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Abstract: A long-term time series of 319 Sentinel-1 SAR Imagery with Interferometric Wide Swath
(IW) mode was used to study the characteristics of submesoscale eddies over Japanese coastal
regions from 2015 to 2021, including spatiotemporal eddy properties and possible mechanisms of
their formation. The results showed that around 98% of the 1499 eddies identified from the SAR
snapshots were submesoscale eddies (horizontal scales of O(1–20) km) with a ratio of around 78%
cyclones to around 22% anticyclones. Around 8% of the submesoscale eddies were found in these
SAR images in winter since the submesoscale current-induced signals are masked by the stronger
wind speed, compared with other seasons. Typical features of submesoscale eddies are summarized,
providing a preliminary qualitative analysis of potential generation mechanisms specific to the eddy
characteristics in this region. This study suggests that Sentinel-1 images are capable of providing
insights into the observed submesoscale eddies near the coastal regions of eastern Japan, thereby
contributing to the improved understanding of the generation of submesoscale eddies.

Keywords: submesoscale eddies; Japanese coast; Sentinel-1 imagery with IW mode

1. Introduction

Oceanic eddies are distributed worldwide in the global ocean and play significant
roles in the horizontal and vertical mixing of the upper ocean as well as the transport of
energy and marine organisms [1–3]. Submesoscale processes constitute the intermediate
scale between large mesoscale processes and small-scale turbulence processes. Therefore,
they induce large vertical motions and further enhance vertical mixing, leading to the
breakdown of geostrophic balance and energy cascades [4,5]. With horizontal scales of
O(1–10) km and vertical scales of O(10–100) m, submesoscale eddies are therefore one of
the strong ageostrophic processes that also contribute to energy exchange, biogeochemical
distributions, and climate change [6–8]. These factors make them a significant consideration
for observational and diagnostic analysis. The spatiotemporal analysis of submesoscale
eddies near the Japanese coast is currently lacking, which limits our understanding of the
oceanic dynamics associated with submesoscale eddies.

Japanese coastal regions, with their numerous capes, turns and islands, are enveloped
in wind-driven circulation [9,10] and multiscale processes [11,12]. Submesoscale eddies
near the coast have been studied in different regions based on multi-source data [13–16]
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and numerical simulation [17,18]. However, the observation of submesoscale eddies along
the Japanese coast is limited and lacks systematic analysis. Previous studies on this topic
have focused on certain finite regions, such as the Sanriku Confluence of the Tsugaru Warm
Current [19], currents of the northwest Pacific Ocean like the Kuroshio water [20], the
region off the Sanriku Coast [21], the Kuril Straits [22], the southwestern Japan Sea [23],
and the Japanese Coast [24]. These submesoscale eddies have a significant influence on
stirring of the tracer gradients and frontogenetic processes.

Synthetic aperture radar (SAR) is a data collection instrument, which can be imple-
mented on satellites/aircrafts, with the advantage of high resolution, wide range, and
all-day and all-weather coverage. SAR is, therefore, a good instrument to detect the de-
tailed structures of mesoscale/submesoscale eddies and filaments [25–29], thereby enabling
the study of the statistical characteristics and generation mechanisms of submesoscale ed-
dies [30,31]. There are four general mechanisms responsible for eddy manifestations on
SAR images: (i) spatial heterogeneity of atmospheric stability due to wind stress over ocean
fronts [32], (ii) surface films associated with eddy-induced surface convergence [33,34],
(iii) roughness changes caused by wave–current interactions [35], and (iv) spatial redistri-
bution of eddies traced by drifting ice [36]. In SAR images, eddies look like “black” areas at
low to moderate wind speeds (~0.2–5.6 m/s), but appear “white” at higher wind speeds
(6–12.5 m/s) [32,37].

In this study, a series of Sentinel-1 imagery is used to investigate the structures of
submesoscale eddies from 2015 to 2021 near the coastal regions of eastern Japan. The aim
is to provide a systematic understanding of the spatiotemporal distribution of the eddies.
We further discuss the probable mechanisms of the generation of submesoscale processes
associated with background information, such as currents, chlorophyll concentration, and
topographic features.

