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Mesoscale eddies induce
variability in the sea surface
temperature gradient in the
Kuroshio Extension
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and Yuntao Wang1*
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Engineering Guangdong Laboratory (Zhuhai), Zhuhai, China
The Kuroshio Extension (KE) region is one of the most energetic regions in the

global ocean where prominent mesoscale dynamics persistently occur. The

spatial distribution and temporal evolution of the sea surface temperature (SST)

gradient and mesoscale eddies in the KE are investigated. The SST gradient can

be applied for identifying the fronts, and the SST gradient within two times the

radii of the eddies is composited to quantify the impact of eddies on frontal

activities. Depressed SST gradients are identified for eddies with both polarities,

but prominent spatial variance in the SST gradient reveals that a large SST

gradient is located to the north of anticyclones and along the south periphery

for cyclones. The eddies are further separated into two groups depending on

their location relative to themain path of the KE, as the background fields to the

north and south of the KE are largely different. The spatial pattern, e.g.,

monopole and dipole features, and temporal variation in the SST gradient are

fully studied over the lifespans of eddies. The results show that most eddies can

significantly weaken the internal SST gradient and induce the horizontal

redistribution of the SST gradient in surrounding regions. Cyclonic eddies

north of the KE elevate the fronts along the periphery of eddies. The

temporal variability in the SST gradient is prominent and largely varies for

each group of eddies. This study offers quantitative analyses of the spatial and

temporal relationships between eddies and fronts that are important for

understanding the mesoscale dynamics in the world’s oceans.
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Introduction

The Kuroshio Current, as the western boundary current of

subtropical circulation in the North Pacific Ocean, flows

northward along the continental margin and is associated with

the substantial transport of heat meridionally (Qiu, 2002). To the

north of the Kuroshio Current, there is another western

boundary current of subarctic circulation, namely, the Oyashio

Current, characterized as cold and nutrient-rich, which flows

southward and merges with the Kuroshio Current (Tatebe and

Yasuda, 2004). The confluence of the Kuroshio Current and

Oyashio Current takes place and then turns eastward into the

open ocean, which is referred to as the Kuroshio Extension (KE)

(Itoh and Yasuda, 2010). There are abundant mesoscale

activities in the KE region, e.g., fronts and eddies, owing to the

large instability established as these two distinctive currents

converge (Mizuno and White, 1983; Yasuda, 2003; Itoh and

Yasuda, 2010; Kida et al., 2015), and two quasi-stationary

meanders with ridges are located at 144°E and 151°E,

indicating the instabilities of currents (Qiu, 2002). These

processes have a significant impact on the energy budget, air-

sea interactions, and fisheries (Sugimoto and Tameishi, 1992;

Kida et al., 2015; Shan et al., 2020). Therefore, the KE region has

drawn much attention due to the complex dynamic processes.

Eddies, as the major category of mesoscale dynamics (Chai

et al., 2020), have a spatial scale where the radius ranges from 25-

250 km and the lifespan is longer than 10 days (Chelton et al.,

2011b). The majority of eddies are characterized by a westward

propagating tendency, similar to Rossby waves (Chelton et al.,

2007), leading to a gentle sea surface height (SSH) gradient of the

leading edge and a steepened SSH gradient of the trailing edge

(Early et al., 2011). As a result, the geostrophic current induced

by eddies is stronger at the eastern side than at the western side,

which makes the anticyclonic (cyclonic) eddies have a slightly

equatorward (poleward) propagation tendency (Chelton et al.,

2007). Eddies have important influences on water properties,

e.g., temperature, salinity and chlorophyll-a, in both the

horizontal and vertical directions (Nurser and Zhang, 2000;

Itoh and Yasuda, 2010; Early et al., 2011; Frenger et al., 2015)

via several dynamical processes, including eddy trapping, eddy

pumping, eddy stirring, etc. (Gaube et al., 2014). For example,

there are often positive (negative) SST anomalies and elevated

(reduced) wind stress aloft inside anticyclonic (cyclonic) eddies,

which is due to the downwelling (upwelling) induced by eddy

pumping (Ma et al., 2015).

