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ABSTRACT

Oceanic eddies are important ocean surface features and play a crucial role in ocean energy transfer, nutrient
distribution and biological production in the global ocean. Sub-mesoscale eddies are characterized by their small
spatial scales (<100km) and short temporal scales (hours to days). Large mesoscale eddies are detected using satellite
altimetry data where as sub-mesoscale eddies are detected using Synthetic Aperture Radar(SAR) images of high
resolution. This paper analyses two such eddies captured in a SAR image off the coast of Vizag. The SAR image
is despeckled and thresholded to extract the eddy features. The eddy images are analysed and validated using Sea
Level Anomaly(SLA) and Chlorophyll-a datasets in order to understand the eddy dynamics and its characteristics.
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1. INTRODUCTION

Oceanic eddies, characterized by coherent vortices of
water are prevalent features across the world oceans, ranging
from tens to thousands of kilometers in diameters'. Sub-
mesoscale eddies are eddies with dimensions smaller than
the baroclinic Rossby radius of deformation®. They affect
horizontal mixing in the ocean (in particular, redistributing
surface/subsurface pollution), marine biological population
and other physical properties, like temperature and salinity*.
The formation of sub-mesoscale eddies is often attributed
to barotropic-baroclinic instabilities in oceanic fronts and
currents™¢, Baroclinic instabilities arise due to the presence of
a vertical shear in the ocean’s velocity field, associated with
density gradients due to temperature and salinity variations.
These instabilities can lead to the growth of perturbations that
evolve into coherent eddies. Barotropic instability on the other
hand is driven by the horizontal shear in the ocean currents,
leading to the formation of vortices when the flow becomes
unstable. These instabilities are particularly prominent in
regions with strong frontal gradients, such as boundary currents,
upwelling zones and areas with significant temperature and
salinity contrasts’™®

Satellite altimetry has been instrumental in identifying and
tracking mesoscale eddies, however when it comes to tracking
small scale eddies, there is a need for remote sensing data
with enhanced spatial resolution®'°. Synthetic Aperture Radar
(SAR) emerges as a preferred sensor due to its ability to provide
high-resolution imagery and sensitivity to radar signals''. The
ocean surface roughness responsible for backscattering energy
detected by radar is mainly due to the capillary and small
gravity waves generated by the local wind'>. SAR’s capability
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to capture oceanic eddy details independent of weather or time
of day makes it an important tool for eddy detection.

Bay of Bengal (BoB) is a semi-enclosed tropical region
in the North-Eastern Indian Ocean, which is distinguished
by its significant geographical and hydrological features.
Bounded by India, Bangladesh, Myanmar, and the Andaman
and Nicobar Islands, the bay is characterized by a large influx
of freshwater from major rivers like the Ganges, Brahmaputra,
and Irrawaddy, leading to pronounced stratification in its water
column'-'*, This stratification results in a low-salinity surface
layer to overlay a more saline deeper layer, which profoundly
impacts the bay’s circulation patterns and biological
productivity'.

Additionally, BoB experiences substantial precipitation,
particularly during the southwest monsoon (June to
September), which further influences its freshwater input
and stratification'®'” The East Indian Coastal Current (EICC)
which is the western boundary current of BoB, reverses
twice a year in response to the seasonal reversal of monsoon
winds'®. It flows north eastward from February to September
and south-westward from October to January. In March,
a transitional period between the monsoon phases, EICC
typically strengthens, flowing poleward joining the basin wide
anticyclonic gyre'®. This complex interplay of freshwater
influx, precipitation, and seasonal current reversals makes BoB
a significant area for oceanographic and climate studies.

The cyclonic (anticyclonic) eddy induced upwelling
(downwelling) will bring sufficient (deficient) nutrients
from the subsurface and increase (decrease) the productivity
greatly'2°.

Eddies can be recognized in SAR images as dark, narrow,
curvilinear, and concentric bands (slicks) that appear to spiral
inward or by a narrow band of increased brightness, usually
related to current shear.
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In this study, two sub-mesoscale eddies that were
simultaneously observed in a SAR image near the North-
Western BoB, are analysed. The image was captured on 13®
March 2023, during which the EICC flows poleward. The SAR
image has been processed, and a comparison with altimetry
and chlorophyll data has been conducted.

2. METHODOLOGY

The SAR image was taken from Alaska Satellite Facility
(ASF) which is part of the Geophysical Institute of the
University of Alaska Fairbanks. It operates the NASA archive
of SAR data and provides services to researchers. The images
were obtained using Sentinel — 1 A, which carries C-band SAR
instrument. The image is a Level 1 product, Ground Range
Detection (GRD) image. It is dual polarized (VV & VH) with
an interferometric wide beam and 250 km swath width.

