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Abstract Although previous studies have found that restratification caused by mixed layer eddies induces
early spring blooms near fronts under the nutrient‐replete conditions of the subarctic ocean, the genesis of the
spring bloom in nutrient‐depleted subtropical regions has been unclear. To investigate the biogeochemical
responses to changes of ocean dynamics during the spring transition season in the oligotrophic subtropical gyre
of the western North Pacific from January to April of 2018, we used two Biogeochemical Argo floats equipped
with oxygen, fluorescence (to estimate chlorophyll concentrations), backscatter (to estimate the concentration of
particulate organic carbon [POC]), and nitrate and nitrite sensors to collect daily vertical profiles of the water
column from a depth of 2,000 m to the sea surface. During February and March, as the mixed layer gradually
deepened, there were slight increases of the concentrations of chlorophyll and POC after temporary
restratification. At the end of March, the depth of the mixed layer reached a maximum, and the water column
rapidly stratified. Chlorophyll concentrations increased significantly in the surface water, and low‐salinity water
with high concentrations of nutrients and low concentrations of oxygen and POC apparently entered the
subsurface layer from greater depths. We hypothesize that this vertical structure was created by ageostrophic
secondary circulation in frontal areas that enhanced the upward transport of nutrients into the euphotic zone and
resulted in rapid phytoplankton growth in the surface layer as the light environment improved.

Plain Language Summary In subtropical areas where nutrient concentrations are low in surface
waters, the supply of nutrients from deeper water by deep winter mixing has been thought to cause spring
phytoplankton blooms after warming causes the water column to restratify. However, the relationship between
restratification and phytoplankton blooms is still under debate because the relevant phenomena have been
difficult to observe. In this study, two autonomous profiling floats with temperature, salinity, and pressure
sensors as well as dissolved oxygen, nitrate and nitrite, chlorophyll, and backscatter sensors were deployed in
the subtropical region of the western North Pacific from January to April 2018. The results revealed
restratification and high chlorophyll concentrations in the surface layer (0–20 m) within a few days after the
depth of the mixed layer reached a maximum in late March. Water with high nutrient concentrations and low
oxygen concentrations was transported into the subsurface layer (20–100 m) from greater depths. These
phenomena were hypothesized to have been caused by a mechanism called secondary circulation and resulted in
higher primary production than would be associated with the traditional formation of a deep mixed layer in the
winter followed by restratification during the spring.

1. Introduction
The North Pacific Subtropical Gyre (NPSG) is a convergence zone considered to have low biological productivity
because the nutrient concentrations and phytoplankton biomass in the euphotic zone are lower than highly
productive ocean regions (Chavez et al., 2011; Irwin & Oliver, 2009). However, phytoplankton concentrations
increase when nutrients at depth are entrained into the surface sunlit area during deepening of the mixed layer by
winter cooling and strong winds (Siegel et al., 2002; Siswanto et al., 2015). Initiation of this “spring bloom” has
been examined in many studies. The critical depth hypothesis (Sverdrup, 1953) argues that nutrients are supplied
to the euphotic zone as the mixed layer deepens, and subsequent warming causes shoaling of the mixed layer and
improved light conditions that stimulate phytoplankton growth, which can exceed respiration in the mixed layer
once a critical mixed layer depth is reached. However, discrepancies of the timing of mixed layer shoaling and
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increases of chlorophyll concentrations, an indicator of phytoplankton growth, have been reported (Chis-
well, 2011). Taylor and Ferrari (2011) have argued that phytoplankton blooms can occur during winter, despite a
deep mixed layer, if the turbulence is sufficiently weak that phytoplankton can accumulate in the upper, sunlit
portion of the water column (the critical turbulence hypothesis). Behrenfeld (2010) has argued that dilution of the
predation pressure of zooplankton on phytoplankton by mixing can initiate a bloom even if mixing is deep (the
dilution‐recoupling hypothesis). Although various hypotheses about phytoplankton blooms have been proposed
(Fischer et al., 2014), the factors that determine the timing and magnitude are not fully understood. One reason for
this lack of understanding maybe the inadequacy of data sets that could reveal the physical and biological pro-
cesses associated with bloom development. In particular, the paucity of in situ nutrient data has limited under-
standing of phytoplankton growth in the NPSG. Biogeochemical profiling floats equipped with nitrate sensors
(Johnson et al., 2010) are now providing important clues that facilitate understanding of bloom development
processes.

In recent years, phytoplankton blooms associated with three‐dimensional (3D) circulation, which cannot be
explained by a one‐dimensional (1D) mixing and restratification process, have been studied with high‐resolution
spatiotemporal data sets that have included measurements from satellites, autonomous profiling floats (e.g., Argo
floats), and self‐propelled, buoyancy‐driven autonomous underwater vehicles (e.g., underwater gliders). Maha-
devan et al. (2012) have shown that the spring phytoplankton bloom observed south of Iceland in the subpolar
North Atlantic starts earlier in frontal regions, where it is initiated by restratification caused by cyclonic eddies in
the mixed layer, than in nonfrontal regions, where restratification occurs by seasonal warming of the surface
water. The 3D circulation in mixed layer eddies and fronts (Fox‐Kemper et al., 2008) and the subsequent
phytoplankton responses on smaller temporal (a few days to a few weeks) and spatial (a few km to a few tens of
km) scales have been studied using data measured by floats equipped with biogeochemical sensors (McKee
et al., 2023; Zhang et al., 2019).

The northwestern region of the NPSG is an area of low‐nutrient concentrations with a maximum nitrate con-
centration of about 1 μmol L− 1 in the surface layer even in winter (Honda et al., 2017; Wakita et al., 2016).
However, seasonally repeated shipboard measurements (October–November 2010, February–March, April, July
2011) conducted in both the oligotrophic subtropical region south of the Kuroshio Extension and the eutrophic
subarctic region to the north have revealed higher chlorophyll concentrations and primary productivity in the
subtropics during February (Fujiki et al., 2016; Matsumoto et al., 2016). Matsumoto et al. (2021) have explained
that the high productivity at this time results from nutrient transport into surface waters by deep winter mixing.
This explanation contradicts the common scenario because primary productivity increased despite the deep
mixing and exceeded the primary productivity in other eutrophic areas such as the subarctic Pacific, even in the
relatively low‐nutrient environment of the NPSG. However, because of the high spatiotemporal variability within
the NPSG, the spatiotemporal extent of the high primary production within the NPSG is unclear. Furthermore,
details of the processes that lead from the supply of nutrients via mixing to increased primary productivity have
not been well described in previous studies. The northwestern part of the NPSG is a region with a complex
structure that is intermediate between subtropical water and Kuroshio water and is affected by the Kuroshio
Current, the Kuroshio Extension, and abundant mesoscale and submesoscale eddies. The resolution of conven-
tional shipboard snapshot observations may therefore be too coarse to resolve and understand biogeochemical
processes that occur there. Detailed analysis of phytoplankton blooms in this area requires observations with
higher spatiotemporal resolution than can be provided by shipboard observations.