The response caused by the above dynamic mechanisms can

be divided into monopoles and dipoles according to the

characteristics of the responses (Siegel et al., 2011). Eddy

trapping caused by eddy nonlinear characteristics means that

the rotational speed of eddies is larger than the velocity of the

background field (Chelton et al., 2007). Through this dynamic

mechanism, eddies can carry water masses from the background
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origin over a long period of time and remain sealed (Chelton

et al., 2011a). In the process of eddy formation, eddy pumping

induced by the convergence/divergence of sea surface water can

induce upwelling (downwelling) in cyclonic (anticyclonic)

eddies (Benitez-Nelson et al., 2007). These two mechanisms

lead to monopole anomalies (Gaube et al., 2014). Based on the

rotation of eddies, another dynamic mechanism called eddy

advection affects the distribution of water masses in eddies,

which stirs the background field and leads to upwelling near the

eddy edge (Mizobata et al., 2002; Chelton et al., 2011a) and

finally develops a dipole anomaly (Siegel et al., 2011). In general,

the anomalies caused by eddies can be considered a combination

of these anomalies induced by the above dynamic mechanisms.

The importance of each dynamic mechanism varies during the

whole lifecycle of eddies; for example, the effect of eddy stirring

is larger than that of eddy pumping after eddy generation, but

eddy pumping is stronger than eddy stirring before eddies vanish

(Gaube et al., 2014).

In the KE region, eddies are mostly generated by horizontal

shear instability and KE main path meander instability (Ji et al.,

2018). For the first mechanism, the inconsistent horizontal flow

rate results in the curl offlow that gradually develops into eddies,

which are usually smaller in scale and short-lived. Accordingly,

the westward retroflection, derived from the KE, can generate

anticyclonic (cyclonic) eddies in the south (north). The second

mechanism of eddy generation is caused by the meandering of

the main path of the KE, which means that the “meanders” are

split away from the KE. The eddies generated by this mechanism

can be long-lived and have a relatively stable structure. Thus, the

anticyclonic (cyclonic) eddies are mostly on the north side

(south side) of the main path of the KE, which is contrary to

the other mechanism. Because the eddies produced by these two

mechanisms have different features, the eddies are not evenly

distributed in the KE region. Long-lived anticyclonic (cyclonic)

eddies are mainly distributed on the north side (south side) of

the KE path, while short-lived eddies are the opposite (Ji

et al., 2018).

The eddy-induced responses in oceanic features in both the

horizontal and vertical directions are highly complex due to their

underlying dynamic processes (Nurser and Zhang, 2000; Wang

et al., 2018; Sun et al., 2020). For instance, in the horizontal

direction, eddy stirring is the azimuthal advection around eddy

peripheries associated with the transport of water properties,

while eddy trapping is caused by the nonlinear characteristics of

eddies, for which the rotational velocities of the eddy are faster

than the eddy propagation speed, leading to inside fluid trapping

(McWilliams and Flierl, 1979; Gaube et al., 2014). In the vertical

direction, eddy pumping is the vertical motion of the eddy center

caused by eddy-induced isopycnal displacement during the

intensification of eddies (Gaube et al., 2015). Eddy-induced

Ekman pumping is another vertical motion, which is a

nonlinear process formed by the interaction between eddies
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and sea surface wind (Yang et al., 2021). Eddy-induced Ekman

pumping is usually characterized by an opposite impact to that

of eddy pumping (Gaube et al., 2014).

In addition, there are significant spatial variabilities in local

dynamics and ecosystems in the KE region, especially in the

meridional direction. For example, the SSH varies prominently

and generally decreases poleward (Qiu and Chen, 2011), and the

region with the largest meridional sea surface temperature (SST)

gradient is used to represent the main path of the KE (Qiu et al.,

2014). The spatial variation also varies over time; for instance,

the SST has a larger range in the north than in the south of the

KE main path, resulting in a larger meridional SST gradient

during winter than during other seasons (Sato et al., 2016).

Under these conditions, another mesoscale process, referred to

as the front, which is defined as a narrow transition zone

between water masses by using SST gradients (Kostianoy and

Lutjeharms, 1999; Wang et al., 2015), is established (Xi et al.,

2022). The SST fronts induced by the confluence of cold and

warm water in the KE region are mainly distributed from 35°N

to 45°N, e.g., the Kuroshio Extension Front and the Subarctic

Boundary Front (Yasuda, 2003; Itoh and Yasuda, 2010; Kida

et al., 2015). The intensity of the front, i.e., the SST gradient, over

the Subarctic Boundary Front is stronger than that over the

Kuroshio Extension Front (Jing et al., 2019). Temporal

variability in frontal intensity also varies, and Sato et al. (2016)

observed that the SST gradient is weak in summer, although the

SST front on the north side of the KE near the coast of eastern

Japan is maintained or strengthened in June and July. These SST

fronts have an important impact on primary production and

fisheries (Rykaczewski et al., 2015). Wang et al. (2021b) found a

positive spatial-temporal correlation between the SST gradient

and chlorophyll-a concentrations (Chl-a) in the KE region after

investigating the variability in the SST gradient and Chl-a and

indicated that the SST gradient can be used to predict the

interannual variability in Chl-a.

