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Abstract: Vigorous mesoscale eddies are broadly distributed in the Kuroshio Extension and can
generally be identified from sea surface height (SSH) and sea surface temperature (SST) fields.
Nevertheless, the changes in SSH and SST caused by mesoscale eddies and their seasonal correlation
in the Kuroshio Extension are not clear, as well as the difference between identified eddy results
from the two data. Combining in situ Argo float profiles data, the correlation between SSH anomaly
(SSHA) and SST anomaly (SSTA) signals in mesoscale eddies are analyzed. The result shows that
SSTA–SSHA signals inside eddies are generally more correlated in winter than in summer. Argo
subsurface temperature anomalies θ′ and SSHA signals inside eddies show a high correlation, with a
regression coefficient θ′/SSHA of about 7 ◦C·m−1, while correlations of Argo θ′–SSTA inside eddies
are low. Generally, the lifetime and propagation distance of SSTA-based eddies are shorter and smaller
than those of SSHA-based eddies, which may be related to the rapid changes in SSTA field and the
interference of small-scale oceanic signal in the SST field. Comparing with SSHA-based eddies, which
exist primarily around the region of the Kuroshio mainstream (33◦–36◦N), SSTA-based eddies are
concentrated in the Oyashio Extension (39◦–42◦N), where SST gradient is large, and changes in SST
fields caused by mesoscale eddies are more obvious and more likely to be captured by satellites there.
In addition, the geographical distributions of SSHA- and SSTA-based eddy amplitudes are consistent
with the absolute dynamic topography and SST gradient.

Keywords: mesoscale eddy; sea surface height; sea surface temperature; Kuroshio Extension

1. Introduction

Oceanic mesoscale eddy is a kind of vortex-current motion that is approximately in
geostrophic balance, which are characterized by dynamic height anomalies and temperature
anomalies in the surface. It is a rotating coherent structure at the surface in the ocean,
which refers to typical spatial scales of ~100 km and timescales of ~1 month [1,2]. In terms
of dynamics and geometrical morphology, mesoscale eddies can be identified as enclosed
regions from sea surface height (SSH) and sea surface temperature (SST) fields [3,4]. In the
past decade or more, mesoscale eddies have been found to be widely present in the global
oceans [4–6], which have a significant impact on material transport, biological activities,
and water mass properties [7–10].

Since the launch of the TOPEX/Poseidon in 1992, satellite altimeters (e.g., TOPEX/Poseidon,
ERS-1/2, GFO, Jason-1/2/3, ENVISAT, Cryosat-2, Saral/AltiKa, Sentinel-3A/B, and HY-
2A/B/C) have provided a long time series for nearly 30 years, the global coverage of sea
surface height (SSH) field, by measuring the fluctuations of the sea surface relative to the
geoid. Several decades of satellite altimetry data have revealed that there are abundant
mesoscale eddies in the oceans, especially in the regions with strong current variation, e.g.,
western boundary currents and the Antarctic Circumpolar Current [4,11,12]. These eddies
have strong and evident signals in the SSH field, which can be easily observed by satellite
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altimeters due to the geostrophic motion [13]. However, a recent study shows that the cur-
rent SSH product captures only part of the oceanic eddies [14]. Mesoscale eddies can cause
mass convergence and divergence of upper ocean waters, thus producing upwelling and
downwelling. The surface temperature of upper ocean waters can, therefore, be changed
by eddies due to the vertical movement of water masses [15,16]. Generally, cyclonic eddies
rotate counter-clockwise (in the Northern Hemisphere) to drive mass divergence, forming a
local upwelling, which leaves low temperature signal in the SST field as cold eddies [17–19].
Conversely, anticyclonic eddies rotate clockwise to drive mass convergence, forming a
local downwelling, which leaves high temperature signals in the SST field as warm eddies.
SST variations of upper ocean waters caused by eddies are easily captured by satellite SST
images. The SST field from satellite images can, therefore, be used to identify mesoscale
eddies and study their characteristics.

The Kuroshio Extension is the region of about 145◦–170◦E, 25◦–45◦N, where the
Kuroshio current separates from the coast of Japan to flow eastward into the North Pacific.
The Kuroshio Extension sheds off vigorous mesoscale eddies when its meander pinches
off. These eddies carry the water masses inside them to move very long distances in the
ocean, and then affect the characteristics of water bodies in other sea areas. Mesoscale
eddy identification, properties, variability, and their underlying dynamics in the Kuroshio
Extension region have been extensively studied in the past two decades based on SSH
fields [20–24]. The anticyclonic eddies prefer to exist at the north of the Kuroshio Extension,
while the cyclonic eddies are more likely distributed at the south side. Most eddies
propagate westward with the speed of close to the local phase speed of long baroclinic
Rossby waves, and only eddies just restricted to the region of the Kuroshio mainstream
propagate eastward [4,21]. Previous studies have shown that there is a certain consistency
between the SST anomalies (SSTA) and SSH anomalies (SSHA) in mesoscale eddies [17,25].
The authors of [23] quantitatively analyzed the relationship between SSHA signals and
SSTA signals in mesoscale eddies in the Kuroshio Extension and found that the rate of
SSTA/SSHA is 1.8 ◦C·m−1. However, several recent studies revealed the inconsistency
between SSTA and SSHA and found that surface anticyclonic cold eddies and cyclonic warm
eddies were surprisingly abundant in the global ocean ([26–29]). In addition, by combining
sea surface observation provided by satellites and the vertical temperature/salinity profiles
provided by Argo floats, the analysis of eddy three-dimensional structure becomes an
important part of studying oceanic eddies [30–32]. The three-dimensional structures
of mesoscale eddies in the northwestern Pacific Ocean show that the vertical profiles
of temperature anomalies carried by mesoscale eddies differ significantly in different
regions [31,33].

