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Abstract: Oceanic mesoscale eddies continuously regulate the horizontal and vertical transport of
mass, heat, salt, carbon, and nutrients throughout the ocean system owing to their ubiquity, three-
dimensionality, and long-term persistence. Although satellites have been the main platforms used to
observe mesoscale eddies and chlorophyll-a (Chla) distributions, they cannot support submesoscale
physical-biological interactions. Contemporary satellite observations of Eulerian velocity fields are
unable to resolve submesoscale processes that govern vertical migration and mixing, which are
crucial for controlling the nutrients and light for phytoplankton in the surface layer. We explored
the physical-biological interaction between the anticyclonic mesoscale eddy and the Chla secondary
bloom that occurred after the spring bloom in the East/Japan Sea using the Geostationary Ocean
Color Imager (GOCI). The GOCI currents were generated using GOCI Chla data and were used
to map streamlines, vorticity, and divergence to characterize the surface current near the eddy. In
the early spring bloom period, the eddy interior showed Chla depletion as the eddy was trapped
externally. We found that the second bloom period coincided with a higher divergence or upwelling
period in the eddy core, and a sharp Chla peak was observed when wind-induced Ekman suction
was pronounced. This study describes the first satellite observation of surface layer divergence
inside an anticyclonic mesoscale eddy with internal Chla blooms, utilizing a submesoscale-permitting
GOCl-based surface current.

Keywords: anticyclonic mesoscale eddy; surface current; submesoscale observation; Chlorophyll-a;
geostationary satellite; GOCI; East/Japan Sea

1. Introduction

Oceanic mesoscale eddies are three-dimensional rotational circulations with horizontal
and vertical spatial scales of 100 and 1 km, respectively, whose horizontal dynamics are
readily observable using satellite imagery. Most of the kinetic energy of global surface
currents is produced by mesoscale eddies, many of which have lifetimes of up to several
years [1]. Owing to their ubiquity, three-dimensionality, and persistency, mesoscale eddies
constantly regulate the transport of mass, heat, salt, carbon, and nutrients in the horizontal
and vertical directions [2,3]. In addition, these transporters play an important role in
modulating the climate and weather in the atmosphere [4,5], dispersing contaminants in
the surface layer [6], and promoting interactions of physical-biological-biogeochemical
processes in the ocean [7].

Historically, the dynamics of mesoscale eddies have been identified using satellite
scalar products such as chlorophyll-a (Chla) [8,9], Suspended Sediment Concentration
(SSC) [10], and Sea Surface Temperature (SST) [11,12]. In addition to these tracer-based
observations, satellite altimeters have been used to generate a Eulerian map of the Sea
Surface Height (SSH), from which the distribution and quantification of mesoscale eddies
have been investigated [13,14]. The Earth’s rotation matters in the mesoscale phenomenon
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owing to its spatial scale order of 100 km with the Rossby number less than unity, thereby
resulting in the eastward deflection of current. Therefore, the center of the anticyclonic
mesoscale eddy in the Northern Hemisphere has a positive SSH anomaly. Based on the
topographic map of the SSH, the geostrophic current can be calculated by balancing the
SSH variation-induced pressure gradient and rotational force. Geostrophic currents from
AVISO are widely used to observe mesoscale eddies [15-17] because they are the only
Eulerian currents that can cover a larger area than marginal seas.

The East/Japan Sea (E]S) is a marginal sea, with a maximum depth of 5600 m, between
Korea and Japan that contains mesoscale phenomena that are clearly shown in Chla satellite
images throughout the year. The EJS is considered a microcosm of the ocean because it
contains abundant physical processes including mesoscale eddies, subpolar fronts, coastal
upwelling, and meridional overturning circulation. Mesoscale eddies are the predominant
physical processes, lasting months to years near the subpolar front, which is permanently
located at approximately 40 N [18,19]. They have been well identified through satellite
products, such as the Geostationary Ocean Color Imager (GOCI) Chla, particularly when
major blooms occur in spring and autumn. Because Chla is the first trophic-level producer
of the food chain in marine ecosystems, its observation contributes greatly to the study
of biogeochemical and nutrient cycles, as well as carbon storage and fluxes in marine
ecosystems [20]. Although we witness the importance of Chla observations, observations
revealing the blooming mechanisms in the EJS and other oceans are still lacking due to the
limited resolution of the Eulerian surface current.