Figure 1. Footprint of the original SAR image captured on 13"
March, 2023; overlaid over the world map.

Among the various polarization modes, vertical (V)
polarization is often favoured over horizontal (H) polarization
for oceanic studies due to its higher backscatter signal level
from the sea surface?. This increases signal strength in the
VV (vertical-vertical) channel making it more effective for
detecting oceanic features. Since most of the space borne
SAR systems available today have a moderate noise floor, the
cross-polarization (HV or VH) channels have not been used
for oceanic feature detection. The SAR image acquired on 13%
March 2024, shows the presence of two eddy features, both
of which was subset and ellipsoid corrected for further pre-
processing as shown in Fig. 2.

Global Sea Level Anomaly (SLA) data is freely distributed
by (AVISO LAS; http://www.aviso.altimetry.fr) at a daily
temporal resolution and a 0.25° horizontal resolution. These
data have been effectively utilized in a variety of mesoscale
eddy and monsoon studies. The surface geostrophic currents
for 13" March 2023 are derived from this dataset.

Copernicus is the Earth observation component of
the European Union’s Space programme and it provides
chlorophyll @ data from satellite Earth Observation (https://
cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-ocean-
colour?tab=form). Chlorophyll a is a green pigment and the
most prevalent photosynthetic pigment in both terrestrial
and marine photosynthetic organisms. As an indicator of
phytoplankton abundance, and therefore the base of the marine
food web, chlorophyll a concentration is recognized as an
Essential Climate Variable. Oceanic chlorophyll @ is usually
measured in units of mg m3. The data has a resolution of 4 km
x 4 km and is available on a daily basis.

The initial image pre-processing like radiometric
calibration, ellipsoid correction is done using Sentinel
Application Platform (SNAP). The images are then subset
for speckle filtering using various filters like Lee filter, Frost
filter and Boxcar filter. A performance matrix based on single
speckle index is done in order to choose the best filtered output
using speckle index.

Figure 2. Sentinel — 1A SAR image, captured on 13" March, 2023. The image covers approximately 250 km in length and 120 km
in width, where one pixel is 10 m x 10 m. The red boxes mark out the subsets of Eddyl (E1) and Eddy2 (E2) respectively.
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Adaptive thresholding is done in order to further extract
the eddy features.

Ideally the geostrophic currents are computed and the
eddy centres are overlaid on it to understand its characteristics.
The same is done using chlorophyll @ data and is compared
with the SAR image data.

2.1 Despecking of SAR Images

Satellite images are usually degraded by noise during
image acquisition and transmission process. Speckle is a signal
dependent granular noise which occurs in all active coherent
imaging systems. It reduces the quality of the images which
makes processes such as segmentation and classification
difficult. The filters selected are standard despeckle filters used
by researchers for despeckling SAR images of ocean surfaces.
The filters considered in this study are Lee filter, Frost filter
and Boxcar filter®>?,

2.2.1 Lee Filter

Lee filter is one of the despeckle filters that reduces SAR
speckle based on local statistics. It is computed by applying
minimum mean square error (MMSE). The equation is as
follows:

[Goy) =10 y) + W, y) * [1G,)) = 10x, )] (1)
where, 7 (x,y) is the filtered image, /(i,j) is the centre pixel
and I(x,y) is the mean of the window. W(x,y) is the weight
function and is given by,

_ IXog(xy)
W(X, y) - ZZ(J,%HIZ) (2)
where, ¢2(x,y) is variance of pixels in kernel/window and
o*(x,y) is the variance of image.

2.2.2  Frost Filter

Frost filter is a Bayesian method in spatial domain
which was designed by making assumptions on the statistical
properties of reflectivity and speckle.

It works on preserving the edges while supressing the
noise. The damping factor is exponential which is the key
factor in smoothness of the filter. When the damping factor is
small the image tends to be smoother?.
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where, (i, j) is location of the current pixel, 7 (i,j)denotes the
output of the filter, P, denotes the value of the pixels among
the window centered at (i, j), K (K>0) is the tuning factor, C,
is the coefficient of the variation that is defined by the ratio of
the sample standard deviation to sample mean and d, is the
distance between any pixel in current window to the centre
pixel.

2.2.3  Boxcar Filter

It is a type of low-pass filter which removes the noise with
a high frequency spectrum as well as smoothing the details
such as the edges and points. It works by replacing each pixel
value with the average of its neighbouring pixels within a
defined window. Its equation is as follows:
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where, X(7,j) represents the estimated pixel value constructed
by computing the sample mean over each pixel neighbourhood
and Y(i,)) is the original noisy image.

