
HAL Id: hal-04430656
https://hal.science/hal-04430656

Submitted on 1 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Eddy Tracking in the Northwestern Indian Ocean
During Southwest Monsoon Regimes

Corinne Trott, Bulusu Subrahmanyam, Alexis Chaigneau, Thierry Delcroix

To cite this version:
Corinne Trott, Bulusu Subrahmanyam, Alexis Chaigneau, Thierry Delcroix. Eddy Tracking in the
Northwestern Indian Ocean During Southwest Monsoon Regimes. Geophysical Research Letters, 2018,
45 (13), pp.6594-6603. �10.1029/2018GL078381�. �hal-04430656�

https://hal.science/hal-04430656
https://hal.archives-ouvertes.fr


Eddy Tracking in the Northwestern Indian Ocean During
Southwest Monsoon Regimes
Corinne B. Trott1 , Bulusu Subrahmanyam1 , Alexis Chaigneau2,3,4 , and Thierry Delcroix2

1School of the Earth, Ocean, and Environment, University of South Carolina, Columbia, SC, USA, 2LEGOS, University of
Toulouse, CNES, CNRS, IRD, UPS, Toulouse, France, 3Institut de Recherches Halieutiques et Océanologiques du Bénin,
Cotonou, Benin, 4International Chair in Mathematical Physics and Applications (UNESCO Chair), University of Abomey-
Calavi, Cotonou, Benin

Abstract The northwestern Indian Ocean exhibits a relatively highly energetic eddy field during the
southwest monsoon season between June and September. This study analyzes the seasonal and
interannual variability of the eddy characteristics and their trajectories in the northwestern Indian Ocean
using altimetric sea surface height observations from 1993 to 2014. Although the highest number of eddies is
found in the Arabian Peninsula coastal region, the strongest eddies, characterized by large radii, amplitudes,
and eddy kinetic energies are found along the Somali Current. Trajectories of anticyclonic and cyclonic eddies
are investigated to provide insight on the generation and propagation of eddies of varying amplitudes. The
largest annual eddy in the Somali Current system corresponds to the Great Whirl, for which the year-to-year
variability with respect to shape, size, generation, and propagation was examined, as was the development of
these characteristics over the Great Whirl’s lifetime.

Plain Language Summary The ocean is full of highly energetic quasi-circular features known as
mesoscale eddies having typical radii of 10–100 km. Eddies are significant transporters of global heat and
ocean characteristics (like salinity and biodiversity). They are best observed by using satellite observations of
fluctuations in sea surface height. In this study, we apply an algorithm to sea surface height satellite data in
the northwestern Indian Ocean to better understand how and where eddies develop during the summer
monsoon season, when eddies are strongest. We determined that though more eddies develop in the
northern northwestern Indian Ocean, eddies with largest radii and amplitudes are found along the Somali
Current region. These eddies in the Somali Current are also the most energetic, associated with stronger
surface currents. The largest eddy observed in the Somali Current during the summer months is referred to as
the Great Whirl. This research traces the location where the Great Whirl develops and propagates for each
year from 1993 to 2014 and shows significant variability.

1. Introduction

Mesoscale eddies can be critical modulators of air-sea fluxes (Frenger et al., 2013; Ma et al., 2016; Villas-Boas
et al., 2015) and transporters of seawater properties. The northwestern Indian Ocean (NIO) is a region of
notable annual eddy generation during the southwest monsoon season (the boreal summer), characterized
by strong regional southwesterly winds. The strongest low-level southwesterly monsoon jet is the Findlater
jet blowing over the western Arabian Sea (Findlater, 1977). The Findlater jet synergizes with the topography
of the Somali shoreline to induce conditions favorable for upper-level eddy generation by (i) the presence of
Rossby waves (McCreary Jr et al., 1993), (ii) significant coastal upwelling (Trott et al., 2017), and (iii) barotropic
instabilities (Jensen, 2001).

Rossby waves along 8°N directly influence the variability and patterns of sea level anomalies (SLAs) in the
Arabian Sea. The impact of these waves on the coastal circulation of the Arabian Sea has been relatively well
studied (McCreary Jr et al., 1993; Shankar & Shetye, 1997; Subrahmanyam et al., 2001). Brandt et al. (2002)
attributed 87% of seasonal hydrographic variance in this region to first- and second-mode Rossby waves.
These westward propagating waves generate at the western coastline of the Indian subcontinent and are
continuously forced by wind stress curl over the Arabian Sea, hence their recurring annual signal (Brandt
et al., 2002). Lighthill (1969) first predicted the 1-month lag time between the wind curl in May–June and
the appearance of a northward Somali Current with accompanying eddies due to Rossby wave propagation.
However, Leetmaa (1972) and Leetma (1973) factored in the direct influence of the Findlater Jet on the
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Somali Current and found that wind-driven coastal upwelling was a more immediate influencer of
summertime Somali Current and eddy generation.