Most previous studies have mainly focused on the SST

anomaly induced by eddy-related dynamical processes

(Frenger et al., 2015; Gaube et al., 2015). For example, in the

North Pacific, anticyclonic (cyclonic) eddies represent a warm

(cold) internal core (Hausmann and Czaja, 2012; Sun et al.,

2020). Regarding the SST gradient, which is used as a proxy for

fronts (Xi et al., 2022), few studies have investigated the

influence of eddies on modulating the SST gradient. For

instance, Wang et al. (2020) revealed that eddies in the KE

region can carry the front as they move westward and that the

front gradually weakens. The eddies can expand the region with

a large SST gradient in the preexisting frontal zone (Yuan and

Castelao, 2017). However, an understanding of the effects of

eddies on SST gradients and of the spatial variability in SST

gradients induced by eddies is still lacking. In this study, we used

a dataset of mesoscale eddies and long-term satellite

observations of SST gradients to analyze the influence of

eddies on SST gradients in the KE region. The data and
Frontiers in Marine Science 03
method are described in section 2. The results are summarized

in section 3. The discussion and the conclusions are presented in

sections 4 and 5, respectively.
Data and method

Satellite observations of SST are used to obtain the SST

gradient in the study region (140°E-170°E, 30°N-40°N). The

daily SST data are measured by the Moderate Resolution

Imaging Spectroradiometer (MODIS), which is onboard the

Aqua satellite. The spatial resolution of SST data is 1/24°,

which is approximately 4.5 km, and the time spans from July

2002 to the present. SST gradients have been widely used to

describe frontal activities in the global oceans. SST gradients are

calculated at each pixel for their zonal component (Gx) and

meridional component (Gy) as the ratio of the SST difference

among the surrounding pixels following Wang et al. (2021b).

The total gradient (G) is subsequently calculated as G =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2
x + G2

y

q
.

The applied SSH data, with a spatial resolution of 1/4°

covering the period from July 2002 to December 2015, are

obtained from the Copernicus Marine Environment

Monitoring Service (CMEMS). The daily KE main path is

defined by the SSH contour with a constant value following

Qiu et al. (2014). In a former study, the contour of 100

centimeters is applied to depict the main path of KE, but a

value of 170 centimeters is used with the SSH data here. The

difference in SSH data between CMEMS and the one used in Qiu

et al. (2014) is assessed, and the identified KE main paths are

mostly identical between both studies.

The mesoscale eddies are identified with satellite altimeter

data, which are acquired from Archiving, Validation and

Interpretation of Satellite Oceanographic (AVISO) data, which

is released by Chelton et al. (2011b) with the location, radius,

date, and amplitude information for each eddy’s trajectory. The

dataset is also provided by the CMEMS, and the spatial

resolution and temporal period are the same as those of the

SSH data. Note that the eddy can exist or be distinct without

being included in the dataset because its amplitude is too small

to be detected in the altimeter data. The life cycle for each eddy is

calculated using the entire identified trajectory as the existing

period divided by the total length of the lifetime. This dataset has

been widely used in the global ocean, and the identified eddy

feature is highly representative of the KE region (Meng et al.,

2021). The spatial distribution of eddies in the KE region is

described with the frequency of eddy occurrence, which is

calculated at each pixel as the counted number of days that it

was inside an eddy divided by the total number of days, i.e., 4932

days. Although eddies have different shapes, we adopted the

feature following Chelton et al. (2011b), where all eddies are

defined as circles and their area is equivalent to the identified

area of eddies.
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To quantitatively investigate the impact of eddies on the

distribution of the SST gradient, the composite method is

applied. Because of substantial cloud coverage, seven-day

averaged SST gradient at daily intervals is applied. The

snapshot of the SST gradient within twice of each eddy’s

radius is first obtained, and those with more than 50% cloud

coverage are eliminated to reduce the cloud impact. Due to the

different sizes of eddies, the snapshots are linearly interpolated to

be the same size, e.g., a radius of 375 km. In this study, small

eddies, which have a radius of less than 65 km, are eliminated

since each pixel within small eddies will be interpolated into 6

pixels or more, leading to limited spatial variation for eddy-

induced patterns. Finally, all snapshots are composited by

calculating their average, and the standard deviation is

subsequently obtained. Moreover, the SST gradient anomaly is

calculated for each snapshot by removing the spatial average of

each corresponding eddy. The eddy-induced SST gradients are

separated into monopole and dipole features, where the

monopole feature is calculated as the average of the concentric

circles over different distances from the eddy center and the

dipole feature is the residual of the total SST gradient eddy after

removing the monopole feature (He et al., 2019).
Result

Based on daily satellite SST observations, the SST gradient in

the KE region shows a large spatial variation (Figure 1A). A

strong SST gradient is identified in the KE region, particularly in
Frontiers in Marine Science 04
the northern KE, i.e., the Subarctic Boundary Front, and near the