2. Materials and Methods
2.1. Study Area

The Japanese archipelago stretches over 3000 km and has a sea territory of approxi-
mately 4,470,000 km2 in the Northwest Pacific Ocean. The major axis of the Japanese island
system is from southwest to northeast, with a wide southern part narrowing towards the
north. The main ocean currents around the Japanese coast are as follows (Figure 1a):
(1) First is the Kuroshio Current, which is a strong western boundary current in the
northwest Pacific Ocean that plays a critical role in heat transport and circulation ex-
change [38–40]. To the south of Japan, the Kuroshio enters the deep Shikoku Basin through
the Tokara Strait and then encounters the Izu Ridge, in the area known for its bimodal path
fluctuations. Large Kuroshio meandering occurs aperiodically from 132◦ E to 140◦ E [41],
controlled by the interaction between patterns in the Kuroshio path and the magnitude
of the Kuroshio’s upstream transport [42]. After separating from the Japanese coast, the
Kuroshio Extension is observed as an inertial jet accompanied by large-amplitude meanders
and energetic eddies which are pinched off, steered by unstable eddy-driven abyssal mean
flows [43]. (2) Second is the Oyashio Current, which is located south of the Bussol Strait,
splitting into two paths (the Subarctic Current and the Oyashio intrusion) after passing
along the coast of Hokkaido. (3) Third is the Tsushima Warm Current, which constitutes
a branch of the North Pacific Subtropical Gyre connecting East China Sea and the East
Sea/Sea of Japan [44,45]. (4) Fourth is the Tsugaru Current, which branches from the
Tsushima Warm Current and enters the North Pacific Ocean through the Tsugaru Strait.
(5) Fifth is the Sōya Warm Current, which is a part of the Tsushima Warm Current, which
flows southeastward along the Hokkaido coast, and is a jet-like structure in summer and
fall [46]. (6) Sixth is the Liman Current, which is a major current that passes over the trough
slope and originates from near the Russian Tatar Strait in the north East Sea/Sea of Japan.
The circulation and topographic features of the Japanese coast have been proven to induce
mesoscale and submesoscale eddies [47–49].
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SAR images. Spatial coverage of SAR images for the coastal area (c) without ice and (d) with ice. 
The number of SAR images including eddies is shown by the color scale. The markers labeled with 
numbers 1–5 represent Tsugaru Strait, La Perouse Strait, Aniva Bay, Noto Peninsula, and Sado Is-
land. 

The coastal dynamic features controlled by coastlines, wind, and geostrophic cur-
rents have a strong effect on the generation and spatial distribution of submesoscale ed-
dies [13,50]. The main characteristics of several typical background features are illustrated 
as shown below: 
• Kuroshio meandering; 

The Kuroshio meandering south of Japan has three typical paths, including a typical 
large meander and a non-large meander (NLM), which can further be divided into a near-
shore and offshore NLM (nNLM and oNLM, respectively) [51]. Previous studies have con-
sidered that the wind forcing plays an important role in controlling the upstream volume 
transport, leading to a change in the Kuroshio path [10,52]. The internal oceanic processes 
(i.e., baroclinic instability and eddy–flow interaction) have been proven to be essential for 
the large meanders [53]. In addition, the interaction between the coastal turns/islands and 
the Kuroshio current provides favorable conditions to generate submesoscale eddies. 
• Kuroshio–Oyashio Extension region; 

Figure 1. (a) The ocean currents around the Japanese coast along with the bottom topography (unit:
m). (b) The positions of selected SAR images from 2015 to 2021; dashed rectangles are outlines of
SAR images. Spatial coverage of SAR images for the coastal area (c) without ice and (d) with ice.
The number of SAR images including eddies is shown by the color scale. The markers labeled with
numbers 1–5 represent Tsugaru Strait, La Perouse Strait, Aniva Bay, Noto Peninsula, and Sado Island.