The surface signals of mesoscale eddies are visible and readily observable in satellite
images of SSH and SST. It is well acknowledged that eddy identification discrepancies exist
when comparing the two data from SSH and SST [23,25]. Although there are many studies
of mesoscale eddies in the Kuroshio Extension based on SSH fields, the eddy identification
and analysis based on SST fields have not been carried out. In order to understand the
changes in SSH and SST caused by mesoscale eddies and their seasonal correlation in the
Kuroshio Extension, as well as the difference between eddy results from the two data,
this study carries out eddy identification based on SSH and SST data, the correlation
analysis between SSH and SST in surface signals of mesoscale eddies, and the comparison
of eddy results from SSH and SST fields, respectively. Specifically, in terms of dynamics
and geometrical morphology, mesoscale eddies can generally be identified as enclosed
regions from SSH and SST fields, respectively. Combining in situ Argo float profile data,
which can provide deep temperature information inside eddies, the seasonal correlation
between SSH and SST data in surface signals of mesoscale eddies are analyzed in Kuroshio
Extension. To study the characteristics of eddy identification results, a comparative analysis
of eddy properties from SSH and SST data was carried out, e.g., eddy numbers, eddy sizes,
eddy amplitudes, and geographical distribution of eddies. Section 2 describes the data and
methods. The correlation between SSHA and SSTA data in surface signals of mesoscale



Remote Sens. 2022, 14, 5776 3 of 18

eddies is presented in Section 3. Eddy result comparisons from SSHA and SSTA data are
provided in Section 4. Finally, conclusions are provided in Section 5.

2. Data and Methods
2.1. Data

The SSH data used in this study are the multi-altimeter merged SSH product
(SEALEVEL_GLO_PHY_L4_REP_ OBSERVATION_008_47), provided by the European
Copernicus Marine Environment Monitoring Service (CMEMS, marine.copernicus.eu (ac-
cessed on 12 August 2022)). The SSH product is daily, global coverage, with a spatial reso-
lution of 0.25◦. Gridded SSH anomalies (SSHA) are constructed by suboptimal space–time
objective analysis, merging all along-track altimeter measurements available with respect
to a 20-year mean [34]. This product is processed by the Ssalto/Duacs multimission altimeter
data processing system. The available altimeter missions include: TOPEX/Poseidon, ERS-1/2,
GFO, Jason-1/2/3, ENVISAT, Cryosat-2, Saral/AltiKa, Sentinel-3A, and HY-2A [34,35]. In this
study, a 29-year period of the SSH product from January 1993 to December 2021 is used to
determine the presence and positions of mesoscale eddies in the Kuroshio Extension.

SST is the water temperature close to the ocean surface, with the depth of 1 mm to
several meters below the surface. SST maps are widely used in the research of oceanography,
meteorology, and climate change. The NOAA daily Optimum Interpolation SST (or daily
OISST) product on a regular grid of 0.25◦ is used to identify mesoscale variabilities in
the Kuroshio Extension. The daily OISST product is constructed by using satellite SST
maps from Advanced Very High-Resolution Radiometer (AVHRR) (data.nodc.noaa.gov
(accessed on 15 August 2022)) [36,37]. This study used 29 years of the OISST product from
January 1993 through December 2021. In order to identify mesoscale variabilities, the SST
anomalies (SSTA) are calculated by subtracting the climatological seasonal cycles computed
by averaging all SST fields in the season.

The vertical temperature and salinity information of the subsurface ocean can be
obtained from Argo floats. By matching eddies identified from satellite observations with
the Argo measurements, the effect of oceanic eddies on the subsurface temperature can
be studied. The Argo profile data used in this study are provided by the Coriolis Global
Data Acquisition Center of France (www.coriolis.eu.org (accessed on 20 August 2022)).
Following [30,31], all available Argo profiles with the quality flag 1 from the year 1999 to
2021 are selected for the study of eddies’ subsurface signals in the Kuroshio Extension.
After quality control, there are a total of 50,407 profiles used in this study. In order to obtain
the subsurface temperature signal of the eddy, for the potential temperature θ data in each
profile, its anomaly θ′ is obtained by subtracting the World Ocean Atlas (WOA) seasonal
mean climatological temperature field [33].

2.2. Methods
2.2.1. SSHA-Based Eddy Identification and Tracking

Mesoscale eddies can cause sea surface to rise or fall due to the geostrophic motion,
which can be easily observed by satellite altimeter measurements. Eddies can generally be
identified as enclosed regions in the SSHA field. The authors of [4] proposed using the out-
ermost closed contour of SSHA to determine the eddy area. The geometric algorithm based
on SSHA contours is widely used in mesoscale eddy identification [31,38]. Specifically, for
each local extremum in the SSHA field, the algorithm searches for an area that meets some
certain conditions and considers it to be an eddy [39] (Figure 1):

(1) The SSHA values of all internal grids are greater (less) than that of the outmost contour
for anticyclonic (cyclonic) eddies.

(2) The number of internal grids is ≥8 and <1000.
(3) There is only one local SSHA maximum (minimum) for anticyclonic (cyclonic) eddies.

The local extremum point is seen as an eddy center.

marine.copernicus.eu
data.nodc.noaa.gov
www.coriolis.eu.org
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(4) The amplitude of the eddy is ≥3 cm for avoiding the interference of SSH noise from
the system error in satellite altimeters [40,41]. The amplitude of an eddy is defined as
the absolute value of the SSHA difference between the eddy center and its boundary.

(5) The distance between any two internal grids is <600 km for avoiding enclose elon-
gated region.
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grid points of SSHA field, the thin grey lines represent SSHA contours, the thick red and blue lines
represent eddy boundaries, and the black points represent eddy centers (local extrema).

Based on the daily SSHA field, the mesoscale eddies in the Kuroshio Extension are
identified, and the eddy amplitude and eddy radius scale are quantified over the study
region. The trajectory of one eddy moving in the ocean can be tracked by comparing
the eddy identification results in the continuous time series of the daily SSHA field. For
one eddy at the time dayn, the tracking algorithm compares the eddy characteristics and
searches for the most similar eddy at the next time dayn+1 within a circle of eddy radius as its
successor [42,43]. In order to avoid missing identification and false tracking of eddies, the
tracking algorithm will repeat the same operation for the next 10 days when no matching
result is found at the next time dayn+1 [39]. Considering that the gridded SLA fields are
merged using three altimeters (after the year 2000), the gap between satellite ground tracks
is less than 50 km at 10◦ latitude. If an eddy moves westward with a speed of 5 cm·s−1 in
the ocean, then, after 10 days, it will have ~40 km displacement, which is enough to capture
the eddy signal at the neighboring ground track. The lifetime of an eddy represents the
duration of an eddy from its generation to its termination.