coast of Japan. In comparison, a weaker SST gradient is found to

the south of the KE, i.e., the Kuroshio Extension Front (Jing

et al., 2019). The meridional difference of the strong and weak

SST gradient can be prominently identified along the KE,

especially in the region to the west of 155°E. In the region to

the east of 155°E, the meridional difference is less prominent and

has a weakened SST gradient for the entire region. The region

with a strong SST gradient is similar to the formerly identified

frontal region, such as the Subarctic Front and the Kuroshio

Bifurcation Front (Itoh and Yasuda, 2010), revealing that the

SST gradient can be applied as an indicator of fronts.

The spatial distribution of eddies (Figure 1B) has a very

different pattern than that of the SST gradient. In particular, the

difference in eddy occurrence between the north and south sides

of the KE is much less obvious than the SST gradient. The region

with a high frequency of eddy occurrence is mainly distributed

zonally along 35°N, which is consistent with the main path of the

KE. The two large meanders of the KE also show a high

frequency of eddy occurrence. Thus, the instability of the KE

fosters a large number of eddies. Notably, there are almost no

eddies between 35° N and 40° N near the coast, but a high eddy

occurrence generally occurs in the surrounding areas.

To avoid cloud contamination and bias induced by

interpolation, eddies with cloud coverage greater than 50% or

those with a radius less than 65 km are eliminated. There are

65,010 snapshots of eddies in total (29,185 anticyclonic eddies

and 35,825 cyclonic eddies) for compositing use in the study

region. The mean radius and lifetime of anticyclonic eddies are

93.43 km and 136 days, respectively, and those of cyclonic eddies

are 87.09 km and 137 days, respectively. The overall SST

gradients for anticyclonic and cyclonic eddies are

approximately the same, and their values are 18.5×10-3°C/km

and 18.2×10-3°C/km, respectively. For anticyclonic eddies, the

SST gradient is largely weakened within the eddy, and the

minimum SST gradient reaches 12.3×10-3°C/km near the

center (Figure 2A). An anticyclonic eddy strengthens the SST

gradient on its north side, and the maximum SST gradient

appears outside one radius of the eddy, reaching 27.2×10-3°C/

km. For cyclonic eddies, the SST gradient is generally weak near

the center of the eddy and to the north, and a small SST gradient

is identified at nearly twice the eddy radius in the south, with a

minimum reach of 15.2×10-3°C/km (Figure 2B). A band with a

strengthened SST gradient appears along the south side of the

eddy periphery, where the maximum SST gradient reaches

22.7×10-3°C/km. Thus, the anticyclonic eddies are associated

with a slightly larger SST gradient, with an inhibited value inside

the eddy; cyclonic eddies have an elevated SST gradient in the

south periphery, associated with complex spatial variation in the

SST gradient.

To evaluate the eddy impact to the north and south of the KE

main path, the SSH is used to delineate the main path of the KE

following Qiu et al. (2014). The daily eddies to the north and
B

A

FIGURE 1

(A) Averaged sea surface temperature (SST) gradient (°C/km) and
(B) averaged eddy occurrence (%) in the Kuroshio Extension (KE)
region. In (B), the averaged eddy occurrence for each pixel is
equal to the number of days the eddy exists divided by the total
number of days.
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south of the KE are subsequently distinguished (Figure 3A), and

the overall eddy occurrence percentage is further obtained

(Figures 3B, C). Compared with the averaged main path of

the KE, obtained as the 170 cm contour of climatologically

averaged SSH, the distribution of eddies is well divided. The

overall number of eddy occurrences is approximately the same

between the north and south, although the number of eddy

occurrences does not equally separate in space. For example, two

regions with high eddy occurrences along the main path of the

KE to the west of 155°E are both present on the south side

(Figure 3C). However, the high eddy occurrence east of 155°E is

mostly separated into the north side. Note that the eddies located

at the boundary of the study region are not included in

this study.