The coastal dynamic features controlled by coastlines, wind, and geostrophic cur-
rents have a strong effect on the generation and spatial distribution of submesoscale ed-
dies [13,50]. The main characteristics of several typical background features are illustrated
as shown below:

• Kuroshio meandering;

The Kuroshio meandering south of Japan has three typical paths, including a typical
large meander and a non-large meander (NLM), which can further be divided into a
nearshore and offshore NLM (nNLM and oNLM, respectively) [51]. Previous studies have
considered that the wind forcing plays an important role in controlling the upstream volume
transport, leading to a change in the Kuroshio path [10,52]. The internal oceanic processes
(i.e., baroclinic instability and eddy–flow interaction) have been proven to be essential for
the large meanders [53]. In addition, the interaction between the coastal turns/islands and
the Kuroshio current provides favorable conditions to generate submesoscale eddies.

• Kuroshio–Oyashio Extension region;

The Kuroshio–Oyashio Extension region encompasses the Kuroshio Extension, the
Oyashio, and its extension, which contain various frontal processes and mesoscale and sub-
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mesoscale processes [54]. The Kuroshio flows eastward off Cape Inubozaki and contributes
to the formation of submesoscale structures. The submesoscale eddies in this area depend
almost completely on the conditions of the background currents and the topography, due
to the strong western boundary currents.

• The Oyashio Current near the Tohoku Region;

The Oyashio Current, fed by cold and nutrient-rich upwelling water, flows southward
from the subarctic North Pacific Ocean [55]. The current carries a large amount of material
along the coast to the south. The interaction between the complicated capes and strong
alongshore currents leads to the generation of submesoscale eddies.

• The Tsugaru Strait;

The Tsugaru Warm Current flows eastward in the Tsugaru Strait and turns south at
Cape Shiriya. The Tairadate Strait connects Mutsu Bay to the Tsugaru Strait. This jet-like
induced instability converts potential and kinetic energy from the mean fields to the eddy
fields [56], which further contributes to the generation of submesoscale processes.

• The Tsushima Warm Current;

The coastal branch of the Tsushima Warm Current originates from the eastern side
of the Tsushima Strait and flows along the Japanese coast, including Noto Peninsula and
Sado Island. These topographic obstacles to coastal currents are a favorable factor in the
development of submesoscale processes.

• The Kuril Islands (Russia);

Submesoscale eddies near the Kuril Islands have been investigated previously, re-
vealing that they are caused by the interactions of coastal boundaries and the stretching
of the current fields (e.g., the Sōya Warm Current and the Oyashio Current) [22]. This
environmental condition contributes to the local generation of submesoscale eddies.

• The northern coast of Hokkaido;

The Sōya Warm Current flows southeastwardly along the coastal shallow region
and its path becomes obscure behind Cape Shiretoko. Some mesoscale eddies form off
Cape Shiretoko when the alongshore inflow of low-density waters intrudes into the deep
basin [57]. The coast of Aniva Bay has Cape Krilion in the Soya Strait and Cape Aniva,
which together facilitate the generation of submesoscale processes.

Submesoscale flows have been investigated in polar marginal ice zones [58,59] and
ice-free ocean regions [36]. Serving as a kind of tracer, ice makes eddies and filaments
prominently visible in SAR images because of the modulation of small-scale surface rough-
ness impacted by wave–current interactions, the accumulation of drifting ice floes, and the
wind variation across oceanic fronts. The northern coast of Hokkaido has ice floes in winter,
which provide a good environment for detecting submesoscale “ice” eddy signatures in
SAR imagery.

• The western coast of Hokkaido;

Four islands, including Rebun Island, Rishiri Island, Teuri Island, and Yagishiri Island,
are located along the western coast of Hokkaido and contribute to the generation of
submesoscale eddies via the process of topographic wake formation [11,60].