In this study, data from two floats equipped with biogeochemical sensors, satellite data (sea surface height and
ocean color), and shipboard data (mainly as validation data for the float sensors) were combined to observe
variations of physical properties and biological processes from winter (late January) to spring (late April) in the
region of formation of North Pacific subtropical mode water. The unique feature of this study was that not only
chlorophyll and backscatter sensors but also oxygen and nutrient sensors were mounted on the floats, and the
accuracies of the float data were assured by comparing the float data with the shipboard observations at stations
where floats were deployed and retrieved. The two floats were no more than 20 km apart and made daily ob-
servations. The notable differences between the profiles obtained by these floats on the same day suggested that
the floats were in an area of large horizontal variability. The objective of this study was to clarify how changes of
the structure of the water column influenced nutrient availability and biological activity during the spring tran-
sition by using a combination of float, shipboard, and satellite data sets as well as simulations by a numerical
model. We explain the shipboard and float observations and the methods of correcting the float biogeochemical
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sensors in Section 2, the results of the float observations in Section 3, the temporal changes of the structure of the
water column and the biogeochemical responses over the entire observation period in Section 4.1, and the
mechanism that explained the occurrence of the significant increase of chlorophyll observed in late March in
Section 4.2.

2. Materials and Methods
2.1. Float Observations

On 28 January 2018, during cruise KS‐18‐1 of the R/V Shinsei‐Maru (18–30 January 2018), two Navis
Biogeochemical (BGC) autonomous profiling (Argo) floats (Sea‐Bird Scientific, USA: World Meteorological
Organization nos. 2903329 and 2903330) were launched at 33.25°N, 142.50°E in the Kuroshio recirculation gyre
south of the Kuroshio Extension (Figure 1). The floats moved along small clockwise trajectories around 33°N,
142°E for approximately one month and then moved southwest for two weeks until mid‐March. During most of
this time, the two floats were within 10 km of each other. Around 14 March, the floats turned north from their
southernmost location of 32.42°N, and floatWMO2903329 (Float A) remained east of floatWMO2903330 (Float
B) until recovery. After 6 April, the direction of the floats changed to the northeast, and their speed increased. The
floats were recovered on 21 April 2018 during cruise KS‐18‐4 of the R/V Shinsei‐Maru (from 20 April to 1 May
2018).

Each float was programmed to profile daily, to reach the sea surface at 12:00–14:00 UTC (21:00–23:00 local
time), and to remain there for about 15 min to transmit data via the Iridium satellite‐based wireless communi-
cation system before returning to its parking depth. Each float was equipped with an SBE41CP conductivity‐
temperature‐depth (CTD) sensor (Sea‐Bird Electronics, Inc., Bellevue, USA). After descending from a parking
depth of 1,000 dbar to a depth of 2,000 dbar, the floats measured CTD data (vertical sampling intervals: every
2 dbar between 0 and 500 dbar, every 4 dbar between 500 and 1,000 m, and every 8 dbar between 1,000 and
2,000 dbar) during their ascent to the sea surface. The depth of the mixed layer (Zm) in this study was defined to be

Figure 1. Map of the study area showing the two Argo float trajectories (closed triangles, circles, and squares: Argo 2903329
[Float A]; open triangles, circles, and squares: Argo 2903330 [Float B]) and the R/V Shinsei‐maru CTD stations where water
samples were collected (diamonds). Float positions in February, March, and April are indicated by triangles, circles, and
squares, respectively. The background contours show absolute dynamic topography for the float observation period.
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the shallowest depth at which the density was 0.03 kg m− 3 greater than the density at the sea surface, which was
defined to be the average density of the shallowest observed layer above at most 10 dbar (de Boyer Montégut
et al., 2004).

The floats were also equipped with an optical dissolved oxygen (DO) sensor (SBE63), a nitrate plus nitrite
(N + N) sensor (DeepSUNA), and a sensor that measured chlorophyll fluorescence, 700‐nm optical backscatter,
and fluorescent dissolved organic matter (MCOMS, WETLabs, USA). All sensors except the N + N sensor made
observations at the same depths as the CTD. The N + N sensor, unlike the other sensors, had a coarse vertical
sampling resolution (every 4 dbar between 0 and 130 dbar, every 30 dbar between 130 and 400 dbar, and every
50 dbar between 400 and 2,000 dbar). Profiled data measured by Argo floats in this paper are available at the
websites of the Global Data Assembly Centers: https://usgodae.org/pub/outgoing/argo and https://data‐argo.
ifremer.fr (Argo, 2000).

2.2. Shipboard Observations

The discrete observations reported here were collected during cruises KS‐18‐1 and KS‐18‐4 of the R/V Shinsei‐
maru. Ship‐based sampling was performed using a rosette equipped with 24 12‐L Niskin bottles, a 9PLUS CTD
sensor, and an SBE43 oxygen sensor (Sea‐Bird Scientific, USA). We collected CTD observations from 2,000 m
to the sea surface at the location of deployment (33.25°N, 142.5°E; station C005 during cruise KS‐18‐1) of both
BGC‐Argo floats and at the recovery location (35.72°N, 143.49°E; station C002 during cruise KS‐18‐4) of Float
B (Figure 1). Water samples for salinity and concentrations of nutrients, DO, chlorophyll a, and particulate
organic carbon (POC) were collected to calibrate sensors on the shipboard CTD and floats. During cruise KS‐18‐
1, the CTD was equipped with a photosynthetically active radiation (PAR) sensor (LI‐COR Biospherical PAR
sensor, Biospherical Instruments, Inc., USA) to measure light in the water column.

2.3. Correction of Float Data

2.3.1. Dissolved Oxygen and Nutrients

The DO concentrations in sampled water were measured with an onboard titration unit (MPT Titrino 798:
Metrohm, Japan) with the Winkler method (Japan Meteorological Agency, 1999) and used to calibrate an SBE43
oxygen sensor. The DO saturation was calculated from the estimated saturated DO concentration using water
temperature and salinity (Garcia & Gordon, 1992), and the measured DO concentration. The water samples for
measurements of nitrate concentrations were immediately frozen at − 20°C and kept in a freezer until the nutrient
concentrations were measured with an autoanalyzer (QuAAtro: BL Tec, Japan). The total concentration of nitrate
plus nitrite (N + N) was determined by reducing nitrate to nitrite over a cadmium‐copper reduction column and
was measured based on the absorption of an azo dye at a wavelength of 550 nm (Grasshoff, 1976).