2.2 Computing the Performance Matrix
Speckle index is a means of measuring speckle reduction.
It is defined as follows:
g

Csi = u %)

where, ¢ is the standard deviation and p is the mean of the
intensity of the image.

2.3 Adaptive Thresholding of SAR Images

Adaptive threshold is a dynamic method used in image
processing to segment an image by varying the threshold
value across different regions of the image. This technique
is particularly useful in SAR image processing due to the
presence of varying intensities and noise levels throughout
the image. It is particularly helpful to reduce the noise impact,
segmentation and enhance edge detection.

Adaptive thresholding is done for the best filtered image
to enhance the eddy intensity pattern and also improve the
detection of eddy boundaries by adjusting to local variation,
thus providing more precise and continuous boundaries
compared to global thresholding methods.

2.4 Geostrophic Currents
The surface geostrophic currents are estimated using the
following Eqn.:

—299¢
=T oy (6)
—99¢

where, g is the acceleration due to gravity, f is the Coriolis
parameter and ¢ is the Sea Surface Height Anomaly (SSHA)*.
The geostrophic currents are plotted and the presence of
cyclonic or anticyclonic eddies are detected.

3. RESULTS

Two prominent eddies, labeled El and E2 (Fig. 2),
are clearly visible. El is a cyclonic spiral eddy centered at
approximately 17.66° N: 84.90° E. It is located around 60
km from the coast, with a diameter of about 50-60 km. E2 is
an asymmetrical cyclonic eddy, measures roughly 40-50 km
in size, with its center at 17.48° N: 83.98° E. It is situated
at roughly around 110 km from the coast. The centers were
estimated after geometric correction was carried out using
SNAP software.

3.1 Despecking of SAR Images

A performance matrix is generated in order to find out
the best filtered outputs. The filtered images of both E1 and
E2 are given in Fig. 3. The Speckle Index (SI) is computed for
both original image and the filtered outputs of both subsets.
The Difference of SI (DSI) of original image subsets (E1 & E2)
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Eddy 1 (E1)

Eddy 2 (E2)

(e) Boxcar filter

(f) Boxcar filter

Figure 3. (a)-(b): Lee filter outputs of E1 and E2; (c)-(d): Frost filter outputs of E1 and E2; (e)-(f): Boxcar filter outputs of E1 and E2.

Table 1. Performance matrix based on the Difference of Speckle
index (DSI) of E1 and E2

Filters DSI(E1) DSI(E2)
Lee filter 0.1686 0.1892
Frost filter 0.1660 0.1833
Boxcar filter 0.1723 0.1929

and their respective filtered outputs are calculated as shown in
Table 1.

The DSI between the original image and each filtered
output is computed as a performance matrix, which implies
that greater the DSI value less speckle is in the image. It can
be observed from Table 1 that Boxcar filter has the largest DSI
value in the case of both E1 and E2. Hence Boxcar filtered
outputs are chosen for further analysis.

3.2 Adaptive Threshold

Adaptive thresholding is carried out on the despeckled
images to visualize the flow of currents. It helps in the
interpretation of the characteristics of eddies under study.

The selected image is processed and for each pixel in the
image, a threshold is calculated based on the the local mean
intensity in the local neighbourhood. If the pixel value is
below the threshold it is set to the background value, otherwise
it assumes foreground value. The eddy features are enhanced

Figure 4. (a) Adaptive threshold output of Eddyl; and (b)
Adaptive threshold output of Eddy2.
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and boundary detection becomes smoother with continuous
boundary lines.

3.3 Geostrophic Currents

The distribution of geostrophic currents derived from
SLA near the North-Western BoB on March 13, 2023, is
depicted in Fig. 5. Within the delineated black box, there is a
pronounced SLA minimum of 22 c¢m, located approximately at
18° N, 85° E, which corresponds to the region of SAR imagery
acquisition. The observed SLA minimum and the associated
anti-clockwise circulation are indicative of a cyclonic eddy.
Southward of this cyclonic feature, a dominant anticyclonic
circulation is present, characterized by an SLA maximum of 45
cm around 16° N, 83.7° E. Additionally, there is a noticeable
convergence of currents between the two eddies, forming an
eastward-flowing current at 17.5° N. The cyclonic eddy has
an approximate diameter of 100 km, whereas the anticyclonic
eddy extends about 200 km into the central Bay of Bengal.

18.5°N

17.5°N

LATITUDE

16.5°N

15.5°N

T
83.5°E &64.5°E

65.5°F

82.5°E
vs, v —=  0.300 LONGITUDE

Figure 5. Sea Level Anomaly (SLA) overlaid with Geostrophic
currents, near North-western BoB. The black box
indicates the SAR image footprint. The cyan blue

circles mark out the eddy centers of E1 and E2.