2.2. Sentinel-1 SAR Imagery

The Sentinel-1 SAR imagery can provide data with a 250 km swath at 5 m × 20 m
spatial resolution in the Interferometric Wide (IW) swath mode, and the only/mostly IW
mode data are available over the study site due to satellite flight trajectories. This mode
is made up of three sub-swaths (IW1, IW2 and IW3) consisting of a series of bursts and it
supports various dual polarization configurations (HH + HV and VV + VH) [61,62]. These
advanced SAR imaging technologies have the ability to capture submesoscale oceanic
processes, helping us to understand their generation in space. Oceanic submesoscale eddies



J. Mar. Sci. Eng. 2024, 12, 761 5 of 17

have been successfully detected from SAR images, taking advantage of the all-weather
capability, at any time, day or night, with high sensitivity to small-scale variabilities of sea
surface conditions [15,25,63]. In this study, high-resolution images were obtained from the
Sentinel-1A and Sentinel-1B satellites at C-band with IW swath mode, from 2015 to 2021,
downloaded from the Alaska Satellite Facility (https://asf.alaska.edu) (Figure 1b). The
Level-1 Ground Range Detected products were post-processed to obtain the normalized
radar cross sections (NRCSs) following previous work [64]. The SAR images were then
further processed to enhance the grayscale contrast (using the contrast-limited adaptive
histogram equalization method) and thus better identify eddies [65,66].

The seasonal distributions of all the images with distinct eddy signatures during the
years 2015–2021 are summarized in Table 1. In total, 319 filtered Sentinel-1 images with
distinct eddy signatures were analyzed to detect submesoscale eddies near the coastal re-
gions of eastern Japan. Notably, the seasonal distribution of the number of SAR images was
inhomogeneous. The images were mainly acquired in spring (March–April–May), summer
(June–July–August) and autumn (September–October–November) (Table 1). Figure 1d
shows that the SAR images within the ice zone mainly covered the La Perouse Strait, Aniva
Bay, and the northern coastal area of Hokkaido in winter (December–January–February),
while, outside the ice zone, there was good coverage of SAR images over the central and
northern coastal areas (Figure 1c).

Table 1. Seasonal numbers of SAR images obtained from the Sentinel-1 satellite.

Year Spring Summer Autumn Winter Total

2015 14 14 5 2 35
2016 5 7 2 0 14
2017 7 7 10 4 28
2018 9 10 16 3 38
2019 8 16 17 1 42
2020 17 26 27 7 77
2021 17 29 35 4 85
Total 77 109 112 21 319

2.3. Methods of the Eddy Feature Extraction

Although deep learning methods have been applied in submesoscale eddy detection
from satellite images [15,16,24], there are not enough Sentinel-1 SAR images containing
submesoscale eddies to provide training sets. As a result, in the previous, similar studies,
eddy factors have tended to be (successfully) detected based on visual identification of
surface signatures [32,36,50,59,67]. These surface signatures include the eddy center, four
positions of the outer rectangular edges, the occurrence time, the rotation type, and the
observed type of particular surface SAR signatures.

The center and outer rectangular edge of an eddy are derived manually as shown
in Figure 2. The mean radius Rm (Rm = (D1 + D2 + D3 + D4)/4) is taken as the mean
distance from the center to each side. Although this artificial perception method contains
biases, our results obtained in this way have nonetheless captured the submesoscale
eddies in SAR images and have also led to a comprehensive estimate of the number of
submesoscale eddies along the Japanese coast.

https://asf.alaska.edu
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Figure 2. The schematic diagram of the eddy feature extraction procedure, using the SAR image on
8 November 2016 at 08:40 UTC as an example. The red star and rectangle are the center and shape
of an eddy. The mean value of the distances from the center to each side (D1, D2, D3 and D4) is the
mean radius of the eddy.

2.4. Other Supplementary Datasets

The monthly wind velocity at 10 m was taken from the NCEP Climate Forecast
System reanalysis, version 2 (CFSv2; http://cfs.ncep.noaa.gov), which has a grid spacing
of 0.205◦ × 0.204◦ from 2015 to 2021. Three-hourly surface currents were obtained from
the Hybrid Coordinate Ocean Model (HYCOM of Global Ocean Forecasting System 3.1
output on the grids of GLBv0.08, GLBu0.08 and GLBy0.08; https://www.hycom.org) with
a spatial resolution of 1/12◦. The daily data of chlorophyll concentration and sea surface
temperature (SST) from MODIS-Aqua measurements were taken from the ocean color
website Level-3 (4 km) data (https://oceancolor.gsfc.nasa.gov).