The outputs of the DO sensors on the floats were first converted to oxygen concentrations following the standard
protocols outlined in Thierry et al. (2018) using adjusted salinity data based onWong and Keeley. (2020). Oxygen
concentrations from the first profile of each float were compared with CTD observations made at the time the float
was deployed. A linear regression between float and CTD values from a region of the water column in which the
oxygen gradient was less than 0.2 μmol O2 kg

− 1 dbar− 1 was used to determine the gain of the float sensor
(Takeshita et al., 2013). We used the difference of the oxygen concentrations between the last float profile and the
CTD profile at the time of float recovery to determine the drift correction for each 0.01 kg m− 3 of potential density
(σθ) larger than 27.5 σθ. The gain‐corrected float oxygen data were then adjusted at each time step by applying the
average drift rate to the entire profile over time. The corrected oxygen concentrations were compared with the
measured values of the water samples. The differences were within the range of the nominal accuracy of the
sensor (±3 μmol O2 kg

− 1) (Table 1).

For N + N, the sensor output values were converted to N + N concentrations following standard protocols
outlined in Johnson et al. (2016). The optical wavelength offset, which accounts for the uncertainty of the
wavelength registration of the diode array spectrometer, was adjusted to minimize the difference between the
discrete and sensor N+N concentrations measured on the deployment cast. Corrected N+N concentrations were
calculated using the new optical wavelength offset. Subsequent data quality control was implemented using the
SAGE software of the Monterey Bay Aquarium and Research Institute (Maurer et al., 2021 following Johnson
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et al., 2017). The corrected N+N concentrations were compared with the measured values of water samples. The
differences were within the range of the nominal accuracy of the sensor (±2.4 μmol N kg− 1) (Table 1).

2.3.2. Chlorophyll a (CHLA)

Water samples for chlorophyll a analysis were collected from the float deployment and recovery stations. The
vertical resolution of chlorophyll a sampling was 25 m in the top 200 and 50 m at depths of 200–400 m. Seawater
(200 mL) was poured from each Niskin bottle into an opaque bottle. Water samples were filtered through Grade
GF/F Whatman 25‐mm glass fiber filters (Cytiva Life Sciences, USA). The chlorophyll a on the filter was
extracted immediately after filtration in 7 mL of N,N‐Dimethylformamide in a freezer at − 20°C. The extracted
chlorophyll a was measured onboard using a fluorometer (10‐AU, Turner Designs, USA). To examine the
relationship between the extracted chlorophyll a concentrations and float fluorescence values, the float fluo-
rescence values at the depth closest to the water sampling layers were compared with the extracted chlorophyll a
during the time of float deployment. At the time of float recovery, the fluorescence values at the density closest to
that of the layer where the water was sampled were compared to the extracted chlorophyll a concentration because
more than one day had passed between the float observations and water sampling. The relationship between the
extracted chlorophyll a concentrations and float fluorescence values was linear (Figure 2a). We used the empirical
relationship between chlorophyll a concentrations and fluorescence based on data from both cruises to estimate
the chlorophyll a concentration for each daily float profile as follows:

Table 1
Measurement Range and Accuracy of Each Sensor

Sensor Parameter (unit)
Range of

measurement Accuracy Remarks

Dissolved oxygen
sensor (SBE63)

Oxygen (μmol O2 kg
− 1) ∼250 ±3 This accuracy is nominal. The corrected Argo data have been compared with measured

oxygen value of water samples and confirmed to be within the nominal accuracy
range.

DeepSUNA Nitrate + Nitrite
(μmol N kg− 1)

∼45 ±2.4 This accuracy is nominal. The Argo data have been compared with nitrate and nitrite
concentrations measured water samples and confirmed to be within the nominal
accuracy range.

Chlorophyll
fluorescence

Chlorophyll a (μg L− 1) ∼3 ±0.1

700‐nm optical
backscatter

Particulate organic carbon
(μmol C kg− 1)

∼15 ±0.5

Figure 2. The relationships between (a) fluorescence measured by floats and Chl a concentrations from water samples and
(b) backscatter (bbp) measured by floats and particulate organic carbon (POC) concentrations from water samples. Solid
black and open circles show fluorescence and bbp measurements from the first profiles of Float A and B versus Chl a and
POC from water samples. Solid black and open triangles show fluorescence and bbp measurements from the final profile of
Float A and B versus Chl a and POC from water samples. The black dotted lines show the linear regressions fit to the data.
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CHLA (μg L− 1) = Fluorescence value × 0.75, r2 = 0.89. (1)

The root mean squared error (RMSE) of the corrected fluorescence values versus the extracted chlorophyll a
concentration was ±0.1 μg L− 1 (Table 1).

We used the equation of Morel et al. (2007) to calculate the depth of the euphotic zone (Ze) from the CHLA
concentration in the shallowest layer observed by the floats. Note that the calculated Ze (59 m for Float A and 58 m
for Float B) on the first observation (January 28) was slightly shallower than the Ze (73 m) measured by the PAR
sensor attached to the CTD system during the KS‐18‐1 cruise. We used the Ze estimated from the float CHLA
concentration in the following discussion.

2.3.3. Particulate Organic Carbon

Water samples for POC were also collected at the float deployment and recovery stations. Seawater (5–7 L) was
transferred from a Niskin bottle into a prewashed polyethylene tank through a prewashed silicon tube. Water
samples (n = 66) were filtered through precombusted (450°C for 4 hr) Grade GF/F Whatman 47‐mm glass fiber
filters. The filters were stored in precombusted aluminum foil at − 20°C for chemical analyses. Before analysis,
samples were fumed with hydrochloric acid for 12 hr to remove particulate inorganic carbon (e.g., calcium
carbonate). The acid was then removed in a vacuum desiccator, and the samples were dried in a natural convection
oven at 60°C overnight (12 hr). The filters were packed in tin cups before analysis with an elemental analyzer
(FLASH EA1112, Themo Fisher Scientific, USA). Alanine and glutamic acid (FUJIFILM Wako Pure Chemical
Corp., Japan, Guaranteed Reagent, No. 014‐01045 and 074‐00505, respectively) were used as the calibration
standards (0.05–0.7 mg C) and to assess analyzer stability.

The patterns of the vertical distributions of POC and backscattering (bbp) were similar. There were spike‐like
signals in some places in the vertical bbp profiles that may have reflected the presence of large particles
(Bishop & Wood, 2008; Briggs et al., 2011). The relationship between POC concentrations and bbp values was
linear (Figure 2b). We used the empirical linear relationship between POC concentration and bbp based on data
from both cruises to estimate POC concentrations for each of the following daily float backscatter profiles:

POC (mmol C m− 3) = bbp × 6368 – 0.2, r2 = 0.88 (2)

POC (mg C m− 3) = bbp × 76416 – 2.4 (3)

The RMSE of the POC concentrations estimated from bbp values relative to measured POC concentrations was
±0.5 mmol C m− 3 (Table 1).