A better understanding of mesoscale biological activity requires physical observations
with scales finer than the mesoscale. Submesoscale circulations are defined as features
that resolve horizontal and vertical spatial scales in the order of 100 m-10 km and 100 m,
respectively, and temporal scales of hours and days that occur between the mesoscale circu-
lations and three-dimensional turbulence [21,22]. Because submesoscale circulation induces
stronger vertical movement and mixing than does the mesoscale circulation, it actively
regulates the amount of light and nutrients available to phytoplankton in the surface layer,
thus significantly affecting biological productivity [23]. However, unlike scalar satellite
data such as SST and Chla, the AVISO geostrophic current cannot observe submesoscale
phenomena both spatially and temporally, which means that vertical upwelling and down-
welling, which strongly affect the biological production, shown in submesoscale-resolving
Chla images cannot be observed in the mesoscale-permitting AVISO velocity field over a
marginal sea.

In this study, we sought to understand how physical and biological processes inter-
act in mesoscale eddy dynamics. Utilizing GOCI Chla data to produce submesoscale-
permitting velocity fields, we studied the physical mechanism that would explain a short-
lived internal Chla bloom in an anticyclonic mesoscale eddy near subpolar fronts in the EJS.
Based on the examination of flow kinematics derived from GOCI satellite currents, various
models, and reanalysis data, it was concluded that the short-lived Chla bloom coincided
with the surface divergence. This demonstrated the interaction between physical processes
(divergence or upwelling) and biological processes (Chla bloom) in mesoscale eddies. The
absence of observational Eulerian surface divergence during Chla blooms emphasizes
the importance of high-resolution velocity fields in the analysis of physical-biological
interactions incorporated with mesoscale eddies.

2. Materials and Methods
2.1. Chla Observations near Mesoscale Eddies

Mesoscale eddies around the subpolar fronts in the EJS between the Ulleung and Japan
basins were observed using GOCI-I Chla data (Figure 1). The GOCI-I satellite provides Chla
images in a 500 m grid generated over the region near the Korean Peninsula, including the
East/Japan Sea, Yellow Sea, and East China Sea, hourly from 9:30 a.m. to 4:30 p.m. The Chla
concentration map was estimated using the three-band ocean color algorithm (OC3), which
was adjusted to coastal areas near the Korean Peninsula [24]. To generate velocity fields, Chla
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Figure 1. GOCI Chla concentration at 3 a.m. UTC on 3/31/2011 (a) and at 2 a.m. UTC on 5/8/2011 (b)
in EJS. The red point indicates the location of eddy ED.

To complement missing GOCI Chla data, on account of cloud cover, we used ocean
color reanalysis data (OCEANCOLOURGLOBGC_L4_MY_009_104, hereafter referred to
as CMEMS reanalysis data) with 4 km and daily resolutions from the Copernicus Marine
Environment Monitoring Service (CMEMS), which integrates data from many available
ocean color satellites, including MODIS-Aqua, MODIS-Terra, MERIS, SeaWiFS, VIIRS-
SNPP, OLCI-S3A, and S3B. We used these data only to plot the long-term variation in Chla
concentration at the eddy core, as shown in Figures 2 and 3.
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Figure 2. The temporal distribution of mean Chla concentrations in 2011. The solid and dashed blue
lines represent the mean Chla concentrations and sea surface temperatures over the EJS (rectangular
domain in Figure 1) derived from CMEMS products. The solid and dashed red lines are the mean
Chla concentrations and sea surface temperatures at the center of eddy ED on 5/8 derived from the
CMEMS products. The black points represent mean Chla concentrations derived from GOCI data.
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Figure 3. CMEMS Chla reanalysis data with a horizontal resolution of 4 km near eddy ED on 3/1 (a),
3/10 (b),3/20 (c), 3/31(d), 4/5 (e), 4/16 (f), 4/24 (g), 5/8 (h), 5/17 (i), and 5/31 (j).