3. Results
3.1. Typical Signatures of Submesoscale Eddies near the Coastal Regions of Eastern Japan

Submesoscale eddies near the coastal regions of eastern Japan are classified into five
typical signatures in SAR images: “black” eddy, “white” eddy, “ice” eddy, mushroom-like
eddy pair, and a vortex street (Figure 3). “Black” eddies often appear in SAR imagery at
low to moderate wind speeds, because the reduction of the backscatter cross-section due to
natural films on the sea surface makes eddies look dark in SAR imagery (Figure 3a) [15,32].
At higher wind speeds, eddies with bright, curved lines are referred to as “white” eddies
due to their higher backscatter cross-sections in SAR imagery, under the influence of
wave–current interactions (Figure 3b) [15,32]. “Ice” eddies are visible in SAR imagery, due
to the modulation of surface roughness in regions of accumulated drifting sea ice floes
(Figure 3c), which is often seen in cyclonic eddies and filaments [36]. Here, another special
type of submesoscale eddies is also a mushroom-like eddy pair as shown in Figure 3d. The
cyclonic part of eddy signatures is more visible than the anticyclonic part, because cyclones
generate surface convergence of ice and lead to greater sea ice thickness and concentration,
while anticyclones reduce the sea ice concentration [59]. The last special type is a vortex
street, as shown in Figure 3e. Previous work found that cyclones and anticyclones behave
symmetrically in the small Ro/Bu regions [68]. Here, Ro = U/ f D is the Rossby number

http://cfs.ncep.noaa.gov
https://www.hycom.org
https://oceancolor.gsfc.nasa.gov
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and Bu = (Rd/D)2 is the Burger number, where U is the velocity, D is the horizontal scale
of the obstacle, f is the Coriolis parameter, and Rd is the baroclinic deformation radius.
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Figure 3. The typical signatures of submesoscale eddies near the coastal regions of eastern Japan,
including (a) a “black” eddy sampled on 8 November 2016 at 08:40 UTC, (b) a “white” eddy sampled
on 1 January 2017 at 20:43 UTC, (c) “ice” eddies inside the mesoscale cyclonic eddy sampled on 23
March 2018 at 20:24 UTC, (d) a mushroom-like eddy sampled on 8 March 2021 at 08:19 UTC, and
(e) a vortex street (only one group marked) sampled on 20 May 2020 at 19:59 UTC. The blue dots and
red rectangles are the centers and shapes of submesoscale eddies.

3.2. Spatial Scale and Spatial–Temporal Distributions of Submesoscale Eddies

We identified 1499 eddies near the coastal regions of eastern Japan based on
319 filtered Sentinel-1 images acquired between 2015 and 2021, around 98% of which
were submesoscale eddies, and the first baroclinic Rossby radius of deformation was
around 20 km during this period. The brighter features associated with higher wind speeds
pose challenges for the detection of “white” eddies in SAR images. Due to these imaging
features in SAR imagery, “black” eddies were visible more frequently than the other types
near the coastal regions of eastern Japan (Figure 4). “Black” eddies constituted around 72%
of all eddies, while “white” and “ice” eddies composed around 12% and 4%, respectively.
The radius of the “black” and “white” eddies was predominately 2–6 km. The numbers of
the mushroom-like eddies and vortex streets were too small to be counted.