2.2.2. SSTA-Based Eddy Identification and Matching

Figure 2 shows an SSHA map, an SSTA map, and eddy results identified from SSHA
field. It can be seen that the SSHA map and SSTA map have a high similarity; high/low
SSHA structures correspond to high(warm)/low(cold) SSTA ones. Therefore, similar to the
SSHA-based eddy identification, an enclosed region of SSTA is used to identify mesoscale
eddies from SSTA field [44]. Eddies with low SSTA are cold eddies (cyclones), and eddies
with high SSTA are warm eddies (anticyclones) (Figure 3). The conditions of SSTA-based
eddy identification are the same as those of SSHA-based eddy identification, except that
the condition 4 became “The temperature amplitude of the eddy was at least 0.3 ◦C”.
The experiment found that the vortex-like shape with an amplitude of less than 0.3 ◦C is
irregular and unstable. In this method, the eddy result from SSTA field can be obtained.
The SSTA-based eddy tracking is the same as that of SSHA.
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lines) in the Kuroshio Extension; the solid and dashed lines represent cyclonic and anticyclonic
eddies. In the right panel, the SSHA-based eddies are drawn with thin lines as a comparison with
SSTA-based eddies.

Based on SSHA and SSTA fields, mesoscale eddies in the Kuroshio Extension were
identified through the eddy identification procedure, respectively. In order to match the
eddy results of the two data, we used an overlapping ratio α, which is the overlapping area
of the two eddies divided by the area of the smaller one, to confirm the spatial relationship of
SSHA- and SSTA-based eddies on the same day. If the overlapping ratio α of the two eddies
is greater than 0.5 (e.g., Figure 3), the two eddies will be considered as matched eddies in the
correlation analysis of SSHA and SSTA signals of eddies. Then, the mean SSHA and SSTA
of matched eddies were calculated and a scatterplot of SSHA–SSTA within matched eddies
was obtained. Based on the scatterplot, a linear regression analysis is used to estimate
the linear relationship between SSHA and SSTA within matched eddies, SSTA = k·SSHA,
where k is the regression coefficient measuring the SSHA–SSTA relationship. Sensitivity
tests on the estimates of k with 95% confidence interval were performed.

2.2.3. Eddy Subsurface Signal from Argo Profiles

In order to study the subsurface structures of mesoscale eddies in the Kuroshio Exten-
sion, it is important to relate Argo profile data with the eddy signals at the sea surface from
SSHA field or SSTA field. The subsurface temperature signal of eddies is obtained from the
Argo float profiles inside SSHA- or SSTA-based eddy areas. For each eddy, we searched the
Argo float profiles located in its boundary. We considered the identified eddies from the
SSHA or SSTA field to match the Argo profiles on the same day and selected Argo profiles
within eddies for subsurface temperature calculation. Thus, the Argo profiles are classified
into three categories: Argo profiles inside cyclones, Argo profiles inside anticyclones, and
other profiles outside eddies in this region. For the Argo profile matched by one eddy,
we calculated the average θ′ at the subsurface depth as the subsurface signal of the eddy.
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Combining satellite altimetry data and Argo profiles, the study of the three-dimensional
structure of eddies in the Kuroshio Extension showed that the subsurface temperature
changes of eddies were mainly confined in the upper 800 dbar, especially in the depth of
100–500 dbar, at which eddies usually cause the greatest temperature change [23,31,33].
Therefore, we take the average value of the Argo θ′ at the depth of 100–500 dbar as the
subsurface signal of eddies. Similar to the correlation analysis of SSHA and SSTA signals
of eddies, by matching Argo profiles with SSHA- and SSTA-based eddies, the correlation
and linear regression of SSHA–Argo θ′ and SSTA–Argo θ′ are analyzed, respectively.

The Kuroshio Extension (about 145◦–170◦E, 25◦–45◦N) is located in the northwest
Pacific Ocean, which is dominated by the westerlies and easterly trade winds. In this study,
the seasons are defined as winter (December–February), spring (March–May), summer
(June–August), and autumn (September–November).

3. The Correlation between SSH and SST Data in Surface Signals of Mesoscale Eddies
3.1. Eddy Signals in SSHA and SSTA Fields

Before analyzing the eddy signals in SSHA and SSTA fields, it is necessary to perform
a correlation analysis on the two data in the Kuroshio Extension. For SSHA and SSTA fields,
the correlation coefficient was calculated between SSHA field over a certain threshold (e.g.,
SSHA > 0.05m, 0.1m, 0.2m, etc.) and the corresponding SSTA field. Daily correlations
between SSHA and SSTA fields for 1993–2021 in the whole Kuroshio Extension (145◦–170◦E,
25◦–45◦N) are shown in Figure 4. The result shows that SSHA and SSTA fields are generally
more correlated in winter than in summer. Specifically, January (Figure 2 is a case) and
August have the highest and lowest correlation values, respectively. This is because, in
winter, the homogenization of the mixed layer is obvious and SST variance can then
often match the subsurface temperature variance caused by oceanic mesoscale dynamic
processes, while, in summer, the barrier layer on the surface prevents homogenization of
the mixed layer. In addition, higher SSHA and SSTA have higher correlations, such as,
when SSHA ≥ 20 cm, correlation values of SSHA and SSTA in January and February are
usually greater than 0.8. It is shown that, at this time, the high SSHA variance generally
corresponds to the high SSTA variance.
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Figure 4. Daily correlations between SSHA and SSTA fields for 1993–2021 in the Kuroshio Extension
(145◦–170◦E, 25◦–45◦N); the different colored lines indicate the correlation between SSHA field over
a certain threshold (from 0.05 m to 0.3 m, with the interval of 0.01 m) and SSTA field.