The ranges of the POC concentrations and bbp values in Equation 2 were 1–7 mmol C m
− 3 (15–75 mg Cm− 3) and

2–11× 10− 4, respectively. Cetinić et al. (2012), whomade similar observations in theNorthAtlantic, have reported
the following relationship: POC (mg C m− 3) = bbp × 35,422 (±1,754)–14.4 (±5.8). In the Southern
Ocean, Rembauville et al. (2017) and Schallenberg et al. (2019) have reported that POC
(mmol C m− 3) = bbp × 3963.45 − 0.6 and POC (mg C m

− 3) = bbp × 37,601 − 4.95, respectively. The differences
maybe attributable to differences between regions. The previous studies were conducted in subarctic and polar
regions, where POC concentrations are high in the surface layer, and large phytoplankton (i.e., diatoms) are
dominant. In contrast, this study was conducted in a relatively oligotrophic subtropical region where POC con-
centrations have been reported to be low (Mino et al., 2023) even in the surface layer, and the phytoplankton are
small (Fujiki et al., 2016). Small particles are known to be associatedwith low bbp indices (Morel&Ahn, 1991) and
therefore tend to yield higher coefficients in the POC–bbp relationship.

2.4. Satellite and Reanalysis Data Sets

We used 1/4° × 1/4° daily gridded absolute dynamic topography (ADT) from the Archiving, Validation, and
Interpretation of Satellite Oceanographic (AVISO) data set (Ducet et al., 2000) from the Centre national d'études
spatiales. We downloaded the 1‐km horizontal resolution surface chlorophyll a concentrations from theModerate
Resolution Imaging Spectroradiometer‐Aqua (MODIS) satellite level 2 local area coverage website (https://
oceancolor.gsfc.nasa.gov/cgi/browse.pl) from 15 March (A2018074031000.L2_LAC_OC.nc), 25 March
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(A2018084034500.L2_LAC_OC.nc), and 29 March (A2018088032000.L2_LAC_OC.nc) of 2018. We used the
daily microwave optimally interpolated sea surface temperature (SST) data with 8‐km horizontal resolution
produced by Remote Sensing Systems (https://data.remss.com/SST/daily/mw_ir/v05.1/netcdf/2018/). We used
the ERA5 hourly reanalysis data (1/4° horizontal resolution) from the European Centre for Medium‐Range
Weather Forecasts (https://www.ecmwf.int/en/forecasts/datasets/reanalysis‐datasets/era5) for surface heat
fluxes and wind stresses during the observation period.

2.5. Omega Equation

To diagnose whether the front was undergoing frontogenesis or frontolysis, we calculated the frontogenesis
function, Q ·∇hb/|∇hb|, where Q is the Q vector (Equation 4), b is buoyancy, and ∇h is the horizontal gradient
operator. Ignoring advection by vertical flow and friction, the Q ·∇hb/|∇hb| equals the material derivative of
buoyancy horizontal gradient Dq|∇hb|

Dqt
, where Dq

Dqt
= ∂

∂t + u ∂
∂x + v ∂

∂y, with negative and positive values indicating

respective frontolysis and frontogenesis, respectively. In addition, the horizontal divergence of the Q vector,
∇h ·Q, is used to diagnose the sign of the vertical flow. When ∇h ·Q > 0 there is downwelling motion and
∇h ·Q < 0 upwelling motion (Gill, 1982; Hoskins & Pedder, 1980). The Q vector (e.g., Hoskins et al., 1978),
which is proportional to the rate of change in velocity along isopycnal as well as the rate of change in buoyancy
gradients following the horizontal flow, is defined as

Q = (Q1,Q2) = (−
∂u
∂x
∂b
∂x
−
∂v
∂x
∂b
∂y
, −
∂u
∂y
∂b
∂x
−
∂v
∂y
∂b
∂y
). (4)

We calculated Q and Q ·∇hb/|∇hb| using the daily mean horizontal velocity and density available from global
eddy‐resolving ocean reanalysis data (1/12° horizontal resolution, Global_ReAnalysis_phy_001_030; provided
by the Copernicus Marine Environment Monitoring Service; http://marine.copernicus.eu), which do not include
vertical velocity fields.

3. Results
3.1. Float Observations During February

Wind stresses were higher in early February but declined from roughly 18 to 26 February (Figure 3a). Hourly
averaged heat fluxes of the surface layer were negative for most of the day, and the daily averaged fluxes were
always negative (Figure 3b). The temporal variation of the heat flux was a mirror image of the wind stress. The Zm
(the average depth during the period was 160 m) often greatly exceeded the Ze (the average for the period was
52 m) (Figure 3c). However, Zm equaled or was shallower than Ze for a few days when the wind stress weakened
(e.g., 3–4 and 19–23 February). The water temperature from the surface to a depth of 200 m exceeded 18°C and
increased slightly with time (Figures 4a and 4b). The salinity was mostly above 34.85 from the surface to a depth
of 200 m (Figures 4c and 4d). For most of February, the floats probably observed subtropical water with a salinity
less than 38.5 (hereafter STW, e.g. Sukigara et al., 2014) east of the Kuroshio and south of the Kuroshio Extension
(Figures 5a and 6a). However, the distribution of SST on 22 February (Figure 6b) indicated that warm water
influenced by the Kuroshio with a salinity greater than 38.5 (hereafter KSTW) extended into the vicinity of the
float and affected the observations of the floats (Figure 5a).