The Findlater Jet induces negative summertime wind stress curl, resulting in coastal upwelling, approximately
5 °C cooler than the surrounding waters (Schott, 1983; Trott et al., 2017). Seo et al. (2008) analyzed the large
summertime coastal sea surface temperature gradients in the western Arabian Sea and its connection to
mesoscale activity. Coastal wind-induced vertical velocities on the order of 3 mm/day maintain baroclinic
instability (Hurlburt & Thompson, 1976; Seo et al., 2008). The local eddy field strengthens during the
southwest monsoon in an attempt to reestablish stratification (Boccaletti et al., 2007).

For the development of robust anticyclonic eddies such as the Great Whirl (GW) along the Somali Current,
eddy generation is enhanced by barotropic instability. First suggested by Jensen (1991), the Somali
Current advects waters with low potential vorticity northward. The large kinetic energy of the Somali
Current enhances the lateral gradient in relative vorticity, generating barotropic instability and providing
another generation mechanism for the GW (Seo, 2017).

As satellite altimetry provides sea surface height measurements at a high spatial and temporal scale, global
eddy tracking has been of great interest. Thanks to the development of gridded data sets, composed of
merged multimission altimeter data; several authors developed automatic eddy tracking algorithms applied
to gridded sea surface height fields (Chaigneau et al., 2008; Chelton et al., 2011; Williams et al., 2011; Yi et al.,
2014). Based on a global eddy tracking procedure, Chelton et al. (2011) revealed that nearly all of the eddies
detected between 20°N and 20°S (including those in the Somali Current region) were nonlinear and, as such,
are able to trap, transport, and redistribute physical and biogeochemical tracers. This nonlinear eddy
behavior increases the complexity of understanding tropical eddies in comparison to their
extratropical counterparts.

High-resolution satellite altimetry has been instrumental in our understanding of mesoscale eddy life cycles,
for example, their development, propagation, and dissipation, and can provide insight to the Somali Current
and its highly dynamic eddy field during the southwest monsoon season. Our objective is to apply an
automatic eddy-tracking method to altimetric observations to better document and understand NIO eddies
observed from 1993 to 2014, in particular during the SW monsoon. Characterizing NIO eddy dynamics is of
great importance due to these eddies’ impact on air-sea heat and moisture fluxes that determines rainfall
over the Indian subcontinent (Vecchi et al., 2004).

2. Data and Methodology

Altimetric sea SLAs frommergedmultimission satellite observations are currently maintained and distributed
by the Copernicus Marine and Environment Monitoring Service (marine.copernicus.eu) at a global horizontal
grid resolution of 0.25° from 1993 to 2014. This daily data set incorporates a variety of altimeters (Ducet et al.,
2000; Le Traon et al., 1998). SLAs, referenced to a 20-year mean from 1993 to 2012, were extracted in the NIO
extending from 35°E–80°E to 10°S–30°N.

First, individual eddies, characterized by a center and an edge, were identified in SLA maps using the
automated algorithm of Chaigneau et al. (2008, 2009). For each SLA map, this algorithm defines the anticyclo-
nic eddy (AE) and cyclonic eddy (CE, respectively) centers as local SLA maxima (minima). The edge of each
identified eddy is then determined as the outermost closed SLA contour around the detected centers
(Chaigneau et al., 2008, 2009). To be retained as a valid eddy, the eddy edge must contain at least four
connected SLA grid points, corresponding to a minimum radius of ~20 km. As mentioned by Pegliasco et al.
(2015), detected eddies having small radii (20–40 km) or weak amplitudes (less than 1–2 cm) should probably
be considered as noisy artifact structures on the daily SLA maps. However, this threshold-free method, that is
very similar to that used in Chelton et al. (2011), has been shown to detect fewer false eddies than other
commonly used methods (Chaigneau et al., 2008; Souza et al., 2011; Yi et al., 2014).