To analyze the seasonal correlation between the SSHA and SSTA signals of eddies, we
matched eddy results identified from the two data and classified the same type of eddies
(i.e., cyclonic-cold eddies and anticyclonic-warm eddies) according to seasons. Considering
the geographical differences between the Kuroshio region and the Oyashio region, here,
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we divided the two regions with 38◦N as the boundary to study the correlation of SSHA
and SSTA signals within mesoscale eddies, respectively. The seasonal scatterplots of mean
SSHA–SSTA within matched eddies for the Kuroshio region (the latitudes of 25◦–38◦N)
and the Oyashio region (the latitudes of 38◦–45◦N) are shown in Figure 5. As a result,
there are 33,837, 34,835, 19,259, and 19,009 matched eddies in the Kuroshio region and
28,788, 20,910, 17,785, and 23,947 matched eddies in the Oyashio region for SSHA- and
SSTA-based results in the seasons of winter, spring, summer, and autumn, respectively. The
number of matched eddies shows obvious seasonal difference. The Kuroshio region has
more matched eddies in winter and spring and has fewer matches in summer and autumn;
the Oyashio region has more matches in winter and autumn and has fewer matches in
spring and summer.

Remote Sens. 2022, 14, x FOR PEER REVIEW 7 of 18 
 

 

eddies (i.e., cyclonic-cold eddies and anticyclonic-warm eddies) according to seasons. 

Considering the geographical differences between the Kuroshio region and the Oyashio 

region, here, we divided the two regions with 38°N as the boundary to study the correla-

tion of SSHA and SSTA signals within mesoscale eddies, respectively. The seasonal scat-

terplots of mean SSHA–SSTA within matched eddies for the Kuroshio region (the lati-

tudes of 25°–38°N) and the Oyashio region (the latitudes of 38°–45°N) are shown in Figure 

5. As a result, there are 33,837, 34,835, 19,259, and 19,009 matched eddies in the Kuroshio 

region and 28,788, 20,910, 17,785, and 23,947 matched eddies in the Oyashio region for 

SSHA- and SSTA-based results in the seasons of winter, spring, summer, and autumn, 

respectively. The number of matched eddies shows obvious seasonal difference. The Ku-

roshio region has more matched eddies in winter and spring and has fewer matches in 

summer and autumn; the Oyashio region has more matches in winter and autumn and 

has fewer matches in spring and summer.  

 

Figure 5. The seasonal scatterplots of mean SSHA and SSTA within matched eddies for the Kuroshio 

region (blue, the latitudes of 25°–38°N) and the Oyashio region (orange, the latitudes of 38°–45°N); 

the dotted lines are the linear regression of the scatterplots. The regression coefficient k (SSTA/SSHA) 

with the error denoting its 95% confidence interval, the correlation coefficient r, and numbers N of 

matched results are labeled in the figure. 

Based on the scatterplots of SSHA–SSTA within matched eddies, the linear regression 

coefficient k(SSTA/SSHA) with the error denoting its 95% confidence interval, as well as 

the correlation coefficient r, are given in Figure 5. The results show that regression coeffi-

cients k(SSTA/SSHA) are significantly different in different regions. The value of k in the 

Oyashio region (8–10 °C·m−1) is significantly larger than that in the Kuroshio region (3–

4 °C·m−1); that is to say, eddies with the same SSHA signal have larger SSTA in the Oyashio 

region than in the Kuroshio region. Specifically, for the Oyashio region, the k(SSTA/SSHA) 

can reach a maximum of about 10 °C·m−1 in spring and is about 8–9 °C·m−1 in other seasons. 

The correlation coefficient r can reach 0.77 in winter and the lowest is 0.68 in summer. The 

k(SSTA/SSHA) of the Kuroshio region is the highest in winter, exceeding 4 °C·m−1, and 

about 3 °C·m−1 in other seasons. The correlation coefficient r can reach 0.84 in winter and 

the lowest is 0.66 in summer. The SSHA–SSTA correlation differences within eddies in the 

Kuroshio region and the Oyashio region are related to the local hydrological properties 

and eddy properties. In the Kuroshio region, the ocean dynamic process is vigorous, ac-

companied by abundant mesoscale eddies, which can cause large changes in sea surface 

dynamic height (i.e., SSHA, x-axis in Figure 5). However, the SST gradient in the Kuroshio 

region is small, and the SSTA caused by eddies is not significant. In contrast, in the 

Oyashio region, although the dynamic process is weak and the SSHA of eddies is small 

(generally less than 0.4m), the SST gradient is large, with some seasonal temperature front. 

Therefore, once an eddy appears there, it can cause large SSTA. The result is basically 

consistent with [23]; they suggested that the large k(SSTA/SSHA) relationship in the 

Oyashio region compared to the Kuroshio region is mainly attributed to the smaller 

Figure 5. The seasonal scatterplots of mean SSHA and SSTA within matched eddies for the Kuroshio
region (blue, the latitudes of 25◦–38◦N) and the Oyashio region (orange, the latitudes of 38◦–45◦N);
the dotted lines are the linear regression of the scatterplots. The regression coefficient k (SSTA/SSHA)
with the error denoting its 95% confidence interval, the correlation coefficient r, and numbers N of
matched results are labeled in the figure.

Based on the scatterplots of SSHA–SSTA within matched eddies, the linear regression
coefficient k(SSTA/SSHA) with the error denoting its 95% confidence interval, as well as the
correlation coefficient r, are given in Figure 5. The results show that regression coefficients
k(SSTA/SSHA) are significantly different in different regions. The value of k in the Oyashio
region (8–10 ◦C·m−1) is significantly larger than that in the Kuroshio region (3–4 ◦C·m−1);
that is to say, eddies with the same SSHA signal have larger SSTA in the Oyashio region
than in the Kuroshio region. Specifically, for the Oyashio region, the k(SSTA/SSHA) can
reach a maximum of about 10 ◦C·m−1 in spring and is about 8–9 ◦C·m−1 in other seasons.
The correlation coefficient r can reach 0.77 in winter and the lowest is 0.68 in summer. The
k(SSTA/SSHA) of the Kuroshio region is the highest in winter, exceeding 4 ◦C·m−1, and
about 3 ◦C·m−1 in other seasons. The correlation coefficient r can reach 0.84 in winter and
the lowest is 0.66 in summer. The SSHA–SSTA correlation differences within eddies in the
Kuroshio region and the Oyashio region are related to the local hydrological properties
and eddy properties. In the Kuroshio region, the ocean dynamic process is vigorous,
accompanied by abundant mesoscale eddies, which can cause large changes in sea surface
dynamic height (i.e., SSHA, x-axis in Figure 5). However, the SST gradient in the Kuroshio
region is small, and the SSTA caused by eddies is not significant. In contrast, in the Oyashio
region, although the dynamic process is weak and the SSHA of eddies is small (generally
less than 0.4m), the SST gradient is large, with some seasonal temperature front. Therefore,
once an eddy appears there, it can cause large SSTA. The result is basically consistent
with [23]; they suggested that the large k(SSTA/SSHA) relationship in the Oyashio region
compared to the Kuroshio region is mainly attributed to the smaller thermal expansion
coefficient, the stronger salinity compensation effect, as well as the shallower vertical
structure of eddies.