Temporal variations of DO profiles (Figures 4g and 4h) were similar to the variations of water temperature and
salinity (Figures 4a–4d); DO concentrations were homogeneous and high within the mixed layer and decreased
with depth from the depth of the thermocline. The percentages of oxygen saturation were slightly below 100% in
the surface mixed layer and underwent temporal variations similar to those of DO (Figures 4i and 4j). Unlike DO,
N + N concentrations were low in the mixed layer (1–2 μmol N kg− 1) and increased with depth below about
200 m (>2 μmol N kg− 1, Figures 4k and 4l). This pattern was likely due to nutrient uptake by phytoplankton
within the euphotic zone and surface mixing processes. The distributions of the concentrations of CHLA
(Figures 4m and 4n) and POC (Figures 4o and 4p) were similar to the distribution of DO, that is, higher in the
surface mixed layer and decreased with depth. Slight increases of the surface CHLA concentrations were
observed during interludes of weak wind stress on 3 and 4 February and after 19 February in the case of Float A
and during 9–11 February and after 19 February in the case of Float B. However, these increases were small both
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Figure 3. (a) Change of hourly wind stresses at the position of Float A (black thin line) and B (gray thick line), respectively.
(b) Change of heat flux at the hourly position of Float A (black thin line) and B (gray thick line), and at daily position of Float
A (blue thin line) and B (pale blue thick line). (c) Temporal variations of the mixed layer depth and the depth of the euphotic
zone observed by Float A (black thin line for the mixed layer depth and red thin line for the depth of the euphotic zone) and B
(the gray thick line for mixed layer depth and the yellow thick line for depth of the euphotic zone). The black lines at the top
of the graph indicate when the CHLA concentration in the surface layer increased after deep mixing. (d) Temporal variations
of integrated CHLA over the top 20 m observed by Float A (black thin line) and Float B (gray thick line).
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Figure 4. Time series of vertical profiles of (a and b) temperature, (c and d) salinity, (e and f) potential density (sq), (g and h) oxygen concentrations (dissolved oxygen
(DO)), (i and j) DO saturation, (k and l) nitrate plus nitrite concentrations (N + N), (m and n) chlorophyll a concentrations (CHLA), and (o and p) particulate organic
carbon concentrations (POC) observed by Float A and B. Bold black lines in panels (a–f) and (k–n) and bold white lines in panels (g–j) and (o, p) indicate the depth of the
mixed layer. The black lines at the top of Figures 4m and 4n indicate the periods of increased CHLA after deep mixing.
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at the surface (Figure 3d) and in the water column (Figure S1 in Supporting Information S1) throughout the
observation period, and concurrent increases of POC and N + N were barely apparent.

3.2. Float Observations During March

Intense wind stress was observed during the first eight days of March and during 20–23 March (Figure 3a). Daily
averaged heat fluxes during March were often negative (Figure 3b). Nevertheless, the monthly mean heat fluxes
indicated weaker surface cooling during March (− 109 W m− 2) than February (− 335 W m− 2). The Zm when the
wind stress was large tended to be much deeper than the Ze (Figure 3c). The depths of the mixed layer on 8 March
(>280 m) and 25 March (>300 m) were the deepest throughout the study period at both floats. The Zm rapidly
shoaled (<20 m) on the days after this deep mixing (9 and 26March). In contrast to February, these shallowmixed
layers were observed continuously for more than a week after the deep mixing. The floats recorded large vari-
ations of temperature and salinity on each isopycnal line (Figure 5b) between the STW and KSTW (Figure 6c). On
14 March, the floats changed direction and gradually moved northward into the Kuroshio (Figure 1). The floats
then recorded water with characteristics similar to those of the KSTW (Figure 5c).

When the mixed layer deepened (6–8 and 18–25 March), the concentrations of DO were homogeneous within the
mixed layer (Figures 4g and 4h). When the mixed layer shoaled, DO increased near the surface because the
periods between storms were longer. Supersaturation of oxygen, which was not apparent during February, was
often observed in the surface layer (Figures 4i and 4j). High concentrations of CHLA (>1.5 μg L− 1, Figures 4m
and 4n) and POC (>8 μmol C kg− 1, Figures 4o and 4p) and low concentrations of N + N (<1.0 μmol N kg− 1,
Figures 4k and 4l) were apparent in the same layer and at the same time when the DO was supersaturating. The
increase of CHLA in late March was the largest and continued for the longest period of time (26 March–5 April)
during this study.

3.3. Float Observations During April

Wind stresses were still high on many days during April (Figure 3a). Heat fluxes changed in response to wind
stress (Figure 3b). The maximum Zm during April—about 155 m in mid‐April—was shallower than during the
other months (Figure 3c). The time series of vertical profiles of temperature revealed that temperatures were
sometimes higher in the surface layer (Figures 4a and 4b). This pattern was more pronounced at Float B, which
was closer to the Kuroshio Current (Figure 6d). Water temperatures and salinities during April were mostly
similar to those of the KSTW (Figure 5d). At the end of the observations (19–20 April), high water temperatures
(>20°C), low salinities (<34.8), and low densities (<24.5 kg m− 3) were observed between the surface and a depth
of 50 m (Figures 4a–4f). That water was likely Kuroshio water influenced by coastal water.

Before 5 April, high DO concentrations and oxygen saturation were observed within the euphotic zone
(Figures 4g–4j), where the CHLA (Figures 4m and 4n) and POC (Figures 4o and 4p) concentrations were high,
and that of N+Nwas low (Figures 4k and 4l). After 5 April, higher DO, oxygen saturation, CHLA, and POC and
low N + N were observed within the euphotic zone, but low oxygen saturation (less than 95%), low CHLA (less
than 0.1 μg L− 1), low POC (less than 2 μmol C kg− 1), and higher N+N (>3 μmol N kg− 1) were apparent at depths
greater than 100 m. Nagai and Clayton (2017) have reported that isopycnals shoal and nitrate concentrations on
isopycnals in the subsurface (depths of ∼100 m) become higher toward the Kuroshio axis. Those vertical dis-
tributions of DO, CHLA, POC, and N + N is probably specific to the Kuroshio Current.

4. Discussion
4.1. Intermittent Chlorophyll Increases After Deep Mixing

During the spring transition season in the subtropical ocean, phytoplankton blooms are assumed to be caused by
the simultaneous improvement of nutrient and light conditions due to deep convective mixing by cooling during
the winter and subsequent stratification of the surface layer by warming during the spring, respectively. This
vertical one‐dimensional (1‐D) physical‐biogeochemical explanation has been described as the critical depth
hypothesis (Sverdrup, 1953).

In February, temperature and density profiles after deep mixing (Figures S2a–S2l in Supporting Information S1)
revealed large changes accompanied by increases of CHLA, even though the daily averaged heat flux indicated
strong surface cooling. The implication was that the restratification could not be explained solely by a vertical 1‐D
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process. The floats in fact observed a variety of water mases. However, the small changes of water temperature
and density in the euphotic zone recorded by Float A on 2–4 February indicated that the float observed biological
processes in the same water, but the increase of CHLAwas small, less than 0.5 μg L− 1 (Figures 4m and 4n, Figure
S2a–S2c in Supporting Information S1). There was little increase of the integrated CHLA in the surface layer
(0–20 m) and the upper 400 m (Figure 3d and Figure S1 in Supporting Information S1), respectively. The nu-
merical simulation by Taylor and Ferrari (2011) indicated that it took several days after mixing for turbulence to
weaken and phytoplankton to increase. The short duration between atmospheric events (Figures 3a–3c) may
therefore have prevented the postmixing CHLA concentration from increasing in our study area.