Based on the polarities of eddies and their relative locations to

the main path of the KE, four groups of eddies are delineated. Their

temporal evolution of the averaged SST gradient within two radii of

the eddies shows prominent variation over the lifetime of the eddies

(Figure 4). For all groups of eddies, the fluctuation in the SST

gradient over the lifetime is more than 1×10-3°C/km, although the

variation over time is different for each group. The SST gradient in

the anticyclonic eddies in the north rapidly weakens after

generation and rebounds to a larger value than the initial gradient

at approximately 0.4 of their lifetimes but weakens quickly and

remains at approximately the initial gradient until their termination

(Figure 4A). For cyclonic eddies in the north, the SST gradient

decreases during the first half of their lifetime and increases during

the second half of their lifetime to a value similar to the initial

gradient (Figure 4B). The anticyclonic eddy in the south is the only

group with an enhanced SST gradient during the first 0.6 of their

lifetimes until a sudden weakening and enhancement of

approximately 0.65 and 0.84 occur, respectively (Figure 4C). The

SST gradient in south cyclonic eddies weakens after eddy

generation, with a large strengthening during the middle phase of
Frontiers in Marine Science 05
their lifetime, and returns to normal at the end (Figure 4D). The

south eddies have more complex mechanics, where two crests and

two troughs are generally identified during their lifetimes, but the

SST gradient is larger in the north. Note that eddies are not detected

during the time of their generation due to the small sea level

anomaly (SLA) (Gaube et al., 2014); thus, the initial SST gradient

actually incorporates the impact of eddies after a period of

eddy intensification.

The SST gradients of eddies in the four groups are further

composited to obtain their respective spatial patterns (Figure 5).

The background average of the SST gradient for each eddy is

removed before composition; thus, the influence of eddies on the

SST gradient is revealed in the anomalous field. The eddies with

different polarities have a generally consistent pattern with the

overall average (Figure 2); the strengthened SST gradient zone is

located on the north (south) side of the anticyclonic (cyclonic)

eddy, and the value is weakened near the eddy center. The

maximum (minimum) SST gradients are 12 (-9)×10-3°C/km, 5.9

(-5) ×10-3°C/km, 6.4 (-4) ×10-3°C/km and 1 (-2) ×10-3°C/km for

the anticyclone and cyclone in the north and the anticyclone and

cyclone in the south, respectively. Obviously, the eddies on the

north side induce larger variations in the SST gradient. A detailed

comparison shows that the distribution of the SST gradient in

eddies also varies in space. For anticyclonic eddies in the north, a

large SST gradient is located slightly outside the north of the

periphery, and the range of the SST gradient anomaly is large

(Figure 5A). However, for anticyclones in the south, the large SST

gradient is located closer to twice the radius in the north, which is

associated with a limited range of the SST gradient (Figure 5G). In

terms of cyclonic eddies, the SST gradient for eddies in the north is

highly consistent with the spatial pattern of the overall average in

cyclones (Figures 2B, 5D), but those in the south show large

negative values near the center associated with weak positive

values outside the periphery (Figure 5J).
BA

FIGURE 2

Composite of the SST gradient (×10-3°C/km) for (A) an anticyclone and (B) a cyclone within twice the eddy radius. The red (blue) circle
represents the radius of the anticyclonic (cyclone) eddy, and the total number of composite eddies is shown in each panel.
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The total SST gradient anomaly is further separated into

monopole (Figures 5B, E, H, K) and dipole (Figures 5C, F, I, L)

features. For all eddies in the KE region, the dipole features show

a negative SST gradient anomaly in the eddy center, and the SST

gradient anomaly changes to positive outside the eddies. The

zone with an SST gradient anomaly close to zero is located near

the radius, although it is slightly inside (outside) the periphery of

the eddy for a cyclone (anticyclone). The only exception is the

cyclonic eddies in the north, where a positive circle is identified

around the periphery of the eddy, while the remaining regions

have negative values. The structure of the monopole is intuitively

shown by calculating the averaged SST gradient anomaly over

different distances from the center (Figure 6).

The monopole feature in the eddies delineates the spatial

variation in the SST gradient over different distances from the

eddy centers (Figure 6). Consistent with the spatial pattern

(Figure 5), the SST gradient anomaly for all eddies is that the KE

region shows negative values near the center of the eddy. The

SST gradient anomaly is larger in the anticyclonic eddies than in

the cyclonic eddies; this pattern is particularly true for eddies in

the north (Figure 6A). Outside the radius of the eddy, the SST

gradient anomaly mostly becomes positive. The only exception

is the cyclonic eddies in the north, where the SST gradient is

positive around one radius of the eddy and negative near the

eddy center and twice the radius (Figure 6B). Thus, these eddies
Frontiers in Marine Science 06
are characterized by a unique distribution of three bands from

the center to the surroundings. Based on this pattern, the

cyclonic eddies in the north are divided into three bands for

the following analysis.