The centers and radii of all eddies are marked in Figure 5. The locations of all the eddies
are homogeneous along the Japanese coast. As we can see, all eddies are associated with
the main strong currents that flow along the Japanese coast (Figure 1a). The characteristics
of current fields and topographic features lead to the generations of submesoscale eddies
in these several subregions, which will be discussed in the next section.
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Figure 6a shows the annual number of eddies from 2015 to 2021, revealing that
cyclonic eddies mainly dominate over anticyclonic eddies, with a ratio of around 78%
cyclones to around 22% anticyclones. As the number of satellite images increases, shown
in Table 1, the absolute quantity of detected eddies increases accordingly. The smallest
number (around 8%) of submesoscale eddies is clearly in winter, while relatively larger
numbers of submesoscale eddies occur in autumn, summer, and spring (Figure 6b). To
reduce the effects of the number of Sentinel-1 images from month to month and year
to year, the normalized eddy numbers are provided by normalizing the absolute eddy
numbers to the corresponding number of images, for a given year (Figure 6c) and season
(Figure 6d). A similar result is obtained for the dominant features of submesoscale cyclones
and the very few submesoscale anticyclones. Nevertheless, the prominent result is that the
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normalized numbers of cyclonic and anticyclonic eddies are almost the same every year,
which illustrates that submesoscale eddies are commonly found near the coastal regions
of eastern Japan and their numbers vary depending on the number of satellite images.
Figure 6d indicates the ratio of the number of cyclonic/anticyclonic eddies to the total
number of filtered satellite images.
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The ability to detect cyclonic/anticyclonic submesoscale eddies from every Sentinel-1
image containing eddy characteristics is almost the same each season, which demonstrates
that submesoscale cyclonic eddies are found more frequently than anticyclonic eddies. This
also shows no seasonality in the normalized numbers for detected cyclonic/anticyclonic
eddies for each image (Figure 6d). Compared with Figure 6d, the absolute number of
cyclonic/anticyclonic eddies (Figure 6b) is the most prominent feature resulting from the
seasonal variation of the surface 10 m winds. Figure 7 shows the seasonally averaged 10 m
surface winds near the coastal regions of eastern Japan from 2015 to 2021. Thus, the highest
wind speed is in winter, at over 6 m/s in most regions, corresponding to the lowest absolute
number of submesoscale eddies in winter. The brighter features in the SAR images, in
winter, with relatively high wind speeds, make it difficult to detect eddies in such images.
Strong winds in winter could disrupt surface natural slicks, enhancing noise in SAR images
due to saturated backscattering, thereby hindering the identification of eddies [15]. In other
seasons, lower wind speeds and fewer natural slicks result in weak backscattering, thereby
enhancing the prominence of the spiral characteristics of eddies. This condition is beneficial
to eddy detection [69].

In general, we found that submesoscale cyclones are typically more common than
submesoscale anticyclonic eddies, which is similar to the findings of previous studies [25,36].
Cyclonic eddies often have a larger intensity with higher Ro, as compared to anticyclonic
eddies which become unstable with high Ro (Ro > 1) owing to centrifugal instability [70].
In addition, intense submesoscale cyclonic eddies also have strong impacts on surface
tracers, which increases their visibility and leads to their more frequent detection.
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4. Discussion: Generation Mechanisms

The main mechanisms for the generation of submesoscale eddies near the coastal
regions of eastern Japan are summarized schematically in Figures 8 and 9. Submesoscale
cyclonic eddies are often observed inside mesoscale cyclonic eddies (Figure 8a) and at the
periphery of mesoscale anticyclonic eddies (blue eddies in Figure 8b). Inside cyclones, the
same cyclonic shears and vorticity gradients lead to the formation of submesoscale cyclonic
eddies (Figure 8(a1,a2)), especially in zones with ice floes (Figure 8(a3,a4)), primarily due
to vertical buoyancy fluxes [71]. The features of spiral eddies are often seen in SAR images
where strong cyclonic shears lead to streaks and shear instability generates convergence.
It has been found that submesoscale cyclonic eddies trap sea ice, whereas anticyclonic
eddies reduce its accumulation [72]. Similarly, submesoscale anticyclones can also be found
inside mesoscale anticyclones (the red eddy in Figure 8b) probably owing to both vertical
shear production and vertical buoyancy fluxes [71]. Cyclonic shear and a high vorticity
gradient at the periphery of anticyclonic eddies (Figure 8(b1,b2)) often contribute to the
generation of submesoscale cyclonic eddies (the blues eddies in Figure 8b). Along with the
effect of topography, sometimes these mechanisms can reinforce each other. Submesoscale
anticyclonic eddies are rarely detected at the edge of mesoscale cyclonic eddies, probably
due to the weak vorticity gradients at the edges [73]. Indeed, submesoscale cyclones are
detected more frequently at the periphery of mesoscale cyclones [50].