GOCI Chla data revealed two major Chla blooms, occurring in spring and autumn [25].
The timing and strength of the blooms in the EJS showed interannual variability in large-
scale climactic phenomena in the tropical eastern Pacific Ocean [26]. The maximum Chla
concentration during the spring bloom was approximately twice as strong as that of the
autumn bloom [27,28]. The spring bloom originated in the southern region of the EJS in
March and spread northward, peaking in May. Autumn blooms developed from October
to December, and their concentration in the northern region was stronger than that in the
southern region of the EJS [29].

To observe the changes in mesoscale eddies reflected in the Chla data, we selected
Chla images with minimum data loss on six dates (3/31, 4/5, 4/16, 4/24, 5/8, and 5/17)
between March and May 2011. Among the images of the six dates, we found one anticyclonic
mesoscale eddy (hereafter referred to as ED) with the least cloud cover. A daily global
mesoscale ocean eddy dataset from satellite altimetry [30] was used to track the location of
eddy ED, and its central location remained almost stationary for a year in the narrow domain
of 131E-133E and 38.5N—-40.5N in 2011 without splitting or merging of eddies (Figure 1). The
ED eddy was used to investigate the interaction between the dynamics of the mesoscale eddy
and the variability of Chla concentration during the spring bloom period.

2.2. Satellite-Based Surface Currents

Generally, satellite remote sensing is used to generate oceanic surface currents. Here,
polar-orbiting satellite data were used to derive mesoscale surface currents by applying the
maximum cross-correlation (MCC) method [31,32]. Polar-orbiting satellite data can resolve
submesoscales spatially but not temporally. However, geostationary satellite data can
provide data with submesoscale resolutions in both time and space, which is an advantage
in generating a submesoscale Eulerian velocity field. Over the past decade, research has
been conducted on submesoscale biogeochemical activities and satellite-derived surface
currents using GOCI data [33-38]. Furthermore, the GOCI surface current was utilized
to characterize the submesoscale turbulence in the EJS, and a strategy for estimating the
accuracy of satellite image-based surface currents was studied [19,39].

We derived the submesoscale-permitting velocity field from a submesoscale-resolving
GOCI Chla image. Two hourly consecutive Chla images were used to generate a velocity
field with a 5 km resolution by applying the Particle Image Velocimetry (PIV) algorithm im-
plemented in the PIVlab code [19,40]. The PIV algorithm uses cross-correlation to determine
the average displacement of the tracer found in the successive images, then uses the time
difference between images to obtain a velocity vector. The velocity vectors computed by
cross-correlation at each grid cell constitute a two-dimensional velocity field. In this work,
we used the same method used in [19] to generate the velocity fields. The hourly velocity
field was averaged daily; therefore, six daily averaged velocity fields were used to generate
streamlines, divergence, and vorticity that can characterize the flow kinematics to investigate
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the physical-biological interaction between the mesoscale eddies and the secondary bloom.
We defined the secondary bloom as a short and intense bloom after a primary spring bloom,
and previous studies have not reported this phenomenon. Because GOCI Chla is regarded
as data integrated from depths of 5-10 m [19], the surface current derived from GOCI Chla
suggests that the mean current is integrated over the surface layer.