Dipole features present very different patterns in

anticyclonic (Figures 5C, I) and cyclonic (Figures 5F, L)

eddies. For anticyclonic eddies, the SST gradient anomaly is

positive and negative in the north and south, respectively, and

their areas are approximately equal to each other. The cyclonic

eddies in the north have prominent dipole features, where the

positive (negative) gradient is advected anticlockwise toward the

south (north) (Figure 5F). A similar but scattered pattern is

identified for the cyclonic eddies in the south (Figure 5L).

In addition to the temporal evolution of the overall averaged

SST gradient (Figure 4), the averaged SST gradient over different

areas of eddies also varies over time (Figure 7). In particular, the

averaged SST gradient is obtained for the area with a negative

(positive) anomaly, which is mostly inside (outside) the radii of

eddies (Figure 6). An exception is the cyclonic eddies in the

north, where the SST gradient is positive for the area near the

radius and negative for the remaining area (Figure 6B); thus, the

group is divided into three areas, e.g., inside, middle and outside.

The anticyclonic eddies in the north have a negative SST

gradient inside eddies with a value of approximately -5.7×10-3°

C/km and a positive SST gradient outside, e.g., 2.7×10-3°C/km,
B

C

A

FIGURE 3

(A) Example of delineating the north and south sides of the KE with daily sea surface height (SSH) on September 26, 2004, and the
corresponding eddies on each side. The black dotted line is the 170 cm SSH contour, representing the main path of the KE. Red (blue) circles
represent the centers of the anticyclone (cyclone), and solid (hollow) circles represent eddies in the north (south). (B, C) represent the
percentages of eddy occurrence to the north and south of the KE main path, overlaid with the averaged main path of KE (dashed line).
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where both values are highly stable (Figure 7A). The feature is

similar for the anticyclonic eddies in the south, although the

values are smaller than those in the north (Figure 7C). The

cyclonic eddies in the north are the most unique group, and the

positive SST gradient in the middle is strengthened after

generation and weakened before vanishing, which is associated

with the large variation in the SST gradient inside and outside

the eddies (Figure 7B). The cyclonic eddies in the south have a

negative SST gradient of approximately -0.8×10-3°C/km, and the

SST gradient outside is only approximately 0.2×10-3°C/km

(Figure 7D). The difference in the SST gradient inside and

outside anticyclonic eddies is more prominent than that in

cyclonic eddies. For example, the mean SST gradient inside

the anticyclone in the north (south) is greater than 4 ×10-3°C/km

(3 ×10-3°C/km) but is less than 1 ×10-3°C/km for cyclones.

However, the fluctuation in the SST gradient is more prominent

for cyclones than anticyclones.
Discussion

The KE region is characterized by abundant mesoscale

dynamics, such as eddies and fronts, which are common
Frontiers in Marine Science 07
characteristics of boundary current systems (Yuan and

Castelao, 2017). A front is generated when different water

masses converge and can be identified via the SST gradient

(Castelao and Wang, 2014). The spatial distribution of the SST

gradient and eddies was investigated in this study, and the strong

SST gradient region is mainly to the north of the KE and

nearshore, especially near currents (Figure 1A). Due to the

large stratification in the northern region, the corresponding SST

and SST gradients are more sensitive to local upwelling, which

introduces largely different features than those of surrounding

water masses (Sato et al., 2016). Similarly, ocean currents, e.g.,

the Kuroshio and Oyashio Currents, can transport water with

largely different features to their surroundings (Chelton et al.,

2011a), leading to enhanced frontogenesis. Indeed, the frontal

region with a strong SST gradient (Figure 1A) coincides well

with the boundary of major currents, e.g., the Subarctic Front

and the Kuroshio Bifurcation Front (Itoh and Yasuda, 2010).

Mesoscale eddies are mainly distributed along the main path of

the KE; in particular, the region with high eddy occurrence

matches the large meanders of the KE main path (Ji et al., 2018).

The meridional swing of the KE mainly occurs downstream of

the KE, e.g., east of 155°E (Figure 3). As the meander of KE

forces negative SSH anomalies southward, the KE rides over the
B

C D

A

FIGURE 4

Temporal evolutions of the averaged SST gradient (×10-3°C/km) for (A) an anticyclone and (B) a cyclone in the north and (C) an anticyclone and
(D) a cyclone in the south over the lifetimes of the eddies. The dashed horizontal line represents the corresponding overall average. The gray
shading represents standard errors.
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ridges and introduces instability downstream of the KE (Qiu and

Chen, 2005). The spatial variation in the SST gradient induced

by eddies is fully investigated for the underlying dynamics.

