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Abstract Twenty‐three years of Archiving, Validation, and Interpretation of Satellite Oceanographic
data absolute dynamic topography and HYbrid Coordinate Ocean Model sea surface height were
analyzed with a focus on interannual variability of the Indian Southwest Monsoon in the southwest Arabian
Sea. A new algorithm for identification and tracking of the Great Whirl (GW) is presented, which better
accounts for the gyre's embedded environment than traditional mesoscale eddy tracking algorithms that use
sea level observations. Based on this algorithm, the GW exhibits an average life span of 198 days, which
is considerably longer than previous estimates, attributed primarily to a later termination date. A
climatology of the GW evolution is created, peaking in early September. This study suggests a possible
periodicity of the upper ocean structure during the mature phase of the GW and also highlights the sporadic
nature of the decay phase.

Plain Language Summary The Great Whirl is an oceanic vortex that spins in a clockwise
direction off the coast of east Africa. This feature is present for approximately half the year in coincidence
with the Indian Southwest Monsoon. The Great Whirl is important because it can inhibit the flow of
relatively fresh water into the salty Arabian Sea by recirculating the coastal current waters in a loop of
intense currents. Here we evaluate a new algorithm specifically designed to track the Great Whirl. The
algorithm is shown to provide increased accuracy in both satellite and model data over previous tracking
methods and suggests a high‐frequency periodicity in the size and strength of the GreatWhirl, which has not
yet been well documented. Additionally, interannual variability of the life cycle reveals a later termination
date than previously thought.

1. Introduction

With the onset of the Indian Southwest Monsoon (ISM) during early May, the Somali Current system flows
northward and is characterized by a retroflection into the interior of the Somali basin around 3°N. Within a
month, the region develops into a quasi‐stationary gyre system, which consists of the Southern Gyre near the
equator, and the Great Whirl (GW) and Socotra Eddy (SE) to the north. This development has been observed
(e.g., Schott et al., 1990) and simulated in models (e.g., Jensen, 1991; Luther & O'Brien, 1985; McCreary &
Kundu, 1988). Here we focus on the GW, a large quasi‐stationary anticyclonic eddy that forms annually
off the coast of Somalia around May and persists throughout the ISM before decaying around December
(Düing et al., 1980; Lee et al., 2000).

Depending on the direction of circulation, off‐equatorial eddies leave a positive (negative) signature of sea
surface height (SSH) in the ocean. Thus, SSH is a very useful diagnostic in identifying and tracking
mesoscale eddies since global SSHmaps can be delivered daily in near real time by creating composites from
the tracks of all altimetric satellites that are simultaneously orbiting. Recent attempts to characterize the GW
using SSH havemade strides in diagnosing the life cycle of the feature, as well as the local and remote forcing
mechanisms, which contribute to high interannual variability in both its timing and intensity. The arrival of
annual downwelling Rossby waves at the western boundary from the southern tip of India was pointed out
in 1993 by McCreary et al. and later shown to coincide with the formation of the GW through the satellite
data of Beal and Donohue (2013). Furthermore, the Findlater Jet reinforces this circulation throughout
the duration of the ISM by generating a strong northward flow of the Somali Current along the African
coastline. The flow turns offshore along a region of negative wind stress curl to create a coastal wedge of cold,
upwelled water (Schott & McCreary, 2001).

The GW plays a crucial role in advecting and mixing upwelled waters generated via alongshore wind stress
off the African coastline during the ISM. It is also important in regulating the amount of water from the

©2019. American Geophysical Union.
All Rights Reserved.
This article has been contributed to by
US Government employees and their
work is in the public domain in the
USA.

RESEARCH LETTER
10.1029/2018GL081781

Special Section:
New Understanding of the
Arabian Sea Circulation

Key Points:
• A novel eddy identification and

tracking algorithm tailored to the
Great Whirl is developed

• Analysis of temporal evolution of
the Great Whirl reveals a persistence
well into the Northeast Monsoon

• Approximately 35% of the eddy
kinetic energy within the Great
Whirl is attributed to ageostrophic
flow

Supporting Information:
• Supporting Information S1

Correspondence to:
B. A. Melzer,
bryce.melzer.ctr@nrlssc.navy.mil

Citation:
Melzer, B. A., Jensen, T. G., & Rydbeck,
A. V. (2019). Evolution of the Great
Whirl using an altimetry‐based eddy
tracking algorithm. Geophysical
Research Letters, 46, 4378–4385. https://
doi.org/10.1029/2018GL081781