Daily observations of geostrophic velocity fields (hereafter referred to as AVISO) and Sea
Surface Height (SSH) were obtained from global ocean observations (SEALEVEL_GLO_PHY_
L4_MY_008_047) with 0.25° resolution from the CMEMS, which were generated from altimetry
satellites from GEOSAT to Jason-3. These AVISO altimetry data have been used to detect,
track, and characterize long-lived mesoscale eddies [15,30,41,42]. In this study, we used the
mesoscale-permitting geostrophic velocity field to stress the importance of an area of observed
high-resolution velocity to understand the physical-biological interaction in the surface layer.

2.3. Model Observations

The CMEMS global ocean eddy-resolving model data (GLOBAL_MULTIYEAR_PHY_
001_030) with a 1/12° grid and 50 vertical levels were used to estimate hydrographic
properties, such as temperature and mixed layer depth near the eddy during the spring
bloom. The mixed layer depth was defined as the depth from the surface at which the
vertical temperature gradient first reached 0.2 °C. The Global Observed Ocean Physics 3D
Quasi-Geostrophic Currents (OMEGA3D) provides weekly vertical velocity fields over a
0.25° regular grid from the surface to a depth of 1500 m. Here, we used vertical velocity
data to investigate the occurrence of upwelling events associated with secondary blooms.

Global Ocean Biogeochemistry Hindcast Model data (GLOBAL_MULTIYEAR_BGC_
001_029; hereafter referred to as GOBHM) with a 0.25° grid and 75 vertical levels were
used to estimate daily Chla concentrations, which were used to investigate whether the
low-resolution model in operation could predict secondary blooms. The one-dimensional
nitrogen—phytoplankton-zooplankton—detritus (NPZD) model [43] was used to comple-
ment the results of the GOBHM model. Using the temperature model results as input,
we calculated the vertical distribution of Chla in the upper 250 m region with a vertical
resolution of 1 m and investigated whether this simple model could also show the change
in Chla that was observed by satellite.

To investigate the eddy—wind interaction or Ekman pumping, we used wind data
from the European Center for Medium-Range Weather Forecasts data (ECMWF ERAD).

The vertical velocity or the Ekman pumping rate w, was calculated from the wind data

by w, = ﬁ (aalxs — %), where f is the Coriolis parameter and p = 1025 kg/m? is the

density of water. The wind stress (X, Ys) was calculated as X = (f ﬁ‘;z

Ys = (’1)1[2‘;2 |v — vg|(v — vp), where p, = 1.293 kg/m? is the density of air, & = 0.034 is the

square root of the ratio of air densities to seawater, K, = 1.555 x 1072 is the drag coefficient
of air over the ocean, u and v are the wind velocity components, and uy and vj are the
current velocity components [44]. All model and reanalysis data were interpolated at the
eddy-centric coordinates of the ED, and the time series of the vertical one-dimensional data
were used.

| — up| (1 — ug) and

3. Results
3.1. Secondary Bloom Observations

In addition to typical blooms in spring and autumn in the EJS, we found a secondary
bloom followed by a spring bloom. Both the GOCI observations and CMEMS reanalysis data
showed similar temporal and spatial Chla distributions near eddy ED. In Figure 2, the mean
Chla concentration over EJS (rectangular domain in Figure 1) shows that the spring bloom
strengthened in early March and decayed in early May when the water surface temperature
reached 7 °C, beyond which the bloom began to decline due to thermal stress on the phyto-
plankton. The autumn bloom from October to November was found to have a much weaker
Chla concentration than that in the spring bloom (blue line in Figure 2). Focusing on the area on
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eddy ED, a short and intense bloom (hereafter referred to as a secondary bloom) occurred in the
eddy interior over the course of the weakening spring bloom (red line in Figure 2).

