestimated compared with the in-situ observations (Figures 2g and 9). The
overestimate is likely to be because of the resolution of the satellite altimeter, other processes that contribute to
the variability in CHL, as well as the small explanatory power of the single regression model. A more detailed
and accurate SCM distribution and biological productivity requires a relationship between higher-resolution data
such as FSLE and physical and biological structure in the ocean interior.
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4.3. Interannual Variation and Seasonality

Since the repeat survey revealed the effect of the fronts on the SCM distribution in the periods with and with-
out the large meander of the Kuroshio, the affected area differs depending on the location of the Kuroshio
(Figure 7). The Kuroshio moves off the south coast of Japan around 138°E during the Kuroshio large meander
period (Figure 1a), whereas it flows along the coast during the nearshore period when there is no large mean-
der (Kawabe, 1985, 1995). Especially during the unstable period of the Kuroshio, disturbances of the Kuro-
shio jet generate mesoscale eddies north and south of the Kuroshio front (Figure 1). Therefore, such mesoscale
disturbances also affect the SCM distribution because of the accompanying frontal structure and the strain field
(Figures 1 and 6), suggesting an impact of the stability of the Kuroshio.

In this study, we focused on physical and biological conditions during summer and fall, when the variability in
the mixed layer has a lower impact on nutrient supplies than in winter and spring (Limsakul et al., 2001, 2002).
However, although the front’s impact on nutrient supplies is roughly an order of magnitude smaller than that
from the development of the winter mixed layer in the subtropical gyre (Williams and McLaren, 2000), fronts
can affect the biological distribution in winter and spring. In fact, a visual inspection of all the survey data (not
shown) identified increases in CHL at the surface, likely because of the existence of fronts. Dedicated observa-
tions near the fronts are needed over every season to quantify the contribution from each process to the nutrient
supply into the euphotic layer.

5. Summary

In this study, we described the contribution that fronts and frontogenesis make to the shoaling of the nitracline
and SCM distribution using an intensive survey, seasonal repeat surveys, and satellite observations, alongside
high-resolution reanalysis data set. The intensive survey used both biological and physical parameters to show
that the shoaling of high nitrate (large NO value) water and a large CHL,, was near the evolving Kuroshio front.
The high-resolution data set supported the interpretation that the Kuroshio front was in the process of frontogene-
sis during the intensive survey. The repeat surveys along 138°E in summer and fall also identified the relationship
between the fronts, the shoaling of the nitracline, and the increase in CHL,,. Values of Zg.,, were shallow and
those of CHL,, were large when strong fronts existed. The lateral strain rate obtained from the satellite SSH
(i.e., ) was also related to the CHL,;; that is, the larger the value of «a, the shallower Zg,, and larger CHL .,
are. The GLMs demonstrated that it is statistically valid to use the satellite-derived geostrophic velocity field to
estimate the SCM distribution.

The upwelling of nitrate along isopycnals appears to be caused by frontogenesis and resulting secondary circu-
lation, judging from the convergent flow in the cross-front direction, the satellite-derived strain and FSLE, and
evidence of frontogenesis from reanalysis data set. In addition, vertical diffusion contributed to the diapycnal
nutrient supply. It is reasonable to assume that frontogenesis and the resulting mixing processes occur frequently
in this region, which further emphasizes the relationship between fronts and SCM distribution. Our surveys and
analysis suggest that fronts and frontogenesis have an impact on SCM distribution, and that physical data can
be used to estimate the distribution in the ocean interior. This study also shows that further work is needed to
elucidate the relationship between fronts, SCM distribution, and biological productivity in different regions and
seasons. Continuous high-resolution in-situ and satellite observations as well as modeling are required to further
reveal the detailed physical and biological processes occurring near fronts.

Data Availability Statement

All physical and part of biological data obtained from surveys in this study are available from Mendeley Data
(https://doi.org/10.17632/fnhny2sd5b.1). The remaining biological data (obtained in 2018 and 2019) is restricted
by the regulations of Fisheries Resources Institute for five years after obtaining the data from the surveys. This
is available in (https://doi.org/10.17632/7byj7cxctk.1) with the approval of the institute, and is not accessible to
the public or research community until September 2024. To obtain data access approval from the institute, please
contact the corresponding author.
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