Received 20 DEC 2018
Accepted 14 MAR 2019
Published online 30 APR 2019

MELZER ET AL. 4378

https://orcid.org/0000-0002-1684-5863
https://orcid.org/0000-0002-2081-0073
https://orcid.org/0000-0003-4679-5251
http://dx.doi.org/10.1029/2018GL081781
http://dx.doi.org/10.1029/2018GL081781
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007/specialsection/NASCar
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007/specialsection/NASCar
http://dx.doi.org/10.1029/2018GL081781
http://dx.doi.org/10.1029/2018GL081781
http://dx.doi.org/10.1029/2018GL081781
mailto:bryce.melzer.ctr@nrlssc.navy.mil
https://doi.org/10.1029/2018GL081781
https://doi.org/10.1029/2018GL081781
http://publications.agu.org/journals/


Southern Hemisphere that penetrates into the interior of the Arabian Sea.
The intense Somali Current throughout the boreal summer, reaching a
maximum well over 1 m/s during late July (Düing et al., 1980), is thought
to be the most important pathway of fresher water into the climatologi-
cally salty Arabian Sea (Jensen, 2003). Schott et al. (1997) showed through
in situ observations that when the GW is present during the summer,
communication between the Somali Current and the interior Arabian
Sea is disconnected, save the shallow confines between Socotra and the
African mainland. Fischer et al. (1996) later reinforced these observations
and estimated that this “Socotra Passage” facilitated an exchange of up to
14 Sv between the Somali Basin and Arabian Sea, a quantity dependent on
interactions among the GW and the SE on its northern flank.

Although the GW has been studied comprehensively over a span of sev-
eral decades, the high‐frequency responses to variable wind forcing and
internal instabilities at low latitude (Brandt et al., 2003) have made it dif-
ficult to accurately isolate phases in the GW life cycle, which could aid
forecasting efforts. We believe this is largely due to the challenge of defin-
ing the eddy in a consistent manner, as it often does not conform to the
behaviors that generally characterize smaller mesoscale eddies. Generic

eddy tracking methodologies such as the Okubo‐Weiss parameter (Okubo, 1970; Weiss, 1991), vorticity
threshold (Benzi et al., 1988; McWilliams, 1990), and streamline geometry (Chaigneau et al., 2008;
Sadarjoen & Post, 2000) methods are considered viable options for constraining the GW, but all share limita-
tions that are discussed in section 3.

The close proximity of the eddy to the equator and concurrent monsoon wind stress breaks down the geos-
trophic approximation that is inherent in SSH‐derived velocities, particularly when reliant on double differ-
entiation in generating streamlines. Furthermore, the GW often fluctuates between an open and closed
circulation pattern over its lifetime, which would manifest as “disappearing” and “reappearing” in a closed
contour analysis as pointed out by Chelton et al. (2011). Thus, studies focused specifically on the GW have
often opted to instead define it as an area of SSH exceeding an arbitrary threshold value (Beal & Donohue,
2013) or amplitude (Vic et al., 2014). This study improves the way we constrain the GW by determining var-
ious properties through an approach that utilizes a transform to polar coordinates about a proactively
assigned center based on local SSH extrema.

2. Data and Methods

Our algorithm defines the GW as follows, utilizing absolute dynamic topography (ADT) as our sea level con-
straint, since the gyre has a nonnegligible mean dynamic topography relative to its surroundings. The center
is first identified as the location of the maximum ADT anomaly in the domain (Figure 1). Piecewise in polar
angles (0:2π), azimuths of an ellipse are created that extend outward from this central point. The length of
the radius along each azimuth is constrained to a predetermined ADT amplitude relative to the central max-
imum. The amplitude is a base value of 80%, modified by functions of time and space, making it an indepen-
dent calculation for each azimuth. A contour enclosing the eddy is then created by connecting the endpoints
of remaining azimuths after having flagged and removed those outside of a realistic length scale (limited by
the internal Rossby radius of deformation). This flagging procedure allows us to assign a formation and ter-
mination date based on the approach of, and departure from, a state of zero flagged azimuths (<5% flags
defines eddy). After identifying the GW, each subsequent time step will repeat the routine with the new cen-
ter location now required to fall within the contour found in the previous time step to ensure consistent
tracking. The algorithm operates on the basis of a relative rather than an absolute sea level threshold, which
inherently filters out low‐frequency variability without requiring additional processing. As it does not neces-
sarily rely on a closed contour to operate, this method poses an advantage for permanent features that
behave similarly to mesoscale eddies but lack a permanent closed rotation, such as the GW, Loop
Current, and Agulhas retroflection regions. For more details on the algorithm utilized, as well as flagging
criteria and validation, see the supporting information.