Snapshots of the Chla distribution in the proximity of eddy ED showed a few temporal
phases of Chla distribution (Figure 3). Chla-depleted regions were observed inside and
outside the eddy before the spring bloom began (Figure 3a). From this time to the peak of
the spring bloom, a high contrast in the Chla concentration with weaker Chla inside the
eddy was observed (Figure 3b—d). At the spring bloom peak, the formation of Chla-rich
submesoscale filaments with relatively weaker Chla concentrations inside the eddy was ob-
served (Figure 3f). As the spring bloom declined, a high contrast in Chla concentration with
Chla-rich filaments inside the eddy was observed (secondary bloom shown in Figure 3h).
At the end of May, following the secondary bloom, the Chla was depleted over the EJS.

3.2. Current Observations

The flow kinematics near eddy ED were compared using two satellite-based Eu-
lerian currents, namely the mesoscale-permitting AVISO geostrophic current and the
submesoscale-permitting GOCI surface current, to stress the importance of high-resolution
Eulerian velocity observations in elucidating physical-biological interaction mechanisms.
Figure 4 depicts GOCI velocity fields with a 5 km grid and AVISO velocity fields with
a 25 km grid over the period of the spring and secondary blooms. The speed of the GOCI
current in an eddy-centric coordinate increased and then decreased in the radial direction
from the core to its circumference, so the eddy showed a Rankine-type vortex motion,
where it attained a maximum speed in the space between the center and edge. If the
eddy boundaries observed in the GOCI currents were applied to the AVISO currents, the
speed of the AVISO current would increase in the radial direction from the eddy core to its
circumference, showing a rigid body rotational motion.

=7

132 131 1315 132 131 1315 132 131 1315 132 131 1315 132 131 1315 132
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Figure 4. GOCI velocity fields with a 5 km grid (al-a6) and AVISO velocity fields with a 25 km
grid (b1-b6) during the period of the spring and secondary blooms, taken on 3/31, 4/5,4/16, 4/24,
5/8,05/17. The color scale is the spatial and temporal Chla concentration on the same date as the
velocity field over EJS.

Figure 5 shows the streamlines, defined as a path of massless imaginary water particles
traveling along lines that are tangential to the local Eulerian velocity. The GOCI current
shows intense spiral streamlines in the eddy during the early stage of the spring bloom
(Figure 5(al,a2)). This observation implies that water particles at the eddy core must
take a long path to escape from the eddy. In other words, intense spirals in a clockwise
direction reveal a thicker material barrier between the inside and outside of the eddy,
which also means that the horizontal transport and mixing of the material is limited by
the material barriers. When the spring bloom declines, streamlines spiral outward in a
clockwise direction (Figure 5(a4,a5)), which corresponds to the period of the secondary
bloom. The outward spiral implies that the material barrier weakened, and horizontal
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transport and mixing were strengthened. We found that this coincided with the secondary
bloom during the weakening spring bloom phase. The obvious temporal change in the
streamlines seen in the GOCI currents was not identified by AVISO currents (Figure 5b).
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Figure 5. Streamlines from GOCI velocity fields with a grid of 5 km (al-a6) and AVISO velocity fields
with a grid of 25 km (b1-b6) over eddy ED on 3/31,4/5,4/16,4/24,5/8, and 5/17, respectively.

3.3. Model Observations

Observational and model data at the time of the secondary bloom were investigated to
estimate the physical processes related to the secondary bloom. The CMEMS model data
suggested that the thickness of the mixed layer depth continued to decrease from March to
May 2011 (black lines in Figure 6a,b), and the minimum mixed layer depth was reached in
May when the secondary bloom occurred. The vertical velocity from the OMEGA3D model
indicates a strong upwelling event at the end of April (Figure 6b); therefore, the modeled
upwelling timing, and up to one week thereafter, matched well with the secondary bloom
period. Therefore, various models and observations that can infer upwelling at the time of
secondary bloom, such as the events of minimum mixed layer depth (model), strong positive
vertical velocity (model), and streamlines spiraling outward (satellite observation), coincided
with the time of the secondary bloom (satellite observation) from late April into early May.