The two cyan blue markers labeled E1 and E2 represent
the centers of the eddies detected from the SAR image. El
is situated at the convergence point of the currents generated
by both eddies. E1 exhibits a distinct spiral pattern and is
cyclonic, suggesting a high possibility of its formation due to
the unstable perturbations in the larger geostrophic flows. Such
instabilities can induce frontogenesis, causing the breakup and
curling of flows, which subsequently form smaller cyclonic
spiral eddies®

E2 is located further north, with its center in close
proximity to the SLA minimum, suggesting that it is part of
the larger cyclonic eddy. E2 exhibits an asymmetrical pattern,
complicating the detection of its boundaries, as it may be larger
than estimated from the SAR imagery.

The chlorophyll distribution at the North-Western BoB
on 13" March 2023 is given in Fig. 6. This data confirms that
both features are cyclonic circulations, as indicated by the local
increase in chlorophyll concentration, which is visible as green
patches around the marked eddy centers. The pronounced
south-eastward flow is also apparent from the chlorophyll data,
which corresponds well with the geostrophic current data.
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From Fig. 6, the two cyan blue dots labeled E1 and E2
represent the eddy centers identified from the SAR image, and
the black box demarcates the region where the SAR image was
captured. Below the 18° N latitude, there is a notable lack of
chlorophyll -a, while a local high in chlorophyll -a production
is observed north of this latitude. This distribution aligns well
with the cyclonic and anticyclonic circulations depicted in
Fig. 5.

18.5°N

16.5°N

15.5°N

82.5°E

83.5°E 84.5°E
LONGITUDE

85.5°E

Figure 6. Chlorophyll -a distribution of western BoB on
13™" March 2023, with eddy centers E1 and E2
marked as cyan blue circles. The black box
marks out the SAR image footprint.

The local increase in chlorophyll -a production near
El and E2 confirms that both eddies are cyclonic. A distinct
circular patch near E1 matches well with the cyclonic spiral
eddy. Additionally, the chlorophyll a data reveals a distinct
current pattern, with high chlorophyll a concentrations (green)
and low concentrations (purple) marking the interface between
the two eddies. The chlorophyll @ production near E2 spans a
larger area, corroborating that it is a larger eddy than indicated
by the SAR image.

4. DISCUSSION AND CONCLUSIONS

The integration of SAR, SLA and chlorophyll-a data
provides a comprehensive understanding of the geostrophic
currents and eddy formations in the North-western BoB during
the month of March, 2023. The detection of two prominent
eddies, E1 and E2 (Fig. 2), using SAR images and their
verification using chlorophyll-a data highlights the intricate
dynamics of cyclonic and anticyclonic circulations in this
region.

The BoB is characterized by high stratification and
regular influxes of freshwater from rivers, complicating the
identification and categorization of minor variations using
Sea Surface Temperature (SST). Consequently, these features
may not exhibit the typical temperature variations associated
with eddies, underscoring the importance of a multi-sensor
approach. By utilizing ocean colour data and geostrophic
currents derived from SLA, these oceanographic features are
validated.

The geostrophic currents derived from altimetry data
failed to detect eddy El, despite its size of approximately 50
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km to 60 km, which is within the expected resolution of satellite
altimetry (25 km). There is also a significant difference in the
eddy centers of E2 from the SAR image and the SLA data
which is evident from Fig. 5. The discrepancy between the
centers of E2 may be attributed to the difference in resolutions
of the datasets. Its asymmetrical pattern complicates boundary
detection, suggesting that it may be larger than estimated from
SAR imagery. The chlorophyll-a data, with a resolution of 4 km,
provides clear insights and substantiate the presence and extent
of these eddies. It also captured the steady south-eastward flow
between the cyclonic and anticyclonic circulations.

One drawback is that an ambient wind condition (<6m/s)
is required for the eddy formation to be visible in SAR images.
The eddy detection from SAR images becomes difficult during
strong winds as the surface film may get disrupted.

The use of SAR imagery has been pivotal in identifying
and characterizing the cyclonic eddies, E1 and E2, in the
North-Western BoB. The study emphasizes the limitations
of altimetry data for detection of sub-mesoscale eddies
and demonstrates the importance of high-resolution SAR
data in capturing detailed oceanographic features. The
combined analysis of SAR and chlorophyll-a data provides a
comprehensive view of the interactions between cyclonic and
anticyclonic circulations. Future research shall focus on the
evolution and impact of eddies on regional marine ecosystems
and coastal processes.
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