Figure 1. Annual absolute dynamic topography variance (m2) in the
Arabian Sea. The black box indicates the domain used for Great Whirl
tracking in this study (5–10°N, 50–55°E).
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Gridded sea level maps spanning the years 1993–2015 were obtained from one observational product and
one model product for parallel validation of our proposed algorithm. Observational data come from the mul-
timission Level 4 Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) reana-
lysis product. This data set provides daily satellite‐based SSH and ADT observations gridded to a spatial
resolution of (1/4)°. Model‐derived SSH, as well as ocean u and v current components, were obtained from
the HYbrid Coordinate Ocean Model (HYCOM) experiment 53X reanalysis product produced by the U.S.
Naval Research Laboratory (Metzger et al., 2017). This general circulation model is forced by the National
Centers for Environmental Prediction Climate Forecast System Reanalysis and assimilates observations
from satellite, in situ sea surface temperature, and expendable bathythermograph, Argo floats, and moored
buoy profiles (Saha et al., 2010). HYCOM includes inertial and Ekman components of surface currents,
while AVISO is restricted to geostrophy. Daily HYCOM outputs were retrieved at (1/12)° resolution and
remapped in the vertical from isopycnal layers to z levels.

3. Evaluation of GW Tracking Algorithm

The pronounced effect of the ISM on sea level is evident in the annual ADT variance (Figure 1). The separa-
tion of the Somali Current from the coastline is seen as a band of low variance extending to the northeast that
is surrounded by high variance to the southeast (GW) and northwest (cold wedge). The latitude of this
separation throughout the summer monsoon season varies in response to the volume flux of the Somali
Current, as is expected given the curvature of the western boundary (Ou &De Ruijter, 1986). The cold wedge
characteristic of monsoon‐induced upwelling is visible as a region of high variance resembling a continua-
tion of the Somali coast without convex curvature. The GW leaves a signature of high sea level variance over
the southwest Arabian Sea centered at 53°E, 8°N, giving us a clear climatological location with which to
define our domain (Figure 1).

We establish two criteria to define the size and orientation of an “ideal” GW in order to differentiate various
GW identification methods, including our own. First, the enclosing contour should contain a high ratio of
negative to positive relative vorticity. Second, the defined perimeter must be in close proximity to the closed
contour of maximum current speed.

The method presented in this study is able to more precisely and fully capture the GW's anticyclonic circula-
tion and radius of maximum currents when compared to alternative methods (Figure 2). On average, our
algorithm generates a larger surface area than the four alternative methodologies, ensuring the inclusion
of the high kinetic energy band along the perimeter of the eddy. The Beal and Donohue (35‐cm threshold)
contour neglects the weak early stages of the GW (Figure 2a), while the Vic et al. (6‐cm amplitude) contour
shows minimal temporal evolution and lacks constraints to define formation and termination conditions
(Figure 2). Our algorithm is also well suited for interannual studies, where climate oscillations such as the
Indian Ocean Dipole shift the background state of the ocean and create difficulty in choosing a single repre-
sentative threshold value. Moreover, the use of a static geographic domain to study a shifting or expanding
feature such as the GW poses a risk of edge damping. Thus, it is advantageous to obtain a specific set of
boundaries that are dynamic with respect to time when analyzing the internal dynamics/energetics of the
GW, as is true with parametrizations based on the Okubo‐Weiss, Chelton, or present study.

Algorithms sharing an underlying concept of closed contour clustering repeatedly underestimated the area
of interest, as attempts to sequentially seek the outermost contours often failed to satisfy the closure criterion
due to a relatively weak circulation along the southern flank of the gyre. The Chelton et al. (2011) algorithm
(largest closed contour about a local extrema) is explicitly shown in Figure 2, but the similar winding angle
method developed by Sadarjoen and Post (2000) and refined by Chaigneau et al. (2008) and Trott et al. (2018)
was also analyzed, yielding comparable results.