The third mechanism of mushroom-like structures is associated with the deceleration
of a strong current (jet) forced by horizontal shear, or the collision between different water
masses (Figure 8c) [74]. As shown in Figure 8(c1,c2), the alongshore jet detaches from
the cape and collides with the drifting ice floes and meets the marginal ice zone flowing
northeastward, which decelerates the jet and leads to horizontal shear, convergence, and
dipole eddies. This kind of formation can also be found near river mouths [50].
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Figure 8. Schematic 1 of the main mechanisms of submesoscale eddies near the coastal regions of
eastern Japan and corresponding cases: (a) submesoscale cyclonic eddies inside a mesoscale cyclone,
with examples shown in (a1) for the cyclonic eddy on 8 November 2016 at 08:40 UTC and in (a3) for
the cyclonic eddies with sea ice on 23 March 2018 at 20:24 UTC; (b) submesoscale cyclonic eddies
at the periphery of a mesoscale anticyclone and anticyclonic eddies inside the eddy, with examples
shown in (b1) for the cyclonic eddies at the periphery on 10 September 2018 at 08:02 UTC and in
(b3) for the anticyclonic eddy inside the eddy on 23 October 2019 at 08:03 UTC; (c) a submesoscale
mushroom-like eddy pair due to the deceleration of the jet, with an example shown in (c1) for the
eddy pair on 8 March 2021 at 08:19 UTC. The corresponding HYCOM currents with their relative
vorticity (unit: dimensionless) are depicted at the nearest time to the SAR imagery (a2,a4,b2,b4,c2),
overlaying 100 m isobaths (gray lines). The blue dots and red rectangles represent the centers and
shapes of submesoscale eddies. The magnified images depict intricate eddy structures in detail
(blue rectangles).
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Figure 9. Schematic 2 of the main mechanisms of submesoscale eddies near the coastal regions of east-
ern Japan: (a) submesoscale eddies due to baroclinic instability in coastal upwelling regions, with an
example shown in (a1) for the submesoscale eddies on 2 August 2021 at 08:42 UTC; (b) submesoscale
eddies due to the separation of the alongshore current, with an example shown in (b1) for the sub-
mesoscale cyclonic eddies on 17 October 2015 at 08:26 UTC; (c) submesoscale eddies due to shear
instability at the strong current, with an example shown in (c1) for the submesoscale eddies on 18
November 2020 at 08:33 UTC; (d) a submesoscale vortex street due to island wakes, with an example
shown in (d1) for the submesoscale eddies on 20 May 2020 at 19:59 UTC. The HYCOM currents with
their relative vorticity (unit: dimensionless) are depicted at the nearest time of SAR imagery (b2,d2),
overlaying 100 m isobaths (gray lines). The HYCOM currents with (a2) chlorophyll concentration
(unit: mg m−3) and (a3) SST (unit: ◦C) are depicted at the nearest time of SAR imagery, overlaying
100 m isobaths (gray lines). The HYCOM currents with their velocity (unit: m/s) are depicted at the
nearest time to the SAR imagery (c2), overlaying 100 m isobaths (gray lines). The blue dots and red
rectangles represent the centers and shapes of submesoscale eddies. The magnified images depict
intricate eddy structures in detail (blue rectangles).
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Submesoscale eddies can form due to upwelling-induced instability (Figure 9a) where
the dense, cold upwelling flows over the lighter offshore water, thereby leading to re-
stratification and the formation of submesoscale eddies. The high values of chlorophyll
concentration (Figure 9(a2)) and the low values of SST (Figure 9(a3)) correspond to the
upwelling region, where a submesoscale eddy is detected (Figure 9(a1)). According to
previous studies [4,75,76], the mixed layer instability due to restratification in the mixed
layer is conducive to the generation of submesoscale eddies.

The next mechanism is the most common (Figure 9b), involving flow separation near
capes and turns. When the alongshore current or jet flows near a cape/turn, a low-pressure
region is formed behind the cape/turn owing to the separation of the current and the
centrifugal forces. Then, submesoscale eddies are generated, as the flow rotates near the
cape/turn (Figure 9(b1,b2)). The interactions between the background flow fields and
topographic features make submesoscale eddies form near the cape/turn [50].