The frontal variability induced by mesoscale eddies is

quantitatively assessed in the KE region. Both anticyclonic and

cyclonic eddies weakened (strengthened) the SST gradient inside

(outside) the eddies (Figure 2), although their areas with

elevated SST gradients were different. This result is at least

related to the propagation of eddies and the associated

dynamic processes. In particular, eddies have a westward

propagation in the KE region (Itoh and Yasuda, 2010) such

that their velocity on the east side is intensified by the steep SSH

gradient, but the gentle SST gradient on the west side induces
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reduced velocity (Early et al., 2011). Hence, in anticyclonic

(cyclonic) eddies, the increased equatorward (poleward) flow

in the east transports more water southward (northward), while

reduced poleward (equatorward) flow in the west transports less

water northward (southward). As a result, the water masses

diverge and induce upwelling in the north (south) of

anticyclonic (cyclonic) eddies, converge in the south (north)

and induce downwelling. As the local upwelling outcrops

subsurface water to the surface, the upwelled water further

expands and converges with surrounding surface water (Wang

et al., 2021a). The resulting horizonal deformation between

upwelled cold water and surrounding warm water at the

surface subsequently elevates the SST gradient (Hoskins and
B C

D E F

G H I

J K L

A

FIGURE 5

Composite of the SST gradient (×10-3°C/km) for (A–C and G–I) an anticyclone and (D–F and J–L) a cyclone in the (A–F) north and (G–L) south
of the KE main path. The value within twice the radius is used for the composite, and the background field is removed in advance. The second
(B, E, H, and K) and third (C, F, I, and L) columns correspond to the monopole and dipole features, respectively. The red (blue) circles represent
the peripheries of anticyclonic (cyclonic) eddies. The total number of eddies used for the composite is shown for each row.
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Bretherton, 1972). Thus, the SST gradient north of anticyclonic

(cyclonic) eddies is larger (smaller) than that south.

Furthermore, eddy-related dynamic processes can introduce

variations in the SST gradient. Because the largest contrast in

SST takes place across the main path of the KE (Jing et al., 2019),

the eddies in the main path induce prominent changes in SST.

For example, the advection of anticyclonic eddies drives warm

(cold) SST intrusion northward (southward) on their west side

(east side) and elevates the corresponding SST gradient. This

feature can be widely identified from the daily satellite

observations of SST and location of eddies (not shown).

Additionally, anticyclonic (cyclonic) eddies are mainly

generated around the KE (Figure 1B) via instability in the

meanders, which are mostly distributed to the north side

(south side) of the main path (Ji et al., 2018). As the SST

gradient generally increases toward the north (Figure 1A), the

anticyclonic (cyclonic) eddies preferably maintain a large (small)

SST gradient during its generation due to eddy trapping. Thus,

the overall SST gradient is slightly larger in anticyclonic eddies

than in cyclonic eddies. Additionally, because of the small

equatorward propagation tendency of the anticyclonic eddies

(Early et al., 2011), the large background SST gradient in the

north shifts toward the north during meridional migration,

leading to a further intensified SST gradient in the north of

anticyclonic eddies (Figure 2A). In comparison, cyclonic eddies

are moving northward (Early et al., 2011), and the larger

background SST gradient will be gradually included in the
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northern eddies (Figure 2B). These dynamics introduce the

complex spatial distribution of the SST gradient for each polarity

of the eddies.

By further delineating eddies with different polarities to the

north and south of the KE main path, eddies with different SST

gradient backgrounds are individually investigated (Wang et al.,

2021b). The temporal evolution of the SST gradient shows that

they vary by more than 1×10-3°C/km over their lifetimes

(Figure 4), and the variation is different for each group

(Figure 5) due to the eddy-induced variability in the SST

gradient (Yuan and Castelao, 2017). In particular, eddy

trapping can separate the water mass from its origins and

carry the water over a substantial time (Chelton et al., 2007).

The SST gradient around the eddy periphery is becoming largely

elevated due to the prominent difference in the SST trapped

inside eddies during their generation and the SST outside eddies

during their propagation (Figures 5A, D, G, I). In this case,

monopole features are important, and the SST gradient

gradually weakens due to eddy pumping and interior mixing

(Figures 5B, E, H, K). Eddy strings can change the horizontal

distribution of the background SST gradient (Chelton et al.,

2011a), leading to a crescent shape with an enhanced SST

gradient along the periphery (Figures 5C, F, I, L). The eddy-

induced SST gradient is related to the background SST gradient,

as many processes introduce the redistribution of the

background field; thus, the SST gradient to the north of eddies

is usually associated with a strengthened SST gradient.
B

C D

A

FIGURE 6

Averaged monopole of the SST gradient (×10-3°C/km) over different distances from the eddy center for (A) an anticyclone and (B) a cyclone in
the north and for (C) an anticyclone and (D) a cyclone in the south. The horizontal dotted line represents the value of zero. The distance labeled
on the x-axis shows the center C, radius (R) and twice the radii (2R) of the composited eddies. The gray shading represents the range between
30% and 70% of the total distribution.
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The complex spatial distribution in the eddy-induced SST