In addition to matched eddies with the same type, based on SSHA- and SSTA-based
eddy results, eddies with the opposite type (i.e., cyclonic-warm eddies and anticyclonic-
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cold eddies) were also matched with a spatial overlap ratio exceeding 0.5. The matched
result shows that these abnormal eddies have the highest number in summer, with a total
of 3517, the least in winter, with a number of 1632, and 2408 and 2669 in spring and autumn,
respectively. These abnormal eddies are surprisingly abundant in the study area. Both the
number of matched eddies with the same type and the number of matched eddies with
the opposite type in different seasons show that eddies have better consistency between
SSHA and SSTA signals in winter, while the two signals are less consistent in summer. The
authors of [29] suggested that the pronounced seasonal cycle in the SSHA–SSTA correlation
was associated with the seasonal variation of the surface mixed layer depth. Generally, the
surface mixed layer was shallow in summer and eddy–wind interaction can potentially
modify SSTA signal easier via the action of Ekman pumping of the upper ocean density
surfaces; conversely, the surface mixed layer was generally at its depth in winter, making it
hard to modify SSTA signal.

3.2. Eddy Signals in SSHA/SSTA Field and Subsurface Argo Profiles

The surface expression of mesoscale eddies is visible in satellite-derived SSHA and
SSTA fields, and they are three-dimensional structures that reach down into the thermocline.
Therefore, combining in situ Argo float profiles data, which can provide vertical temper-
ature information inside eddies, the correlation between surface signals (SSHA/SSTA)
and subsurface signals (vertical temperature information) of mesoscale eddies is analyzed
(Figure 6). For the Argo profile captured by one eddy, we take the average value of the
temperature anomaly θ′ at the depth of 100–500 dbar as the subsurface signal of the eddy
in the Kuroshio Extension.
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Figure 6. (Upper) The seasonal scatterplots of SSHA signals and Argo subsurface temperature
anomalies θ′ in SSHA-based eddies. (Bottom) The seasonal scatterplots of SSTA signals and Argo
subsurface temperature anomalies θ′ in SSTA-based eddies. The blue scatterplots are the result for
the Kuroshio region (the latitudes of 25◦–38◦N) and the orange scatterplots are the result for the
Oyashio region (the latitudes of 38◦–45◦N). The θ′ is computed as the average temperature anomaly
of Argo profile within the eddy at depths of 100–500 dbar. The dashed lines are the linear regression
of the scatterplots. The regression coefficient k (θ′/SSHA or θ′/SSTA) with the error denoting its 95%
confidence interval, the correlation coefficient r, and numbers N of matched results are labeled in
the figure.
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Correlation analysis shows that the correlation coefficient between SSHA signals and
subsurface signals θ′ (SSHA–Argo θ′) in SSHA-based eddies (upper panels in Figure 6) is
basically around 0.9 in the Kuroshio region (the latitudes of 25◦–38◦N), showing a good
consistency in each season. The correlation coefficient in the Oyashio region (the latitudes
of 38◦–45◦N) is basically around 0.7, slightly higher in autumn. Due to eddy activities in
the Oyashio region being less intense than those in the Kuroshio region, the SSHA induced
by eddies is small and the corresponding subsurface θ′ is also concentrated in the low
value range. The linear regression coefficients k(θ′/SSHA) in the Kuroshio region and
the Oyashio are both about 7–7.5 ◦C·m−1, with less seasonal changes. In other words, a
10 cm change in SSHA field caused by one eddy corresponds to a change of 0.7 ◦C in the
subsurface temperature inside the eddy. The change in subsurface temperature within
eddies is significantly higher than the change in SSTA signals in the Kuroshio region but
lower than the change in SSTA signals in the Oyashio region.

Compared with the SSHA-based eddies, SSTA signals and Argo subsurface signals θ′

(SSTA–Argo θ′) in SSTA-based eddies (bottom panels in Figure 6) have obviously regional
and seasonal changes. The SSTA–Argo θ′ in both the Kuroshio and Oyashio region have
the largest correlation in winter, both with the correlation coefficient of 0.76, and the lowest
correlation in summer, with correlation coefficients of 0.45 and 0.42, respectively. The
correlation is significantly lower than the result of SSHA–Argo θ′. This seasonal correlation
is basically consistent with the seasonal variation in the correlation between SSHA and SSTA
within eddies. Moreover, in summer, the SSTA–Argo θ′ correlation is very weak, which
indicates surface eddy signals detected based on SSTA field are probably not stable eddy
structures but more likely signal interference in SST fields due to the seasonal influence of
the mixed-layer depth and atmospheric forcing. The SSTA signals in eddies are basically
between −4 ◦C and 4 ◦C, while the subsurface signals θ′ are larger, which can reach ±8 ◦C
in the Kuroshio region. This shows that the mesoscale eddy does not always have the
most significant signal in the surface or may not appear in the surface. For example, in
summer, it has a strong temperature anomaly signal in the subsurface but with a weak
SSTA signal in the surface. The linear regression coefficient k(θ′/SSTA) in the Kuroshio
region is about 1.3 in autumn and winter, about 1 in spring, and a minimum of 0.91 in
summer. The linear regression coefficient k(θ′/SSTA) in the Oyashio region is less than 1 in
all seasons; values are 0.74, 0.54, 0.45, and 0.62 in the seasons of winter, spring, summer, and
autumn, respectively. The SSTA magnitude of eddies in the Kuroshio region is basically
equal to the magnitude of subsurface temperature changes, while the SSTA of eddies in the
Oyashio region is about twice the subsurface temperature changes.