The mixed layer was shallower than 100 m for more than 5 days in the float observation area during March
(Figure 3c). The wide variation of the water temperature and density profiles during 8–15March indicated that the
floats were observing a variety of waters between STW and KSTW (Figure 5b and Figure S2m–S2r in Supporting
Information S1). Althoughwe could not regard the changes of the biogeochemical parameters (DO, CHLA,N+N,
andPOC) in the surface (0–50m) layer (Figure 4) as the result of a vertical 1‐Dprocess, those changes indicated that
there was more active phytoplankton production during the longer restratification period than during February.
During the mixing‐restratification period from 25 March to 5 April, the floats observed waters similar to KSTW

Figure 5. Temperature‐salinity diagram for each period (a–d). Colored dots indicate N+N concentrations. Gray dots indicate
values without N + N data. The dashed ellipses show the characteristic temperature‐salinity distributions of STW (the
subtropical water) and KSTW (the subtropical water influenced by the Kuroshio Current water). The black boxes in panels
(b and c) show the area bounded by potential temperatures of 17.7–18°C and salinities of 34.81–34.84.
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(Figure 5c), but the surface (0–100 m) water temperature and salinity changed greatly (Figure S2s–S2x in Sup-
porting Information S1). The CHLA concentrations in the euphotic zone also increased rapidly after the restrati-
fication (Figures 3d, 4m, and 4n), which occurred much more rapidly than the biological responses (several days).
The implication was that the phytoplankton increased before the turbulence weakened (Chiswell, 2011). The in-
tegrated CHLA in the surface layer (0–20 m) and the water column (0–400 m) were larger than at any other time
during the observation period (Figure 3d and Figure S1 in Supporting Information S1), and the surface concen-
trations (>1.5 μg L− 1) were comparable to the concentrations associated with the spring bloom in this region
(Matsumoto et al., 2021). We will discuss the mechanism responsible for this phenomenon in Section 4.2.

From 1 to 5 April, concentrations of CHLA and POC were high in the euphotic zone (Figures 4m–4p). The
subsequent decrease of CHLA in the euphotic zone (Figure 3d) was accompanied by low N + N
(<1 μmol N kg− 1). The mixed layer was deep (∼150 m) on 13 and 14 April, but the N + N never exceeded
1 μmol N kg− 1. If allochthonous nutrients were not supplied, then concentrations of CHLA would gradually
decrease near the sea surface, and a subsurface chlorophyll maximum (Cullen, 1982), which was not apparent
from our observations, would be formed by the relatively shallow nitracline.

4.2. Vertical Variations of Biogeochemistry Due to Complex Structure of the Water Column in Late
March

4.2.1. Enhancement of Surface Productivity

After formation of the deep mixed layer in late March (25 March), the surface layer rapidly restratified
(Figure 3c), possibly because of a combination of local surface heating and lateral advection of warm water.

Figure 6. Satellite images of sea surface temperature (SST, colors) and absolute dynamic topography (ADT, contours) around
the floats on 17 February (a), 22 February (b), 5 March (c), and 10 April (d). Float positions indicated by circles for Float A
and triangles for Float B. Black solid and dashed lines in panels show the trajectory of Float A and B.
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Satellite SST images indicated that the temperature around the floats on 29 March (Figure 7c) could have been
affected by warmwater from the west that presumably originated from the Kuroshio Current. Satellite chlorophyll
concentrations increased in fronts between the warm and colder water on 29 March (Figures 7c and 7d).

We estimated that the daily rate of increase of POC in the upper 20 m of the water column during this period (25–
29March) was estimated to have been 570 mg C m− 2 d− 1 at Float A (Figure 8d) and 384 mg Cm− 2 d− 1 at Float B
(Figure 8j). Those increases were comparable to those reported by Matsumoto et al. (2016) at nearby time series
station S1 (30°N, 145°E), where net primary productivity integrated throughout the euphotic zone was 296–
849 mg C m− 2 d− 1 during February and April 2011, and the annual average was 369 mg C m− 2 d− 1. Sasai
et al. (2016) have reported that primary productivity during January–March, estimated from satellite (MODIS)
chlorophyll data using the vertical generalized production model (VGPM, Behrenfeld & Falkowski, 1997), was
400–800 mg C m− 2 d− 1, and the highest rates were in March and April. Although the accuracy of our POC‐based
estimations of productivity was diminished by the quasi‐Lagrangian nature of the float observations, our results,
which suggested that productivity was higher within the study area, were consistent with the results of previous
studies (Matsumoto et al., 2016; Sasai et al., 2016).

Examination of the relationship between temperature and N + N (POC) averaged within the upper 20 m of the
water column during 25–31 March revealed that the higher the temperature of the water, the lower (higher) the
concentration of N+N (POC) (Figures 9b and 9c). These results suggested that phytoplankton in the surface layer
took up nutrients and produced POC via photosynthesis rapidly and efficiently. However, the molar ratio of the
decrease of N + N to the increase of POC was about 4.5, which was lower than the range of variation (6–9, Xiao
et al., 2021) of the stoichiometric ratio of marine phytoplankton (Redfield ratio, Redfield et al., 1963). This
discrepancy was perhaps due to differences between the methods used to estimate the C/N ratio. Some of the
particulate organic matter produced in the ocean surface layer is removed from the surface to the deeper layer by

Figure 7. Satellite images of sea surface temperature (SST; a and c) and Chl a (b and d) around the floats on 25 March (a and
b) and 29 March (c and d). The contours in each figure show absolute dynamic topography. Float positions are indicated by a
circle for float A and a triangle for float B. Black solid and dashed lines in panels show the trajectory of Float A and B.
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settling. The increases of POC determined in this study could therefore have been underestimated. The trend of
POC was not reflected by a similar trend of CHLA (Figure 9a). The reason for this discrepancy maybe that the
response of the phytoplankton to an increase of irradiance in the stratified surface layer was to decrease their
intracellular chlorophyll concentration (i.e., thereby reducing their light‐harvesting capacity) to avoid photoox-
idative damage (Behrenfeld et al., 2015; Graff & Behrenfeld, 2018; Taylor et al., 1997). The relationship between
temperature and the POC/CHLA ratio in the surface layer (Figure 9d) indicates that the phytoplankton that
remained in the warmer (less dense) water had acclimated to the high‐light environment for a longer period.
Another process that would increase the POC/CHLA ratio would be the loss of pigments from phytoplankton and
their conversion to detritus as they die (Geider, 1987). Our results could not distinguish between acclimation and
death of phytoplankton. However, the high POC concentrations near the surface indicate that active photosyn-
thetic production of particulate organic matter had occurred recently.