Although the coincidence of the modeled positive vertical velocity and the observed
secondary bloom appeared to indicate a physical-biological interaction, the GOBHM
model (blue line in Figure 6d) was not able to predict the secondary bloom. This may be
because the vertical fluctuations or upwelling of the mixed layer induced by submesoscale
circulations cannot be simulated using the low-resolution model (0.25°), which also implies
that the model did not detect the physical part of the physical-biological interaction needed
to simulate the secondary bloom. Unlike the GOBHD model, we found that a simple
one-dimensional NPZD model at eddy-centric coordinates could predict the secondary
bloom almost simultaneously with the spring bloom (Figure 6¢,d).
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Figure 6. (a) The temporal distribution of depth temperature at the center of eddy ED on 5/8. (b) Tem-
poral distribution of vertical velocity in depth at the center of eddy ED on 5/8. (c) The temporal Chla
concentration with depth from the NPZD model on 05/08. (d) Temporal Chla concentration at the sur-
face of eddy ED on 5/8 from the NPZD model (green line), CMEMS product (blue line), and observation
from satellite (black line). The blue box defines the bloom period (4/27-5/12). The dashed red lines
indicate the dates of observation derived from GOCI data (3/31,4/5,4/16,4/24,5/8,and 5/17). The
point black line is the mix layer depth at the center of eddy ED on 5/8 from January to May of 2011.

4. Discussion
4.1. Divergence and Vorticity in a Mesoscale Eddy

During the spring bloom period, the GOCI current exhibited increasing horizontal
divergence and decreasing horizontal vorticity; thus, strong divergence and weak vorticity
were observed when the secondary bloom occurred (Figure 7(al-a6,b1-b6)). Divergence
measures the dilation rate and vorticity measures the rotation rate of a body of water. As
seen in the outward streamlines in Figure 5, the divergence in the eddy interior became more
pronounced with time (Figure 7(al-a6)), reaching its peak on 8 May when the secondary
bloom was noticed.

Unlike divergence, the vorticity in the eddy interior weakened slightly with time. The
conservation of mass for incompressible flow implies that positive horizontal divergence is
necessarily accompanied by positive vertical transport. Therefore, it is physically obvious that
upwelling occurred in the eddy interior at the time of strong positive divergence, especially
on 8 May, when the secondary bloom occurred. GOCI surface currents manifested variations
in divergence and vorticity for the eddy; however, the variation was limited to extraction
from the mesoscale-permitting AVISO geostrophic current (Figure 7(c1-c6,d1-d6)) because it
excludes many current components in the submesoscale, including the Ekman current, wind
drift, Stokes drift, ageostrophic current, and multiscale interactions between the components.
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Figure 7. Divergence (al-a6) and vorticity (b1-b6) of eddy ED from GOCI data with a resolution of
5 km over the eddy ED. Divergence (c1-¢6) and vorticity (d1-d6) of eddy ED from AVISO data with
a resolution of 25 km over eddy ED. Indices 1-6 correspond to the days of 3/31,4/5,4/16,4/24,5/8,
and 5/17, respectively.