In addition, by relating Argo profiles with the matched eddies (the result of Figure 5)
from SSHA and SSTA data (i.e., the three SSHA, SSTA, and Argo signals in the same
eddy), the correlation between surface SSHA/SSTA signals and Argo θ′ of the SSHA–SSTA
matched eddies are analyzed (figure not shown). As a result, there are 1521, 1155, 758,
and 926 matched eddies for SSHA, SSTA, and Argo profiles in the seasons of winter,
spring, summer, and autumn, respectively. The seasonal scatterplots of SSHA–Argo θ′ and
SSTA–Argo θ′ in these eddies are similar with the result of Figure 6. However, compared
with SSHA- or SSTA-based eddies from a single remote sensing datum (Figure 6), the
correlations of SSHA–Argo θ′ and SSTA–Argo θ′ of matched eddies from both SSHA and
SSTA data are generally higher. For example, the SSHA–Argo θ′ correlation coefficient
r of SSHA–SSTA matched eddies can reach the highest of 0.95 in summer and autumn,
and SSTA–Argo θ′ correlation coefficient r can reach the highest of 0.84 in winter. The
result indicates that eddy identification result from the two remote sensing data has better
consistency between surface signals and subsurface signals. This implies that eddies
detected by both SSHA and SSTA data are more likely consistent coherent structures, rather
than unstable transient turbulence, which shows the potential of combining SSHA and
SSTA data to detect mesoscale eddies.
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4. Eddy Result Comparison from SSHA and SSTA Data

The trajectory of one eddy moving in the ocean can be tracked by comparing the eddy
identification results in the continuous time series of the SSHA and SSTA fields. A statistical
analysis of the eddy trajectories from the year 1993 to 2021 in the Kuroshio Extension is
presented in this section. Eddy number, lifetime, propagation distances, geographical
distribution, and eddy properties are compared from 29 years of SSHA and SSTA data.

4.1. Eddy Number, Lifetime, and Propagation Distances

The upper-tail cumulative histograms of the eddy lifetimes and the propagation
distances are shown separately for SSHA- and SSTA-based eddies in Figure 7. As a
result, for both SSHA- and SSTA-based eddies, the number of eddy trajectories decrease
rapidly with the increasements in the lifetime and the propagation distance, especially for
SSTA-based eddies. For long lifetimes or propagation distances, the SSTA-based result
is significantly lower than the SSHA-based result. For example, rare SSTA-based eddy
trajectories have a lifetime over 360 days (about 1 year) and a propagation distance over
1000 km. In contrast, many SSHA-based eddy trajectories can exist over 360 days or longer
and propagate over 1000 km or further.
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Figure 7. The upper-tail cumulative histograms of the lifetime (left) and the propagation distance
(right) of cyclonic (CE) and anticyclonic (AE) eddy trajectories, respectively. The black dashed line
represents the cutoff lifetime of 30 days; eddy trajectories with lifetime < 30 days are ignored in the
following research.

To avoid the interference of the transient vortex-like structures and to obtain consistent
coherent structure in this study [41], we focus attention on the eddies with lifetime ≥ 30 days
and ignore eddies with shorter lifetime. As a result, 5037 anticyclonic trajectories and
5685 cyclonic trajectories detected from SSHA field, as well as 4763 anticyclones and
5062 cyclones detected from SSTA field, are analyzed in the following research. The average
lifetime and propagation distance of SSHA-based eddy trajectories with lifetime ≥ 30 days
are 98 days and 236 km, respectively, while the results of SSTA-based eddies are 63 days
and 158 km. The lifetime and propagation distance of SSTA-based eddies are obviously
shorter and smaller than those of SSHA-based eddies. The shorter lifetime and propagation
distance of SSTA-based eddies may be related to the rapid changes in SSTA field and
the interference of small-scale oceanic signal in the SST field. Unlike satellite altimeter
products, the unconnected small-scale variations are difficult to remove from the SST data,
especially diurnal variations that tend to appear as random noise [45]. Therefore, a stable
and continuous SSTA variation in mesoscale eddies is hard to maintain in the SST field for
a long time.

The numbers of cyclonic and anticyclonic eddies from SSHA- and SSTA-based eddy
trajectories with lifetime ≥ 30 days in different seasons are shown in Figure 8. Here,
the “eddy” is distinguished from eddy trajectory, which is the result of eddy identified
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from daily SSHA or SSTA field. In other words, eddies in the continuous time form the
eddy trajectory. It can be seen that the numbers of SSHA-based eddies are higher than
SSTA-based eddies in all seasons. This is mainly because the lifetime of SSTA-based eddy
trajectories is relatively short, resulting in a small number of eddies. Comparing with
SSHA-based eddies, the number of SSTA-based eddies varies greatly with the season, with
more eddies in winter and fewer eddies in summer. The seasonal variation in the number
of SSTA-based eddies is consistent with the correlation between SSHA and SSTA fields in
Section 3.1. This indicates that, due to the homogenization of the mixed layer in winter,
temperature changes caused by eddies can be more easily revealed in the surface SSTA
field. In contrast, the stratification effect is obvious in summer, which prevents surface
temperature changes caused by eddies, so the surface temperature is difficult to “capture”
from eddy signals. As a result, there are fewer eddies identified from SSTA field than SSHA
field in summer.
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from eddy trajectory, which is the result of eddy identified from the daily SSHA or SSTA field.