Shear vorticity and orbital vorticity tend to appear in strong currents with meanders
that have a strong velocity shear and vorticity gradient (Figure 9c). The vorticity adjustment
due to the centrifugal force in the meander generates submesoscale eddies (Figure 9(c1,c2))
near the main axis of the strong currents [77]. This kind of submesoscale eddy is commonly
found in the global ocean.

We found a specific example of the mechanism of a submesoscale Kármán vortex street
in this study around Ketoy Island (Figure 9d). Like island wakes, vortex streets consist of
two sets of staggered vortices with different directions of rotation (Figure 9(d1)) [78]. The
interaction between the background flow fields (Figure 9(d2)) and the islands is the main
reason for vortex streets. Under specified conditions, island wakes could develop into a
Kármán vortex street [68,79].

In summary, we have described the characteristics of submesoscale eddies near the
coastal regions of eastern Japan and discussed some of the probable underlying mechanisms.
These phenomena and their generative development make it more challenging to further
understand coastal submesoscale processes and dynamics. However, quantifying detailed
generation mechanisms for each process mentioned is challenging, due to the extensive
numerical simulations and validations required. Visual identification has been applied
in the identification of surface eddy signatures. But this has human error. It is therefore
important to develop and utilize deep learning techniques to automate the detection of
eddy signatures in SAR satellite images. This is also the topic of further work.

Satellite optical data also plays a crucial role in capturing submesoscale eddies in the
global ocean [56,80,81]. When combined with multi-sensor satellite imagery, this method
offers a more comprehensive framework for capturing and analyzing the generation and
evolution of eddies, thereby augmenting our comprehension of the characteristics of
submesoscale eddies off the Japanese coast and even in the global ocean. Aside from
HYCOM, there are few products with higher spatial and temporal resolutions that can
provide long-term background flow fields for this region. While the spatial resolution
of the HYCOM flow fields may be considered relatively low, it still provides valuable
background field information. This information can provide a qualitative mechanism for
the phenomenon by correlating the positions of eddies in the SAR images with those of
the flow field, drawing upon prior research. While HYCOM can provide background
information regarding the flow field, its resolution is too coarse to directly characterize
the structure of the submesoscale flow fields. Additionally, although most of the eddies
we have detected are located where the water depth exceeds 100 m, the accuracy of
HYCOM outputs near the coasts (over depth < 100 m) may be questionable due to the
assimilation of “incorrect altimetry measurements”. Therefore, high-resolution coastal
numerical simulations are needed for diagnostic analysis in further studies.

5. Conclusions

This study collected 319 filtered Sentinel-1 images near the coastal regions of eastern
Japan during 2015–2021 to identify submesoscale eddies and qualitatively analyze their
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spatiotemporal distributions. In total, 1499 eddies were detected from SAR images, of which
around 98% were submesoscale eddies, with a ratio of around 78% cyclones to around 22%
anticyclones. The number of submesoscale eddies was relatively small in winter owing
to the stronger, 10 m wind speeds compared to other seasons. The normalized numbers
of cyclonic and anticyclonic eddies in each image are almost the same every year, with
cyclonic eddies being more frequently detected in SAR images than anticyclonic eddies.

The probable mechanisms of the generation of submesoscale eddies were catego-
rized as: (1) cyclonic/anticyclonic shear inside mesoscale cyclones/anticyclones, (2) cy-
clonic shear at the periphery of mesoscale anticyclonic eddies, (3) deceleration of a strong
current (jet) forced by horizontal shear or the collision between different water masses,
(4) separation of the current and the centrifugal forces behind capes/turns, (5) velocity shear
and the vorticity gradient near currents with meanders, and (6) the interaction between
background flow fields and islands.

Sentinel-1 images successfully capture the submesoscale features near most of the
Japanese coast and thus help us to better understand submesoscale processes in this region.
The analysis performed in this study can provide characteristics of submesoscale eddy
activity along the Japanese coast. This serves as a foundation for the subsequent construc-
tion and validation of submesoscale numerical simulations in this region. Additionally,
this study can offer supplementary data support when optical imagery is insufficient for
observations in this area.
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