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An Automated Approach to Detect Oceanic Eddies
From Satellite Remotely Sensed Sea
Surface Temperature Data

Changming Dong, Francesco Nencioli, Yu Liu, and James C. McWilliams

Abstract—Cyclonic (anticyclonic) oceanic eddies drive local
upwelling (downwelling), leaving footprints in the sea surface
temperature (SST) field as local extremes. Satellite-measured SST
images can therefore be used to obtain information of the charac-
teristics of oceanic eddies. Remotely sensed measurements repre-
sent very large data sets, both spatially and temporally. Manual
eddy detection and analysis are thus practically impossible. In
this letter, an automated scheme for eddy detection from remote
sensing SST data is presented. The method is based on the analysis
of velocity fields derived from SST measurements (thermal-wind
velocity field). Using the geometric features of the velocity field,
we can identify positions of eddy centers and derive eddy size,
intensity, path, and lifetime. The scheme is applied to a realistic
remotely sensed SST data set in a strong eddy activity region:
Kuroshio Extension region.

Index Terms—Eddy, remote sensing, sea surface temperature
(SST).

I. INTRODUCTION

YCLONIC (anticyclonic) eddies drive local upwelling

(downwelling), leaving a footprint on the sea surface
temperature (SST) field as cold (warm) core features. Satellite-
measured SST images carrying these anomalies can therefore
be used to obtain information on the characteristics of oceanic
eddies. This could help us to better understand the processes
involved in eddy generation, evolution and decaying, and their
impacts on marine environment and climate change. Given
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the enormous amount of remotely sensed SST measurements,
eddy analysis based on manual detection is practically im-
possible, and therefore, automated eddy detection approaches
are required. Some automated eddy detection approaches were
developed in the literature: An edge detection scheme [1] was
used to automatically detect eddies shed from the Gulf Stream
[2]; a neural-network-based approach was developed to identify
eddies from SST images [3]; another method involved the
combination of edge detection and flow fields between two
consecutive SST images [4]; and isothermal lines of the SST
field were also proposed for automatic eddy detection [5].

This letter introduces an automated approach to detect eddies
from SST data following a velocity—geometry eddy detection
scheme for numerical modeled results developed by authors.
The SST field is first converted to a vector field (thermal-wind
velocity). The characteristics of the vector field are then used to
detect and track eddies. The algorithm is written in MATLAB
language. Since it is based on eddy geometry, it is simple and
straightforward compared with the aforementioned SST eddy
detection schemes.

II. METHODOLOGY

To better demonstrate the automated eddy detection algo-
rithm, we use realistic remotely sensed SST data from the
Remote Sensing System (REMSS) SST product as a test. The
REMSS SST is a merged product from the SST data mea-
sured by both infrared sensors (Moderate Resolution Imaging
Spectroradiometer (MODIS), high resolution but sensitive to
cloud coverage) and microwave sensors (Advanced Microwave
Scanning Radiometer for Earth Observing System (AMSR-E)
and Tropical Rainfall Measuring Mission (TRMM) Microwave
Images (TMI), not impacted by clouds but with coarse resolu-
tion) with all gaps filled using optimum interpolation [6]. Its
spatial resolution is 9 km, and temporal sampling frequency
is daily, which can well resolve mesoscale eddies. For more
information about the product, please refer to its Web site
www.remss.com. It should be noted that the REMSS SST
product, as other SST products, carries some errors from either
instruments or algorithms [7] that could confuse the eddy
detection; we do not try to quantify this problem here.

Eddy analysis from the SST field is performed through the
following steps: First, the thermal-wind velocity field is derived
from the SST fields; then, an automated detection method
is applied to the velocity field to identify eddy centers; for
each detected center, eddy boundaries are computed from the
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closed contours of the SST fields; and finally, eddy tracks are
reconstructed by comparing eddy fields detected at successive
time steps.

The next paragraphs provide a detailed description of each of
the aforementioned steps.

Step 1: Thermal-Wind Velocity

A Gaussian smoothing is applied to the original SST field
to reduce the noise in the realistic SST data. A Sobel gradient
operator [8] is then applied to the smoothed SST data to calcu-
late SST gradients. This operator uses two 3 x 3 kernels which
are convolved with the SST data to calculate approximations
of their spatial derivatives. One kernel is used for the merid-
ional direction, and the other is used for the zonal direction.
Then, two matrices, containing the two approximations of the
meridional and zonal derivatives for each point, G, and G,
respectively, are computed as follows:

[+1 +2 +1
G,=|0 0 0]xA
-1 -2 -1
[+1 0 -1
G,=|+2 0 —-2|xA (1)
| +1 0 -1

where * here denotes the 2-D convolution operation and A is a
matrix containing the SST data divided by the grid spacing at
each point.