4.2. Horizontal Material Transport in a Mesoscale Eddy

The particle tracking model [45] driven by GOCI currents, visualizes the characteristics
of horizontal transport in the spring and secondary bloom periods. The 20,164 particles
were initially located in a regular grid spaced at 1 km and advected by a steady GOCI
current for eight days. During the early phase of the spring bloom (Figure 8(al,a2)), a large
portion of the particles remained inside the eddy, and the eddy boundaries did not show
a sharp convergence line. At the peak of the spring bloom (Figure 8(a3)), the particles
were less populated inside the eddy, except for the eddy core, and a sharp convergence
region appeared around the eddy. During the secondary bloom period (Figure 8(a4,a5)),
the particles converged to the surrounding filament, with an even smaller population
remaining inside the eddy. As expected, the GOCI current on 8 May produced the longest
particle trajectory and greatest displacement among particles discharged from the eddy core.
As expected, the smallest displacement of a particle discharged from the eddy core was
observed during the early phase of the spring bloom period (Figure 8(b1-b3)). The GOCI
current on 8 May produced the longest particle trajectory and greatest displacement event
among those discharged from the eddy core (Figure 8(b5)). Particle simulations utilizing
AVISO currents lacked the temporal and spatial variability observed in GOCI currents,
resulting in a homogeneous particle distribution in the eddy interior for all simulation
cases Figure 8(c1-c6,d1-d6).
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Figure 8. Distribution of 20,164 virtual particles in and around eddy ED after eight days for GOCI
currents (al-a6) and AVISO currents (c1-¢c6). The length of trajectory of the particle from the center of
eddy from the initial point to the final point for GOCI currents (b1-b6) and AVISO currents (d1-d6).
The cyan points are the initial position of particles. The black points are the final location of particles.
The gray lines are the streamlines from the GOCI velocity field. The indices 1-6 represent the days
3/31,4/5,4/16,4/24,5/8, and 5/17, respectively.

4.3. Possible Bloom Mechanisms

Mesoscale eddies influence secondary Chla blooms through various mechanisms of
physical-biological interactions, such as eddy stirring [46], eddy trapping [47], eddy pump-
ing [48], and eddy-wind interaction [49]. Eddy stirring describes the spatial variation of the
Chla anomaly in the eddy that propagates with a large-scale current, which is not applicable
to eddy ED, since it remained stationary for a year. Eddy trapping occurs when an eddy is
snatched away from the mainstream, resulting in nutrient-poor, trapped eddy interiors that
quickly deplete the Chla concentration inside the eddy. Eddy ED, during the early phase
of the spring bloom, seemingly underwent eddy trapping, because the limited horizontal
transport shown from the particle tracking model can also limit vertical transport by consid-
ering mass conservation. Consequently, eddy stirring and eddy trapping associated with
horizontal transport were not regarded as triggers for secondary blooms.

Eddy pumping and eddy-wind interactions are linked to vertical transport, which
can directly alter the nutrition and light availability in the surface layer, thereby possibly
explaining the secondary bloom we observed. Eddy pumping is the vertical undulation
of the isopycnal that pumps nutrients up or down, and pumping through the bottom of
the mixed layer is connected to eddy evolution, including intensification or relaxation. For
anticyclonic eddies in the northern hemisphere, upwelling occurs during eddy intensification,
and downwelling occurs during eddy relaxation [7]. By measuring temporal changes in
vorticity, we can determine whether an eddy intensifies or relaxes. The conservation of
angular momentum indicates that the vorticity of a vortex can increase as its vertical extent
thickens (vortex stretching) and decrease as its vertical extent thins (vortex squeezing) [50].
Vortex stretching and vortex squeezing are defined as moments of mixed layer thickening
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and thinning, respectively, in our application. Because the vorticity at the eddy core decreased
as the mixed layer depth decreased towards the time of secondary bloom, eddy ED was
possibly in the phase of relaxation or decay during the spring bloom period. Eddy-wind
interaction, also known as Ekman suction (upwelling) or Ekman pumping (downwelling), is
the interaction between winds and ocean surface currents that can result in vertical velocity
changes at the bottom of the Ekman layer. Although the AVISO current was not able to
manifest the temporal variations in divergence and vorticity that can be shown by GOCI
currents, it manifested a wind-eddy-induced positive vertical velocity that roughly matched
the Chla peaks observed during the secondary bloom (Figure 9).
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Figure 9. Temporal change in Ekman pumping velocity of the secondary bloom in January-May 2011.
The solid pink line is the Ekman pumping velocity calculated from AVISO and wind data. The
diamond points are the Ekman pumping velocity calculated from GOCI and wind data. The green
line represents the temporal Chla concentration derived from the NPZD model. The blue box defines
the bloom period (4/27-5/12). The dashed red lines indicate the days with observations from GOCI
data (3/31,4/5,4/16,4/24,5/8, and 5/17).