The Okubo‐Weiss method is defined here as the W = −1.5 × 10−12 contour, where

W ¼ du
dx

−
dv
dy

� �
þ dv

dx
þ du

dy

� �
−

dv
dx

−
du
dy

� �
:

This yields the most accurate representation when presented with a relatively homogenous angular flow as
in October (Figure 2c). When presented with an irregular shape, the shear component tends to dominate
vorticity and thus skews the Okubo‐Weiss contour as is true in June (Figure 2a). Irregularities in the
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shape of the GW arise from friction with the western boundary and intermittent interaction with smaller
cyclonic eddies that are shed from the cold wedge and travel around the GW in a clockwise direction. As
evidenced in Figure 2, these cyclonic eddies are generated approximately once a month as a dynamical
response to internal instability (Jensen, 1991) and effectively compress the shape of the GW along the
region of contact. The ability of our algorithm to trace SSH fronts associated with such interactions is
important because cyclones can create large vertical mixing through shear stress with one another and
are additionally theorized to be a factor in the decay of the GW via injection of positive vorticity (Wirth
et al., 2002).

Figure 2. Qualitative results of this study's algorithm in (a) June, (b) August, and (c) October 2012, compared to methods
implemented on the Great Whirl in the past. Absolute dynamic topography is shaded, and HYbrid Coordinate Ocean
Model surface current vectors are overlayed. Colored contours indicate each method: black = this study; blue = 35‐cm sea
surface height threshold; green = 6‐cm sea surface height amplitude; red = streamline; magenta = −1.5 × 10−12 Okubo‐
Weiss threshold. The selection of dates coincides with the formation date according to our algorithm (11 June) and sub-
sequent steps at 2‐month interval.
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Despite improvements in enclosing a specific region representative of the GW in near real time, our algo-
rithm has approximately a 2% incidence of overestimated azimuths when presented with low sea level gra-
dients, as seen along the eastern edge of the GW in Figure 2b. Additional constraints (i.e., setting amaximum
proximity between adjacent points and retroactive contour smoothing) are planned for future iterations of
the algorithm to mitigate such inconsistencies, although they are not applied here.

4. Interannual Variability of the GW Life Cycle

The GW typically forms a couple of weeks prior to the monsoon onset (as defined by Wang et al., 2009), in
agreement with studies suggesting an initiation via remote forcing from annual Rossby waves originating at
the tip of India (McCreary et al., 1993). Years of anomalously early formation tend to coincide with anom-
alously late ISM onset and vice versa. On average, the GW has a life span of 198 (170) days based on satellite
altimetry (HYCOM reanalysis) data (Figure 3). On average, this is longer than previous life span estimates
derived from surface measurements (166 days [Beal & Donohue, 2013]; 140 days [Trott et al., 2018]), albeit
consistent with bathythermograph observations that revealed a subsurface persistence of anticyclonic
circulation extending into the following calendar year (Bruce et al., 1981). Indeed, our analysis noted three
occasions (2000, 2005, and 2010) in which the GWwas present the following year, although it never persisted
beyond January. A comparison to climate indices implies that long (short) GW and ISM life spans
coincide with La Niña (El Niño) onset during years when the Indian Ocean Dipole is weak (see also

Figure 3. (left) Diagram displaying the date and duration of each Great Whirl event from 1993–2015 (AVISO; solid black
lines). The peak dates of surface area (AVISO; blue circles), absolute dynamic topography (AVISO; red squares), 20 °C
isotherm depth (HYCOM; green stars), and surface KE (HYCOM; magenta diamonds) are shown. The latter two para-
meters were spatially averaged over the region enclosed by the GW, while the absolute dynamic topography peak is based
on the average amplitude. (right) Duration of each GW event from AVISO, in days. AVISO = Archiving, Validation, and
Interpretation of Satellite Oceanographic data; HYCOM = HYbrid Coordinate Ocean Model; GW = Great Whirl.
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Xavier et al., 2007). Additional decomposition based on geospatial “flavors” of El Niño–Southern Oscillation
(ENSO; Text S2) reveals preferences that are seemingly independent of the ENSO phase. On average, the GW
life span is 41 days longer during Central Pacific ENSO events and 32 days shorter during Eastern Pacific
ENSO events (Figure S4). In addition, very long events tend to be followed by very short events,
particularly during the ‘93/’94, ‘95/’96, and ‘05/’06 seasons. The kinetic energy peak date shows a similar
alternating pattern, although the relative timing of this peak consistently falls around the midpoint of the
full life cycle (52% on average; Figure 3, diamonds), earlier than that found by Trott et al. (2018). Of the
four variables analyzed, the surface area (Figure 3, circles) tended to peak the earliest (43% of events),
followed by an intensification and deepening of the eddy from July–September. The inertia generated
during the monsoon helps the GW to maintain its rotation after direct forcing starts to diminish, which
manifests as an increase in the depth‐to‐surface area ratio following maximum vertical extent in early
October (Figure 3, stars).