We can then define a vector V' = (U,, U,)) as

U, = — Gy; U, = G, in the northern hemisphere

U, =Gy; Uy = G, in the southern hemisphere. 2)

In the two hemispheres, the sense of rotation of cyclonic
(anticyclonic) eddies is opposite: counterclockwise (clockwise)
in the northern hemisphere and clockwise (counterclockwise)
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Fig. 2. Thermal-wind velocity profile across a cyclonic eddy.

in the southern hemisphere; however, the SST anomalies at
the eddy centers remain colder (warmer) for cyclonic (anticy-
clonic) eddies. The vector V' (U, U,) defined earlier guaran-
tees V' to have the correct sense of rotation around a cyclonic
(anticyclonic) eddy on both hemispheres. The magnitude of
the vector is simply the magnitude of the SST gradient. Fig. 1
shows examples of the vectors derived for two cold-core and
two warm-core eddies in the Kuroshio Extension (KE) region.
The vectors rotate anticlockwise (clockwise) around cold-core
(warm-core) eddies, as it occurs as the velocity field associated
with cyclonic and anticyclonic eddies. Based on the thermal-
wind relationship and the first-order (linear) water state equa-
tion, it can be easily verified that the vector corresponds to
the component of the baroclinic velocity contributed by tem-
perature, thus the thermal-wind velocity (another component
is a haline wind velocity contributed by the salinity). The
component is the dominant one when the temperature field is
the major contributor to the density variation. It should be noted
that the vector defined in (2) represents only one component of
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the path of eddy centers.

the absolute surface water flow (after multiplied by a coefficient
F =Hxg/(fpo), where H is the thermal-wind depth, ¢ is
the gravity constant, f is the Coriolis coefficient, and py is the
reference density). However, in the practice of eddy detection
scheme, it is not necessary to convert the vector to the velocity
unit with the aforementioned constant coefficient F.

Step 2: Detect Eddy Centers From Thermal-Wind
Velocity Field

The method adopted in the algorithm was originally de-
veloped for automatic eddy detection from high-resolution
numerical simulations [9], [10]. It is based on some of the
features that characterize the velocity field associated with
mesoscale eddies, e.g., [11], such as minimum velocities in
the proximity of the eddy center and tangential velocities that
increase approximately linearly with distance from the center
before reaching a maximum value and then decaying. Since
the thermal-wind velocity field computed in Step 1 has features
similar to the real velocity field, as shown in Fig. 2, the method
can be applied to detect eddy centers from V.

Four constraints are defined based on the characteristics of
eddy velocity fields.

1) Along an east-west section, U, has to reverse in sign
across the eddy center, and its magnitude has to increase
away from it.

Along a north—south section, U, has to reverse in sign
across the eddy center, and its magnitude has to increase
away from it. The sense of rotation has to be the same as
for it.

3) The thermal-wind velocity magnitude has a local mini-
mum at the eddy center.

Around the eddy center, the directions of the thermal-
wind velocity vectors have to change with a constant
sense of rotation, and the directions of two neighboring
thermal-wind velocity vectors have to lay within the same
or two adjacent quadrants (the four quadrants are defined

2)

4)

21
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Example of eddy tracking: The eddy is tracked over one month. The color is denoted to be SST, black circles are eddy boundaries, and the red lines are

by the north—south and west—east axes: the first quadrant
encompasses all the directions from east to north; the
second quadrant, the directions from north to west; the
third quadrant, the directions from west to south; and
the fourth quadrant, the directions from south to east).
These constraints are applied to each point of the thermal-
wind velocity field. The points for which all four are satisfied
are detected as eddy centers. In Figs. 1 and 2, black and red dots
indicate detected centers of cyclonic and anticyclonic eddies,
respectively.