From the arguments above, we consider that eddy trapping, eddy pumping, and eddy—
wind interaction are possible mechanisms underlying the variation in Chla concentration
during the observed spring and secondary blooms. The interior of the eddy was trapped, as
indicated by the intense streamlines (Figure 5), and particles were widely distributed inside the
eddy (Figure 8). This eddy trapping continued before the spring bloom peak, which resulted
in a negative Chla anomaly because isolation in both the horizontal and vertical directions
restricted the availability of nutrients. After this period, the isolation relaxed, as observed in
the outward streamlines, along with particle depletion inside the eddy and strong divergence
in the eddy interior. Eddy pumping continued until the end of the secondary bloom. During
the eddy pumping period, the eddy-wind interaction played a role in enhancing the upwelling
during the secondary bloom (Figure 9). Even though the NPZD model was not incorporated
with the eddy-wind interaction, it estimated the secondary bloom at the right time. This
suggests that eddy pumping triggered the secondary bloom, and the eddy-wind interaction
created sharp Chla peaks around 28 April and 8 May (Figure 9).

5. Conclusions

Based on satellite observations, we investigated the mesoscale eddy dynamics and the
corresponding Chla variation in the EJS to investigate the physical-biological interactions in-
volved in the secondary bloom that occurred in the decaying phase of the spring bloom. When
the secondary bloom occurred, we observed streamlines spiraling outward with stronger
divergence and weaker vorticity, which also coincided with the modeled upwelling and
shallowest mixed layer depth. This strongly suggests that the secondary bloom was triggered
by upwelling, which may modulate nutrient and light availability in the surface layer.
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The mechanisms of eddy trapping, eddy pumping, and eddy—wind interactions were
considered to involve the Chla variations observed during the spring bloom period. The
interior region of the eddy was trapped (eddy trapping) during the early spring bloom, as
indicated by strong material barriers surrounding the eddy, which may have led to a scarcity
of nutrients, and ultimately Chla depletion within the eddy. Then, the divergence and vorticity
within the eddy first increased and then decreased as the mixed layer thinned, which implies
that the eddy was in the phase of relaxation with upwelling (eddy pumping). This upwelling
corresponded to a secondary bloom. We discovered a sharp Chla peak that was consistent
with substantial Ekman suction (eddy—wind interaction); consequently, eddy—-wind interaction
may have stimulated the bloom on a shorter timescale than did eddy pumping.

Submesoscale observations of surface currents reveal the hidden physical dynamics
that play an important role in the physical-biological interaction. In this study, we observed
the first satellite observation of surface layer divergence inside a mesoscale eddy with
internal Chla blooms in the East/Japan Sea using the submesoscale-permitting GOCI-based
surface current. This Eulerian observation is limited to any other Eulerian observational
current that can cover the region of mesoscale eddies because it is incapable of resolving
the submesoscale in both time and space. Even a linear combination of the wind and the
AVISO current may not be able to replicate the submesoscale currents that we were able to
make using the GOCI Chla data. Submesoscale circulations, such as filaments, eddies, and
fronts, are nonlinear phenomena that are closely related to vertical transport (upwelling
and downwelling). These vertical transports are an order of magnitude stronger than
those caused by mesoscale phenomena, and the spatiotemporal scales of wind are much
larger than those of upwelling caused by submesoscale circulations. Consequently, the
wind contribution may not cause appreciable changes in surface layer divergence. This
work stresses the importance of high-resolution velocity fields in investigating the physical
mechanism of the physical-biological interaction, and a long-term and high-resolution
Eulerian observation platform that can span a marginal sea is required to study the long-
term interaction between mesoscale eddies and variations in Chla production.
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