On average, the GW forms near 53°E, 8°N and shifts about 100 km east by the time it reaches maximum
intensity (Figure 4). The location of the GW upon termination displays much greater interannual variability,
with 750 km separating the termination point of the southern interannual extreme (2002) from the northern
interannual extreme (2000). The results of previous observational studies (Beal & Donohue, 2013; Bruce &
Beatty, 1985) suggest a southwardmigration and coalescence with the southern gyre during the decay phase,
while the results of modeling efforts (Vic et al., 2014) suggest a northward migration and coalescence with
the SE. Additionally, Wirth et al. (2002) suggested that the GWmay split into two anticyclonic eddies during
the month of October. Our results, in tracking the GW generated during the ISM, indicate a southward
migration in the final month during 50% of the years studied (Figure 4c).

Furthermore, in instances where this southward migration is observed, the SE generally exhibits a clockwise
orbit of the island before detaching at the southern tip of Socotra and likewise migrating south. Thus, the
subsurface circulation at 10°N observed by Bruce et al. (1981) during the subsequent northeast monsoon sea-
son is likely a signature of SE origin rather than GW origin. All instances of northward GW migration
resulted in coalescence with the SE, occurring in five of the 23 years studied (1997, 2000, 2001, 2005, and
2010). The distribution of locations at the peak of the GW (Figure 4b) resembles two distinct clusters; one
cluster near 53°E, 7.5°N and one cluster near 53°E, 9°N. This implies some degree of predictability as to
the pattern of decay that is to be expected in the months following, as the northern cluster generally con-
tinues north and the southern cluster generally continues south.

With regard to the typical life of a GW event, the surface area, surface magnitude, and depth all plateau in
early September and decay more rapidly than the growth stage during the summer season (Figures 5a–5c).
The close resemblance of sea level and isotherm depth curves is an encouraging sign that the surface signa-
ture of the GW is representative of the underlying homogenous layer to depths of up to 100 m. The average
peak value of surface area corresponds to an equivalent radius of 309 km. Absolute KE from HYCOM is on

Figure 4. Composite of ADT in the southwest Arabian Sea at the (a) formation, (b) maximum sea surface height, and (c) termination date of the GW for the 1993–
2015 period. The solid black line is a composite of the enclosing contour of the GW, and the dashed line is +1 standard deviation outward from the solid contour.
The scatter points correspond to the location of the geometric center of the GW for each year sampled. ADT = absolute dynamic topography; GW = Great Whirl.
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average 55% greater than geostrophic KE from AVISO when the GW is present, supporting the findings of
field observations from Beal and Donohue (2013) that estimated a 60–70% underestimation of geostrophic
velocities relative to acoustic Doppler current profiler measurements (Figure 5d). The two lines converge
near the formation and termination dates of the GW, revealing a diminished discrepancy during the
intermonsoon periods when direct forcing is weak.

5. Conclusions

A novel algorithm for identification and tracking of the GW is presented, which provides a more case‐
specific approach than traditional mesoscale eddy tracking algorithms that can be implemented in near real
time. An examination of 22 years of general circulation model reanalysis data and 23 years of satellite alti-
metry reveals the broad interannual range of both timing and duration of the GW. Observations of GW onset
prior to ISM onset support the suggested formationmechanism of vorticity injection via first and second bar-
oclinic mode Rossby waves as proposed by former observational (Brandt et al., 2003) and model studies
(McCreary et al., 1993). The large ageostrophic component of circulation during the mature phase highlights
the discretion that must be exercised when making inferences based on geostrophic approximations of near‐
surface ocean currents during the summer monsoon. Despite an average migration of 4,100 km over the
course of one life span, the net displacement from formation to termination averages just 280 km. The

Figure 5. Time series of (a) 20 °C isotherm depth averaged within the GW, (b) absolute dynamic topography at GW
center, (c) surface area, and (d) surface kinetic energy averaged along the GW perimeter. Blue lines indicate values
calculated from Archiving, Validation, and Interpretation of Satellite Oceanographic data altimetry, while red lines
indicate values calculated from HYbrid Coordinate Ocean Model surface currents. All shaded regions indicate
±2 standard deviations. GW = Great Whirl; ADT = absolute dynamic topography.
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factors determining migration and subsurface dynamics during the decay phase remains a topic of interest,
as artifacts of the eddy are shown to persist into the winter monsoon season.
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