4.2. Eddy Geographical Distribution and Polarity

Mesoscale eddies are not evenly distributed in the ocean but are concentrated in some
regions. To reveal the geographical distribution of eddies in the Kuroshio Extension, the
number of eddies passing through each grid of 0.25◦ × 0.25◦ is counted. The maps of
eddy number from eddy trajectories with lifetime ≥ 30 days are shown in Figure 9. For
SSHA-based eddies (Figure 9a), we can see that mesoscale eddies exist primarily around the
region of the Kuroshio mainstream (33◦–36◦N). The high eddy kinetic energy and root mean
square of the SSHA in the region of the Kuroshio mainstream indicate frequent activities
and strong intensity of eddies are distributed here [4,31]. By contrast, SSTA-based eddies
(Figure 9c) are concentrated in the region north of the Kuroshio mainstream, especially near
the Oyashio Extension (39◦–42◦N). The SST contours are denser there, indicating that the
SST gradient is large and there is a certain temperature front (the Oyashio Front). Changes
in SST field caused by mesoscale eddies are more obvious and more likely to be captured by
satellites there. Compared with SSHA-based eddies, SSTA-based eddies are less abundant
in the Kuroshio mainstream and the south side. This is related to the smaller SST gradient
there. The SST changes caused by eddies are not obvious, leading to these eddies not being
able to be identified from SSTA field.
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Figure 9. The maps of eddy number and polarity distribution from SSHA-based (a,b) and
SSTA-based (c,d) eddy trajectories with lifetime ≥ 30 days. Contours in panel a and b are the
climatological mean absolute dynamic topography ADT (unit: m); contours in panel c and b are the
climatological mean SST (unit: ◦C).

Eddy polarity P indicates that a region prefers cyclonic eddies (P < 0) or anticyclonic
eddies (P > 0) [42]. It is calculated as P = (NAE − NCE)/(NAE + NCE), where NAE and
NCE are the numbers of anticyclonic and cyclonic eddies in one region, respectively. The
same as the geographical distribution of eddy number, the eddy polarity P at each grid
is calculated and the corresponding polarity maps are displayed in Figure 9b,d. For both
SSHA- and SSTA-based eddies, the south side of the Kuroshio (about 27◦–33◦N) tends to
the occurrence of cyclonic eddies (cold eddies), while the north side of the Kuroshio (about
36◦–40◦N) tends to the occurrence of anticyclonic eddies (warm eddies). The preference
of eddies on the north and south sides of the Kuroshio is easy to understand because
vortices pinched off from the mainstream have cyclonic vorticity on the south side and
anticyclonic vorticity on the north side. The cyclonic eddies carry cold water, moving
from the north to the warm south, forming cold eddies; conversely, the anticyclonic eddies
carry warm water, moving from the south to cold north, forming warm eddies [21,24]. The
geographical distribution of eddy polarity in the Kuroshio Extension is consistent with the
other regions of strong, meandering eastward currents, such as the Gulf Stream and the
Agulhas Return Current [4,12,46]. In addition, in the region of the Kuroshio mainstream
with the most frequent eddy activities, there is no obvious tendency for eddy polarity
(P value is close to 0); the numbers of anticyclones and cyclones are basically equal.

In the Oyashio area (the north of 40◦N), there are some differences in the geographical
distribution of eddy polarity between SSHA-and SSTA-based eddies. The mismatch of eddy
polarity from SSHA and SSTA data leads to more abnormal eddies there (i.e., cyclonic-warm
eddy and anticyclonic-cold eddy) [28]. One possible explanation for this regional difference
is that the large SST gradient and shallower surface mixed layer in the Oyashio area result
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in the SST signal being more sensitive to surface eddy–wind interaction. The eddy–wind
interaction can modify SSTA signal via the action of Ekman pumping of the upper ocean
density surfaces [29]. The reason for the inconsistency of eddy polarity between SSHA-
and SSTA-based eddies needs further research in the future study. For SSTA-based eddies,
the eddy polarity and the SST contour show a certain correlation. The SST contour in the
region dominated by anticyclonic (warm) eddies (P > 0) is convex, while the SST contour in
the region dominated by cyclonic (cold) eddies (P < 0) is concave. This indicates that the
region where eddies are concentrated will change the climatological SST distribution.

4.3. Eddy Properties

The eddy identification procedure provides property information of the eddy am-
plitude and radius scale, as defined in Section 2.2. The eddy amplitude and radius scale
of SSHA- and SSTA-based eddy trajectories with lifetime ≥ 30 days over a 29-year pe-
riod are analyzed in this section. Histograms of the eddy amplitudes and radius scales
for SSHA- and SSTA-based eddies are shown in Figure 10, respectively. For both SSHA-
and SSTA-based eddies, the eddy amplitudes are broadly distributed. However, eddies
tend to be concentrated in the range of small amplitudes. Statistically, about half of the
SSHA-based eddies have amplitude < 10 cm, and two thirds of the SSTA-based eddies have
amplitude < 1 ◦C. Separately, the average amplitudes of SSHA-based cyclonic and anticy-
clonic eddies are 15 cm and 14 cm, and those of SSTA-based eddies are 0.92 ◦C and 0.94 ◦C.
More than 90% of SSHA- and SSTA-based eddies have radius scales between 40 km and
150 km. SSTA-based eddies are more skewed toward small radius scales than SSHA-based
eddies. On average, the average radii of SSHA-based cyclonic and anticyclonic eddies are
85 km and 89 km, and those of SSTA-based eddies are 78 km and 77 km, respectively.
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Figure 10. Histograms of the amplitudes and radius scales from SSHA-based (a,b) and SSTA-based (c,d)
eddy trajectories with lifetime ≥ 30 days for cyclonic (CE) and anticyclonic (AE) eddies. The dotted
line represents the average value of eddy properties.

The geographical distribution of eddy amplitudes is very similar in pattern and
magnitude to the absolute dynamic topography (ADT) and SST gradient (Figure 11a,c).
For SSHA-based eddies, the large-amplitude eddies occur in the region of the Kuroshio
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mainstream, especially in the west of 155◦E, where the eddy amplitudes can exceed 50 cm.
Over the rest of the regions, the eddy amplitudes are generally less than 20 cm. For SSTA-
based eddies, the large-amplitude eddies are found in the Oyashio and its extension, where
the eddy amplitudes can exceed 2 ◦C. In Section 3.1, SSHA and SSTA signals in eddies show
a different regression relationship in the Kuroshio region and Oyashio region. The regional
difference is also reflected in the geographic distribution of eddy amplitude from SSHA
and SSTA data. In the region of Kuroshio mainstream, the amplitude of SSHA-based eddies
is significantly high, but the amplitude of SSTA-based eddies is generally low. In contrast,
the amplitude of SSHA-based eddies is low but with high amplitude of SSTA-based eddies
in the Oyashio region. The regional difference in the eddy signal leads to the fact that the
regression relationship of SSHA and SSTA signals is larger in the Oyashio region than in
the Kuroshio region.
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Figure 11. The maps of the mean amplitude and radius scales from SSHA-based (a,b) and SSTA-
based (c,d) eddy trajectories with lifetime ≥ 30 days. Contours in panel a and b are the gradient of
climatological mean absolute dynamic topography ADT (unit: m/100 km); contours in panel c and b
are the gradient of climatological mean SST (unit: ◦C/100 km).