A comparison of these average concentrations of CHLA, N + N, and POC in the upper 20 m of the water column
with the corresponding concentrations measured during other periods revealed that the POC concentrations at the
end of March were higher at most water temperatures (Figure 9c). From February to mid‐March, N + N con-
centrations were high (Figure 9b), but CHLA and POC concentrations were low (Figures 9a and 9c), possibly
because frequent deepening of the mixed layer could have limited the growth of phytoplankton, as described in
Section 4.1. During April, however, Float B recorded low N + N concentrations (<0.5 μmol N kg− 1) that were
similar to those observed at the end of March near the Kuroshio Current. At the same time, however, the POC
concentrations were lower during April than at the end of March. These results suggested that particulate organic
matter produced by the uptake of nutrients was removed from the surface layer by settlement, and nutrient‐poor
water remained in the surface layer during April.

4.2.2. Low DO and High N + N Water in the Subsurface Layer

Low concentrations of DO (Figures 8e and 8k), CHLA (Figures 8c and 8i), and POC (Figures 8d and 8j) and high
concentrations of N + N (Figures 8f and 8l) were recorded at a depth of ∼50 m on 29 March, especially by Float
A. The temperature at a depth of ∼50 m on 29 March was higher (17.7–18°C) than the temperature (17.3°C)
before water column restratification (25 March, Figure 8a). Similar temperatures (17.7–18.0°C) and salinities

Figure 8. Vertical profiles of (a and g) temperature, (b and h) salinity, (c and i) CHLA, (d and j) particulate organic carbon, (e and k) dissolved oxygen, and (f, l) N+N on
25March (blue) and 29March (red) for Float A (top row) and B (bottom row). Black arrows in panels (c, d, f, i, j, and l) indicate downwelling of the surface water due to
secondary circulation.
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(34.81–34.84) as well as N+ N concentrations were observed in early March (black box in Figures 5b and 5c). In
profiles of DO versus density, water with a DO of 200 μmol kg− 1 in the density range 25.10–25.20 σθ on 29March
was also observed in early March (blue dots in Figure 10a). Those observations led us to conclude that subsurface
water on 29March was likely upwelled from depths of 200–300 m (Figure 10b) to depths of 50–100 m rather than
advected into the euphotic zone from another area. The mechanism responsible for this upwelling is explained in
Section 4.2.3. We further note that the N+N profile of Float A indicated that the N+N concentration was higher
in the upwelled water observed on 29 March than in the mixed layer on 25 March (Figure 8f). Upwelled water
with a high N+N concentration was also found in other profiles (30–31March and 1 April for Float A and 2 April
for Float B). The N + N concentration in the water upwelled from depths of 50–100 m was 1.4 times the N + N
concentration of water at depths of 100–150 m (Figure 11).

Figure 9. Relationship of (a) averaged CHLA, (b) averaged N+N, (c) averaged POC, and (d) POC/CHLA ratio for averaged
temperature between the surface and a depth of 20 m on each day. The whiskers from each red point in panels (a–c) indicate
standard deviations.
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Figure 10. Vertical profiles of (a) dissolved oxygen (DO) versus potential density (sq) and (b) DO versus pressure. Black solid
lines indicate profiles with DO values near 200 mmol O2 kg

− 1 between 25.1 and 25.2 σθ in late February and early March.
Pale blue dots indicate data between 25.1 and 25.2 σθ in late February and early March. Magenta dots indicate profiles with
low DO (about 200 mmol O2 kg

− 1) in the surface 100 m in March. Red dots surrounded by black lines indicate the profile on
29 March, which are strongly indicative of a multilayer structure of the water column.

Figure 11. Temporal variation of integrated N + N values between 50 and 100 m (pale blue bars) and 100–150 m (dark blue
bars) for Float A (a) and Float B (b). The red inverted triangles in the figure indicate when the value between 50 and 100 m
was higher than the value between 100 and 150 m.
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4.2.3. Mechanism of Formation of Multilayer Vertical Structure of the Water Column

Mesoscale strain causes a frontogenesis and generates an ageostrophic secondary circulation (Lapeyre &
Klein, 2006; Legal et al., 2007). In late March, the temporal variations of ADT and SST indicated that a meander
of the Kuroshio Current had pushed warm water toward the floats from both west and east and had formed a
thermal front (Figures 12a–12c). We used reanalysis data to diagnose the secondary circulation that resulted from
these frontal features (Figures 12d–12f). The horizontal distributions of the frontogenesis function Q ·∇hb/|∇hb|
at a depth of 186 m (Figures 12g–12i) became positive at the front around 141°E (e.g., 32.5°N). The indication
was that a front had formed during this period. During the frontogenesis, ageostrophic motions caused a flattening
of isopycnal surfaces that created an overturning cell in the across‐front direction (e.g., McKee et al., 2023). The
overturning cell included an upward flow at the low‐density side and a downward flow at the high‐density side
(see white arrows in Figures 12k and 12l, and red broken arrows 2 and 3 in Figure 13b), flattening the front as
opposed to the confluence flow at the surface (see black arrows at the top of abscissa in Figures 12k and 12l, and
the red broken arrow 1 in Figure 13b). This overturning could explain the observed float profiles of biogeo-
chemical metrics. Because density surfaces near fronts are tilted, ageostrophic secondary circulation could
explain the observed biogeochemical vertical profiles, as described below. Submesoscale ageostrophic dynamics
such as mixed layer eddies (Fox‐Kemper et al., 2008; McKee et al., 2023) may have further enhanced restrati-
fication and vertical motions near the sea surface. These submesoscale features were confirmed as submesoscale

Figure 12. Satellite images of sea surface temperature (SST) (colors) and absolute dynamic topography (contours) on (a) 25, (b) 27, and (c) 29 March. Float positions
indicated by circles for Float A and triangles for Float B. Black solid and dashed lines show the trajectory of Float A and B. Horizontal distribution of SST (colors) and
sea surface height (SSH) (contours) from the ocean reanalysis outputs on (d) 25, (e) 27, and (f) 29 March. Horizontal distribution of 1013 × Q ·∇hb/|∇hb| (colors) at a
depth of 186 m and SSH (contours) on (g) 25, (h) 27, and (i) 29 March. Vertical cross‐section of − 1017 × ∇h · Q (colors) and density (contours) across 32.5°N on (j) 25,
(k) 27, and (l) 29 March. Black and white arrows in panels (k and l) indicate water movements.
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cyclonic eddies, and high CHLA concentrations were clearly apparent in the satellite images after the formation of
a deep mixed layer (Figures 7b and 7d). However, we could diagnose only vertical motions associated with the
mesoscale features because of the limited spatial resolution of the ocean reanalysis data.