Step 3: Calculate an Eddy’s Size

After an eddy center is detected, the algorithm computes the
eddy boundaries. Assuming that the eddy interior is the region
where SST gradient magnitude decreases radially from the cen-
ter, eddy limits can be defined as the outermost closed isother-
mal line around the eddy’s center, across which the magnitude
of the SST gradient starts to increase in the radial direction.
The variation of the SST gradient magnitude across the closed
contour is checked only at its four extremes (i.e., its north-
ernmost, easternmost, southernmost, and westernmost points),
which represents a reasonable tradeoff between computational
efficiency and algorithm accuracy. It would be computationally
too expensive to compute the variation across each point of the
closed contour; by choosing the four extremes, the variation is
checked at the most distant points from the eddy center along
each of the main directions, regardless of the ellipticity and ori-
entation of the eddy. Therefore, the selected points are where a
decrease in the SST gradient magnitude is most likely to occur.
Boundaries of cyclonic and anticyclonic eddies are marked with
black and red solid lines, respectively, in Figs. 1 and 2.

Step 4: Track an Eddy Evolution

After eddy centers are detected for the entire SST data
set, eddy tracks are determined by comparing the centers at
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Fig. 4. Histograms of (upper) eddy sizes and (lower) eddy lifetimes. On the
upper panel, the left and right sides of “0” on the x-axis denote the anticyclonic
and cyclonic eddies, respectively. On the upper panel, an eddy on each step
during its life time is considered as a separate eddy because it might have
different size. On the lower panel, eddies on each step of its lifetime are
considered as one item.

successive time steps. An eddy center at time step ¢ is connected
to an eddy center at time step ¢ + 1 if the center at ¢ 4 1 is of
the same type and within a searching area of N x N grid points
around the center at ¢. If no centers are found at ¢ 4 1, a second
search at ¢t + 2 on a larger area (N + N/2) x (N + N/2) is
performed. If, even at ¢t 4 2, no centers are found, then the
eddy is considered dissipated, and the track closed. The size
of the searching area needs to be accurately tuned: In order
to avoid track splitting (i.e., divide a continuous track into
multiple tracks), eddies cannot travel outside the searching area
from one time step to the successive step. For this reason, the
size of the searching area has to be defined depending on the
spatial and temporal resolution of the data set, as well as on
the characteristics of the mean flow field. Since eddies’ moving
speed is about in a scale of 10 cm/s [12], for daily data, we
choose 15 km as the search radius. Fig. 3 shows an example of
tracking a cold core.

III. APPLICATION AND SUMMARY

As an example, the present algorithm is applied to the
2006-2008 REMSS SST data set at 9-km spatial resolution
from the KE region [140° E—179° E] x [28° N—41° N]. After
its separation from the east coast of Japan, the Kuroshio be-
comes an eastward jet, which is particularly unstable without
the constraint from the coast. The KE has long been recognized
as a region rich in energetic pinched-off eddies [13].

Fig. 4 shows the histogram of the computed eddy sizes in
the region, evident in a symmetric size distribution for cyclonic
and anticyclonic eddies. Only the eddies that last at least five
days are included in the analysis in order to remove SST
anomalies which do not represent cohesive eddies. The most
frequent eddy size is about 50 km, which is close to the first
baroclinic deformation radius. The computed eddy sizes are
slightly smaller than eddies (6070 km) detected from satellite-
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altimetry-measured sea surface level height anomaly (SSHA)
data [14], and their average lifetimes are conspicuously shorter.
This could be caused by the fact that the two data sets have
different spatial resolutions and that they measure different
properties (SST and SSHA). The latter raises an interesting
question about how well an SSHA-defined eddy overlaps with
its SST-defined counterpart. However, this is beyond the scope
of this letter and will be discussed in future work. The eddy
lifetimes also span symmetrically between cyclonic and an-
ticyclonic eddies. The spatial distribution of eddy generation
number, shown in Fig. 5, shows that most eddies occur along the
Kuroshio path, shown in the contours of the SST field. Analysis
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of the total eddy distribution with latitude shows that cyclonic
(anticyclonic) eddies are more frequent on the south (north)
of the Kuroshio path (see Fig. 6), as also observed from the
analysis of eddies detected from the SSHA data [14].

This letter introduces a simple, effective, and automated
oceanic eddy detection scheme for remotely sensed SST data.
A thermal-wind velocity is derived from the SST data, which
can be used to characterize the eddy structure represented
by the SST. Based on the geometric feature of the thermal-
wind velocity field associated with an eddy, an automated eddy
detection scheme is developed to detect eddies from the SST
data. The method includes the identification of eddy centers and
the computation of eddy size, polarity, intensity, and lifetime
tracking. The algorithm is applied to a high eddy activity zone,
i.e., the KE region.
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