Second, eddy trajectories were constructed from these individual eddies using the tracking algorithm
described in details in Pegliasco et al. (2015). For each eddy (e1) identified on a given SLA map at time
t1 and delimited by a closed SLA contour C1, and for each eddy (e2, delimited by C2) identified on the
next map at time t2 and intersecting e1 while rotating in the same sense, a cost function (CF) is
computed as
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CFe1;e2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔR� ΔR

σΔR

� �2

þ ΔA� ΔA
σΔA

� �2

þ ΔEKE� ΔEKE
σΔEKE

� �2
s

(1)

where ΔR, ΔA, and ΔEKE are the differences in radius (R), amplitude (A), and eddy kinetic energy
(EKE), respectively, between e1 and any eddy e2 intersecting e1 (Pegliasco et al., 2015). The average departures
(ΔR , ΔA , and ΔEKE) and the associated standard deviations (σΔR, σΔA, and σΔEKE) were determined from
thousands of trajectory parts composed exclusively of single intersections between C1 and C2. The algorithm
selects the eddy at time t2 that minimizes the CF and considers the eddy pair (e1, e2) to be the same eddy that
is tracked from t1 to t2. If no intersection is found between e1 and any eddy e2, the eddy e1 is considered as
dissipated and the trajectory is stopped.

In contrast to other tracking methods based on distance criteria (e.g., Chaigneau et al., 2008; Chelton et al.,
2011) this algorithm has the advantage to be threshold free and hence does not necessitate the choice of
any arbitrary criterion, such as those found in Chelton et al. (2011), which does not include eddies with
lifetimes shorter than 4 weeks. Additionally, another advantage of the Pegliasco et al. (2015) algorithm
provides a more accurate shape of the eddy, rather than a central point and a mean radius. This then permits
for observation-based studies for the vertical structure of eddies, which requires an exact eddy shape.
However, the algorithm we apply can only be applied to SLA products having relatively high temporal
resolution, ensuring that between two consecutive time steps the eddy contours intersect (e.g., the eddies
have not traveled more than their typical radii).

3. Results

Between 1993 and 2014, the NIO eddy characteristics reveal a strong seasonality regarding number of
eddies, radius, amplitude, and EKE (Figure 1). This seasonality is related to the strong summertime low-level
jet that generates eddying (Flagg & Kim, 1998; McCreary et al., 1989), which dominates surface current
variability from June through September (Lee et al., 2000). Eddy generation also occurs during winter as a
response to the northeast monsoon, but with lower EKEs due to the weaker wind forcing (Schott &
McCreary Jr, 2001). For much of the year, the NIO is populated by a higher number of CEs (average of
54.6, standard deviation of 5.4) than AEs (average ± one standard deviation of 52.0 ± 5.0; Figure 1b).
During June–September, coastal upwelling is strongest, resulting in negative SLA likely responsible for the
higher number of CEs.

To study more thoroughly the eddy characteristics’ seasonality in the NIO, we computed the monthly mean
year of the eddy properties shown in Figure 1 (Figure 2). A Wilcoxon rank sum test (Haynes, 2013) between all
paired time series in Figures 1 and 2 rejected the null hypothesis that the medians of AEs and CEs are equal at
the 1% significance level. The number of AEs and CEs peaks at the onset of the summer monsoon season,

Figure 1. (a) Mean SLA during summer (in centimeter). Evolution of the eddy characteristics in the NIO from 1993 to 2014
for both CEs (in blue) and AEs (in red). (b) Number of eddies, (c) eddy radius, (d) eddy amplitude, and (e) eddy EKE. The time
series are derived from daily data in region (a) smoothed with a 90-day running mean from 1993 to 2014.
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likely due to the increase of wind-driven instability, though the number of AEs drops below that of CEs for the
rest of the year (Figure 2a). After this peak, the median radius, amplitude, and EKE of CEs reach an annual
minimum in July–August (Figures 2b–2d). The median radius of CEs is larger than AEs in the NIO
(particularly prior to 1997 and after 2003; Figure 1c), except during summer (Figure 2b). During the
summer monsoon, CEs are most numerous and have smaller radii than AEs, though the difference
between these distributions (and that of EKE) is within one standard deviation (Figures 2a and 2b). In
contrast, median amplitude is similar for CEs and AEs during summer, but CEs are on average
characterized by slightly higher amplitudes during the rest of the year (Figures 1d and 2c). The median
radius and EKE of AEs are highest during the summer monsoon and comparable to the ship drift EKE
estimates in Shenoi et al. (1999), when median amplitude is the same (Figures 2c and 2d). The spatial
distribution of eddy amplitude is further explored in Figures 3e and 3f.