gradient (Figure 5) is revealed by calculating the monopole

average of the eddy center, and the dipole feature induced by

eddy advection is cancelled out. Except for northern cyclonic

eddies, the eddies have a reduced SST gradient region inside

their peripheries and a strengthened SST gradient outside, with

the transitional zone mostly occurring near their radius

(Figure 6). Thus, eddies mostly reduce the interior SST

gradient, which contrasts with former studies where eddy-

induced vertical transport results in anomalous changes in the

SST and Chl-a within eddies (Gaube et al., 2014). The reduced

SST gradient within eddies can also rely on eddy pumping,

which introduces mixing and downwelling that result in

relatively similar SST values (Siegel et al., 2011). The northern

cyclonic eddies intensely strengthen the SST gradient along the

southern periphery of eddies and overcome the reduction in the

northern section (Figure 5D). Corresponding eddies are mostly

generated by horizontal shear instability with a smaller scale and

shorter lifetime (Ji et al., 2018). Considering the large

background field in the SST (Wang et al., 2021b), these eddies

originating from the KE converge with the surrounding water,

leading to large differences along the eddy edge (Figure 5).

The averaged SST gradients outside of eddies are relatively

stable because the background field is persistent (Figure 7). The

values vary more prominently inside the eddy’s lifespan and are

associated with several weak strengthening and weakening periods.

This result is due in part to eddy-induced dynamics, such as
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upwelling, which transports subsurface water to the surface and

results in a large contrast between internal cold water and warm

water in the surroundings (Sun et al., 2020). Note that there is large

variance during the lifespans of eddies, indicating that the feature is

largely different in each case. The middle area in the northern

cyclonic eddies shows a clear trend: increasing during the first half

of their lifetime and decreasing afterward (Figure 7B). This trend

might be related to the intensities of eddies, which also peak in the

middle of the lifetime and can introduce upwelling to elevate the

SST gradient between the interior and outside of eddies (Gaube

et al., 2014). Thus, the change in the spatial pattern of eddies

indicates the intensity of underlying dynamics, although multiple

processes may simultaneously generate the same feature.

The KE has prominent interannual variability, classified as

stable and unstable modes, and each mode can last for a few

years (Qiu and Chen, 2011). The dynamic energy is different for

the KE region, which is characterized by more (less) mesoscale

dynamics during unstable (stable) modes (Qiu et al., 2014).

However, the corresponding information is not included in this

study. The investigated relationship between eddies and SST

gradients focuses only on the ocean surface due to the limitation

of remotely sensed data (Ritchie et al., 2003). The vertical

structure of eddies can reach a depth of 160 meters (Sun et al.,

2019), and the depth of the front can reach more than 300 m

(Wang et al., 2020). Thus, the entire structure of eddies and

fronts is not fully incorporated in the current study. With the

development of autonomous underwater vehicles, e.g., glider
B

C D

A

FIGURE 7

Temporal evolutions of the averaged SST gradient (×10-3°C/km) inside (blue) and outside (yellow) (A) anticyclonic and (B) cyclonic eddies in the
north (the black line is the averaged SST gradient over the middle area of cyclonic eddies in the north) and (C) anticyclonic and (D) cyclonic
eddies in the south. The gray, blue and yellow shading represents the standard error.
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and Argo floats, and high-resolution numerical models, the

relationship between the mesoscale dynamics is expected to be

resolved in a more comprehensive manner (Chai et al., 2020).

The dependence between mesoscale dynamics can provide a

complete picture for understanding the ocean.
Conclusion

In this study, the spatial distribution of the SST gradient and

mesoscale eddies and their dependence are fully investigated. As the

SST gradient is widely applied for gauging frontal activities, the

information is new for understanding the relationship between

major mesoscale dynamics, e.g., fronts and eddies. Furthermore, the

northern regions have much larger SST gradients, and the eddies

located to the north and south of the KE are separated to investigate

their respective features without interference by the background

field (Wang et al., 2021b). The spatial pattern and associated

temporal variation are fully presented to assess the eddy-induced

dynamics for modulating frontal activities. In comparison, former

studies havemostly focused on investigating the impact of eddies on

oceanic features, e.g., SST or Chl-a, but the influence on SST

gradients or fronts is not yet available (Liu et al., 2020). Thus, the

current study offers some new insight into the impact of eddies on

modulating the distribution of frontal activities.
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