A storm during 21–25 March (Figure 3a) deepened the mixed layer (Figure 3c) and entrainment of nutrients from
deeper layers (Figures 4k and 4l). Warm water subsequently overlaid the cold water (Figures 8a and 8g), and the

Figure 13. Schematic diagram illustrating the process of multilayer structure formation. (a) East‐west cross‐section near the
float during the days of mixing in 20–25 March. (b) East‐west cross‐section near the float during the days of restratification
during 26–29 March. The blue gradient colors in the figure indicate densities. Red arrows in panel (a) indicate water
movements by mixing; those in panel (b) indicate water movements (cell overturn) by secondary circulation. The movements
of each water in panel (b) are explained as follows: (1) Lower‐density water mixed by the storm extended to the surface and
lay above high‐density water. Phytoplankton increased rapidly in the shallow, well‐lit layer (0–20 m) and consumed nutrients
in that layer. (2) The extension of surface water entrained subsurface (100–200 m) water with higher nutrient concentrations
and transported it into the lower part of (or just below) the euphotic zone (∼50 m). On 29 March, nutrients had just been
transported, and few nutrients had yet been used by phytoplankton. (3) The surface water in the high‐density side was
subducted to the subsurface (∼100 m). During this time, phytoplankton in this water were entrained into the subsurface layer.
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flux of light needed for phytoplankton photosynthesis in the surface layer (0–20 m) increased. These changes
could explain the rapid growth of phytoplankton (Figures 7b, 7d and 8c and 8i) during the restratification period.
The low concentrations of CHLA, POC, and DO (Figures 8c–8k) and high concentrations of N + N (Figures 8f
and 8l) at depths of 20–100 m on 29 March indicated that the water had come directly from greater depths. This
conclusion was consistent with the pattern of secondary circulation around the front (∼141°E in Figures 12k and
12l). The upwelled water from the twilight layer supplied higher concentrations of nutrients than did vertical
mixing to the lower part of the euphotic zone (20–50 m) or just beneath it (50–100 m) (Figures 8f, 8l and 11).

The spatial distribution of vertical velocities also indicated downwelling due to secondary circulation
(Figures 12j–12l). That downwelling could have created the small peak of CHLA (Figures 8c and 8i) and POC
(Figures 8d and 8j) and slight decrease of N + N (Figures 8f and 8l) at depths of 100–200 m. This scenario is
similar to the effect of the mixed layer pump in the eutrophic subarctic ocean (Boyd et al., 2019; Dall’Olmo
et al., 2016; Lacour et al., 2019; Omand et al., 2015), where particles are transported into the twilight layer. In the
oligotrophic subtropics (this study), we observed that secondary circulation led to a rapid increase of phyto-
plankton in the upper euphotic zone and supplied high concentrations of nutrients to the lower euphotic zone or to
water just below the euphotic zone.

5. Conclusions
We combined data from satellites and two biogeochemical (BGC)‐Argo floats in this study to analyze how
changes of water properties during the spring transition (from January to April 2018) influenced biological ac-
tivity in the subtropical western North Pacific Ocean. The study area was delineated by the meandering Kuroshio
main current, the Kuroshio Extension, and eddies composed of water with different characteristics. The floats
were equipped with several BGC sensors and were programmed to profile daily in order to capture spatial and
temporal changes of water column structure and biological productivity that enhanced our understanding of
marine biophysical interactions.

Our float observations revealed a physical mechanism that may have enhanced annual primary productivity in the
oligotrophic subtropical frontal areas. We found that secondary circulation could have led to a rapid increase of
phytoplankton in the upper euphotic zone, where light conditions were improved by strong stratification, and
could have introduced water with high nutrient concentrations into the lower part of the euphotic zone or just
below the euphotic zone. Satellite chlorophyll images indicated that submesoscale cyclonic eddies could have
enhanced primary production near the sea surface. We speculated that the small peaks of CHLA and POC at
depths of 100–200 m corresponded to downwelling in a secondary circulation cell that was similar to the effect of
the mixed layer pump in the eutrophic subarctic ocean. Such secondary circulation can occur where water masses
with different densities are located adjacent to each other when conditions are suitable, regardless of season.
While the increase of phytoplankton in the surface layer (McKee et al., 2023) and particle transport to the
subsurface layers (Omand et al., 2015) were important, nutrient transport near the euphotic zone shown in this
study was also an important factor that may have increased the primary production of this oligotrophic area.

Our study was conducted from January to April 2018, when the Kuroshio had formed a large meander (starting in
August 2017) that extended to the east (Qiu et al., 2023). This meandering behavior of the Kuroshio Current may
have caused the water column structure to be more spatially diverse during the study period than during periods of
no meandering. If this diversity of the structure of the water column caused by active frontogenesis led to an
increase of the nutrient supply and primary production in the euphotic zone, the effect should be apparent in
historical observations (e.g., satellite chlorophyll observations and moored sediment trap experiments). The
supply of nutrients to the surface induced by 3‐D secondary circulation in frontal regions as well as the adaptation
of phytoplankton (increase of the POC/CHLA ratio) to bright sunlight have been simulated with models (Lapeyre
& Klein, 2006; Lévy et al., 2012), but the low spatial resolution of observational data has made validation
difficult. By analyzing daily profiles from two closely spaced BGC‐Argo floats, we were able to provide evidence
for the increase of primary production and nutrient upwelling stimulated by ageostrophic secondary circulation
that had been predicted previously by numerical models.

Finally, Kouketsu et al. (2016) have observed increased oxygen concentrations around a cyclonic eddy in the
oligotrophic subtropical North Pacific during summer by using 18 BGC‐Argo floats and have diagnosed the
existence of secondary circulation. Qiu et al. (2006) and Sukigara et al. (2011) have speculated that there is
enhanced mixing at the top of subtropical mode water after subduction that could result in the enhancement of
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primary productivity through transport of nutrients into the euphotic zone. Nutrients transported near the euphotic
zone by secondary circulation might eventually be used for primary production and thereby increase the primary
productivity in this area. However, this study was unable to clarify the impact of this productivity on annual net
primary productivity, most of which depends on winter mixing. In order to evaluate the impact of this process on
primary productivity, BGC data sets with high spatiotemporal resolution will be necessary for this area. Future
BGC‐Argo float observations would greatly facilitate improved understanding of the biological responses and
material transport associated with the complex dynamics of water mass structures.

Data Availability Statement
The data of two BGC Argo floats used in this study are released as Argo data. The data of floats including them
were collected and made freely available by the International Argo Program and the national programs that
contribute to it (https://argo.ucsd.edu, https://ocean‐ops.org/). The data can be accessed at the GDAC ftp site
(ftp.ifremer.fr/ifremer/argo) or GDAC https sites (https://data‐argo.ifremer.fr or https://usgodae.org/pub/out-
going/argo/). Colormaps used in Figures 6, 8 and 12 are available in https://matplotlib.org/cmocean/.
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