Figures 3a and 3b show that more eddies are observed along the Arabian Peninsula coastal ocean region
(heretofore referred to as the Arabian Peninsula) than along the Somali Current region. However, eddies in
the Somali Current region are larger in terms of radius and amplitude (Figures 3c–3f). Eddies with the largest
mean radius were AEs located at approximately 54°E and 8°N (Figure 3c), consistent with observations of the
GW (Beal & Donohue, 2013). The region of largest CE radii is located east of the AE radius maxima (Figure 3d),
like the trajectories seen in Figure 4h where CEs are advected about the eastern boundary of the GW. The
mean amplitude and EKE of CEs in the Somali Current region is greater than that of AEs (Figures 3e–3h).
The peak mean amplitude for AEs (CEs) in the Somali Current region and along the Arabian Peninsula is
15.5 cm (18.1 cm) and 14.4 cm (10.1 cm), which is notably higher than the average mean SLA of 1.8 cm in

Figure 2. Mean seasonal cycle (solid lines) and ± one standard deviation around the mean (dashed lines) of the eddy char-
acteristics shown in Figure 1. EKE = eddy kinetic energy.
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Figure 3. Mean spatial distribution of eddy characteristics during summer monsoon season (June–September) for AEs (left column) and CEs (right column). (a and b)
Number of eddies; (c and d) radius (in kilometer), (e and f) amplitude (in centimeter), (g and h) EKE (in cm2/s2), and (i and j) number of eddy generation.
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Figure 1a (Figures 3e–3f). During summer SW monsoon, the region of the highest EKE is undoubtedly the
Somali Current region (Figures 3g and 3h). The highest mean CE EKE is ~4,000 cm2/s2 while that for AEs is
only ~1,600 cm2/s2, which is characteristic for western boundary currents (Wyrtki et al., 1976;
Figures 3g–3h). The distribution of eddy generation (which is similar to that of the distribution of eddy
dissipation, not shown) is primarily equatorial and along the west coast of India, though this signal is likely
dominated by short-lived eddies (Figures 3i–3j). The distribution of eddy generation is similar between AEs
and CEs, but there is more AE generation along the Somali Current than that of CEs (Figures 3i–3j).
Trajectories of these highly energetic eddies are shown in Figure 4. As the number of eddies is counted each
time an eddy travels into a new pixel, the ratio between Figures 3a and 3b and Figures 3i and 3j can provide
some insight into the movement of AEs and CEs. After filtering to ensure eddies are not incorrectly counted
twice when they do not move pixels, the sum of all pixels in Figures 3a (149,908), 3b (149,913), 3i (13,617), and

Figure 4. Trajectories of (left column) AEs and (right column) CEs generated during summer monsoon season (June to
September) from 1993 to 2014 with maximum amplitudes ranging between (a and b) 10 and 20 cm, (d and e) 20 and
30 cm, (g and h) 30 and 40 cm, and (j and k)> 40 cm. Red asterisks correspond to the generation location of each trajectory.
Boxplots show the distribution of mean eddy radius (in kilometer) for the trajectories plotted in Figures 4a–4h.
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3j (12,989), we determine that each AE trajectory contributes an average of 11.01 points in Figure 3a and each
CE trajectory contributes and average of 11.54 points in Figure 3b.

During the summer monsoon, a greater rate of eddy generation takes place along the Arabian Peninsula than
in the Somali Current region for both AEs and CEs with maximum amplitudes of 10–20 cm (Figures 4a and
4b). Between 8°S and the equator, eddies with amplitudes of 10–20 cm propagate westward along the path
of the South Equatorial Current (Shankar et al., 2002). During the SW monsoon, CEs of amplitudes 10–20 cm
also generate near the southernmost point of India at 8°N (Figure 4b). These eddies are probably generated

Figure 5. (a–u) Trajectories of the AE having the largest maximum radius in the Arabian Sea for each year between 1993
and 2014 and SLA (color shading, in cm) of the day corresponding to the largest GW radius. Trajectories that are in black
and red asterisks signify the generation location of each eddy track. Mean radius (in kilometer) is in red text, mean
amplitude (in centimeter) is in green text, mean EKE (in cm2/s2) is in blue text, and lifetime (in days) is in magenta text.
Bottom right panel shows the ensemble mean radius, EKE, and amplitude for the 18 GW having a life span greater than
50 days. EKE = eddy kinetic energy; SLA = sea level anomaly; GW = Great Whirl.
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by Rossby waves triggered by upwelling Kelvin waves (McCreary Jr et al., 1993; Shankar et al., 2002;
Subrahmanyam et al., 2001).