The difference is more obvious in the geographical distribution of the eddy radius
scales (Figure 11b,d). Mesoscale eddies in the region of the Kuroshio mainstream are
vigorous and have a large spatial scale. However, the eddy radius of SSTA-based eddies is
not as large as that of SSHA-based eddies. SSHA-based eddies have radius scales around
150 km in the region of the Kuroshio mainstream; in contrast, SSTA-based eddies only have
radius scales about 110 km there. The smaller spatial scale of SSTA-based eddies may be
related to the rapid changes in SSTA field and the interference of small-scale oceanic signal
in the SST field; the eddy signal cannot be fully reflected in the SST field. The authors of [29]
analyzed the three-dimensional structure of eddies and found that the SSTA signal in eddies
can be divided into a monopole pattern due to vertical eddy isothermal displacement and
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a dipole pattern due to lateral eddy advection of background temperature. The dipole
SSTA pattern may be identified as smaller-scale eddy in the SSTA-based eddy identification
procedure. In addition, the mismatch of eddy polarity between SSHA- and SSTA-based
eddies can also lead to the difference in the spatial scale of eddies. In addition, for both
SSHA- and SSTA eddies, the eddy radius scales are small in the north and south region of
the Kuroshio mainstream, especially in the north region (the Oyashio Extension) where the
scales are less than 100 km.

5. Conclusions

In this study, we used SSH and SST fields derived from satellite measurements and
in situ data of Argo float profiles to study the correlation between SSHA and SSTA data
in surface signals of mesoscale eddies in the Kuroshio Extension. Then, a comparative
analysis of eddy results from SSHA and SSTA data is carried out, e.g., eddy numbers, eddy
sizes, eddy amplitudes, and geographical distribution of eddies.

To analyze the seasonal correlation between the SSHA and SSTA signals of eddies, we
matched eddy results identified from the two data and classified the same type of eddies
according to seasons. The seasonal scatterplots of mean SSHA–SSTA within matched
eddies indicates that regression coefficients k(SSTA/SSHA) are significantly different in
different regions. The linear regression coefficient k in the Oyashio region (8–10 ◦C·m−1) is
significantly larger than that in the Kuroshio region (3–4 ◦C·m−1); that is to say, eddies with
the same SSHA signals have larger SSTA in the Oyashio region than in the Kuroshio region.
SSHA–Argo θ′ in eddies show a high correlation with a regression coefficient k(θ′/SSHA)
of about 7 ◦C·m−1 in all seasons. Meanwhile, for SSTA–Argo θ′, the correlations have
obviously seasonal changes, with high value in winter and low value in summer. In
addition, SSTA signals in eddies are basically between –4 ◦C and 4◦ C, while subsurface
signals θ′ are larger, which can reach ±8 ◦C. This shows that the mesoscale eddy does not
always have the most obvious signal in the surface or may not appear in the surface, such
as, in summer, it has a strong temperature anomaly signal in the subsurface but a weak
SSTA signal in the surface. In addition, compared with SSHA- or SSTA-based eddies from
a single remote sensing datum, eddies detected by both SSHA and SSTA data have better
consistency between surface signals and subsurface signals, which shows the potential of
combining SSHA and SSTA data to detect mesoscale eddies.

A statistical analysis of the eddy trajectories with lifetime≥ 30 days in the Kuroshio Ex-
tension is presented in this study. Eddy properties in the Kuroshio Extension are compared
from 29 years of SSHA and SSTA data. The results show that the lifetime and propagation
distance of SSTA-based eddies are shorter and smaller than that of SSHA-based eddies. The
shorter lifetime and propagation distance of SSTA-based eddies may be related to the rapid
changes in SSTA field and the interference of small-scale oceanic signal in the SST field.
The seasonal variation in the number of SSTA-based eddies, with the highest in winter and
the lowest in summer, is consistent with the correlation between SSHA and SSTA fields.
This indicates that, due to the homogenization of the mixed layer in winter, temperature
changes caused by mesoscale eddies can be more easily revealed in the surface SSTA field.
In contrast, the eddy–wind interaction is obvious in summer, which weakens surface tem-
perature changes caused by eddies, so the surface temperature is difficult to “capture” eddy
signals. The geographical distribution of the eddies reveals that SSHA-based eddies exist
primarily around the region of the Kuroshio mainstream (33◦–36◦N), while SSTA-based
eddies are concentrated in the Oyashio Extension (39◦–42◦N). Both SSHA- and SSTA-based
eddies show an inhomogeneity in the geographical distribution of eddy polarity. Mesoscale
eddy is predominantly cyclonic on the southward side of Kuroshio and anticyclonic on the
northward side.

The final census statistic of eddy properties shows that about half of the SSHA-
based eddies have amplitude < 10 cm and two thirds of the SSTA-based eddies have
amplitude < 1 ◦C. SSHA-based eddies with large amplitude occur in the region of the
Kuroshio mainstream, especially in the west of 155◦E, where the eddy amplitudes can



Remote Sens. 2022, 14, 5776 16 of 18

exceed 50 cm. For SSTA-based eddies, the large-amplitude eddies are found in the Oyashio
Extension, where the eddy amplitudes can exceed 2 ◦C. The geographical distribution of
eddy amplitudes is very similar in pattern and magnitude to the ADT and SST gradient.
More than 90% of SSHA- and SSTA-based eddies have radius scales between 40 km and
150 km. The radius scales of SSHA-based eddies are larger than those of SSTA-based
eddies. The difference is more obvious in the geographical distribution of the eddy radius
scales. SSHA-based eddies have radius scales around 150 km in the region of the Kuroshio
mainstream; in contrast, SSTA-based eddies only have radius scales of about 110 km there.
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