AEs and CEs having maximum amplitudes of 20–30 cm are highly concentrated in the Somali Current region
and are less frequently generated along the Arabian Peninsula (Figures 4d and 4e). The distribution of mean
radius of the trajectories shows larger radii for AEs than CEs in the 30–40 cm amplitude range (Figure 4i). For
eddies having maximum amplitudes above 40 cm, CEs along the Somali Current region tend to propagate in
a clockwise trajectory as they displace about the larger-radius AEs (Jensen, 1991; Matsuura & Yamagata,
1982). Akuetevi et al. (2016) describes this phenomenon of an asymmetric dipole where smaller cyclonic
eddies generated by cyclonic vorticity bursts characteristic of a low-latitude western boundary current circle
about their larger-radius counterparts (AEs). During the 22-year period of study, more CE trajectories (seven)
than AE trajectories (two) were observed with maximum amplitudes greater than 40 cm (Figures 4j and 4k). In
general, AEs have shorter average life spans compared to CEs for all amplitude ranges (44, 82, 120, and
95 days for AEs and 68, 91, 170, and 141 days for CEs with maximum amplitudes of, respectively, 10–20,
20–30, 30–40, and > 40 cm).

The anticyclonic GW has long been a feature of interest due to its consistent annual development and
strength (Beal & Donohue, 2013; Findlay, 1876). In order to study its annual variability, Figure 5 shows the
yearly trajectory of the AE having the largest radius in the region located north of the equator and west of
65°E. Eddy radii observed in this study are larger than that of Vic et al. (2014) as these authors arbitrarily
determined the eddy edge as an isocontour of SLA of +6 cm, which led to GW radii of ~180 km. Of the 22 years
plotted in Figure 5, the GW was present during the summer monsoon season 19 times and prior to the
summer monsoon in 1996, 2004, and 2013, which, due to the observed westward propagation, weak mean
EKEs, and consistent latitude, is likely due to downwelling Rossby waves (Brandt et al., 2002). The GW
exhibited the largest size (maximum radius of 370–380 km) in 1993, 2007, and 2011, whereas the smallest
maximal radii of 260–300 km were observed in 2002, 2009, and 2014. These three latter yeas correspond
to weak monsoon years (Trott et al., 2017). The algorithm instead detected the Southern Gyre in some years
rather than the GW (2001 and 2005). The decreased size of the maximum radius of the GW in weak monsoon
years may be due to the weaker Findlater jet, leading to reduced wind-induced surface turbulence, which
would be an interesting relationship to explore in future research (Trott et al., 2017). The GW formation
and the direction of propagation strongly vary year to year (Figure 5) with no clear relationship to monsoon
strength or other climatic events such as the El Niño Southern Oscillation or the Indian Ocean Dipole. To
better understand the development of the GW, ensemble means were generated of the radius, amplitude,
and EKE of the GW for years with life span greater than 50 days to eliminate short-lived eddies or
classifications of the Southern Gyre rather than the GW, like in 2001 and 2005 (Figure 5; Samelson et al.,
2014). We note that the GW matures halfway throughout its life cycle for amplitude and radius and peaks
with respect to EKE about 70% into its life cycle. There is a strong decrease of these properties during the last
30% of the GW’s life cycle (Figure 5).

4. Conclusion

We have applied an eddy identification and tracking algorithm to a 22-year (1993–2014) daily SLA data set to
study the characteristics (radius, amplitude, and EKE) and variability of eddies in the NIO. Long-term and
seasonal eddy generation in the NIO, as a response to monsoonal forcing on the surface current variability,
was investigated, quantifying the statistically different characteristics of AEs and CEs. As wind magnitude,
Somali Current strength, and eddy robustness peaks during the summer SW monsoon season, a special
emphasis was given to the trajectories and characteristics of eddies generated between June and
September. The trajectories of these eddies reveal diverse distribution of AEs and CEs depending of their
maximum amplitudes. This study concludes that in the Somali Current region during the summer monsoon,
AEs are, on average, larger in size, whereas CEs have higher amplitudes and EKE. During the same season but
off the Arabian Peninsula, AEs tend to be more numerous, larger in size, and have a higher amplitude. The
majority of eddies are found in the northern Arabian Sea, but the strongest eddies are in the Somali
Current outflow region. We compared the number of eddies and eddy characteristic such as median radius,
median amplitude, and median EKE temporally to compare the stark difference between eddies during the
summer monsoon season compared to the rest of the year. We traced the trajectory of the GW to observe
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annual changes in its development and propagation. The GW showed high variability in its location of
generation and direction of trajectory and its maximal radius varied from 260 km in 2002 to 380 km in 1993.
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