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Eddies in the Red Sea: A statistical and dynamical study
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1Division of Physical Sciences and Engineering, King Abdullah University of Science and Technology, Thuwal, Saudi
Arabia, 2Scripps Institution of Oceanography, University of California San Diego, La Jolla, California, USA

Abstract Sea level anomaly (SLA) data spanning 1992–2012 were analyzed to study the statistical prop-
erties of eddies in the Red Sea. An algorithm that identifies winding angles was employed to detect 4998
eddies propagating along 938 unique eddy tracks. Statistics suggest that eddies are generated across the
entire Red Sea but that they are prevalent in certain regions. A high number of eddies is found in the central
basin between 18�N and 24�N. More than 87% of the detected eddies have a radius ranging from 50 to
135 km. Both the intensity and relative vorticity scale of these eddies decrease as the eddy radii increase.
The averaged eddy lifespan is approximately 6 weeks. AEs and cyclonic eddies (CEs) have different deforma-
tion features, and those with stronger intensities are less deformed and more circular. Analysis of long-lived
eddies suggests that they are likely to appear in the central basin with AEs tending to move northward. In
addition, their eddy kinetic energy (EKE) increases gradually throughout their lifespans. The annual cycles of
CEs and AEs differ, although both exhibit significant seasonal cycles of intensity with the winter and
summer peaks appearing in February and August, respectively. The seasonal cycle of EKE is negatively corre-
lated with stratification but positively correlated with vertical shear of horizontal velocity and eddy growth
rate, suggesting that the generation of baroclinic instability is responsible for the activities of eddies in the
Red Sea.

1. Introduction

Consisting of a long and narrow basin isolated from the world’s oceans, the Red Sea has a mutable circula-
tion structure and supports a very rich and diverse marine ecosystem. The properties of the water in the
Red Sea are unique with high temperatures and high salinity caused by extensive evaporation, exiguous
precipitation, and a paucity of runoff. Ignoring the artificial Suez Canal in the north, the Red Sea connects
only to the Gulf of Aden through Bab el Mandeb, a narrow and shallow channel strait with a sill depth of
160 m and a minimum width of about 25 km. The average depth of the Red Sea is about 490 m, with shelf
breaks marked by coral reefs and the central region characterized by a trench that is over 2100 m deep.

The Red Sea is an enclosed sea with its horizontal circulation consisting of multiple eddies, some of which
may be semipermanent [Quadfasel and Baudner, 1993]. According to the small amount of available informa-
tion, a quasi-permanent cyclonic eddy (CE) often exists during winter [Clifford et al., 2000; Sofianos and
Johns, 2007] in the northern Red Sea, playing a preconditioning role in water formation. In the central Red
Sea, the circulation is dominated by both CEs and anticyclonic eddies (AEs) that occur mostly between 18�N
and 24�N. Both CEs and AEs are found in the southern Red Sea but without a persistent pattern [Carron,
2000]. Generally, more vigorous than the background currents, eddies are not only closely linked to the
hydrodynamics in the ocean by their generation from instabilities of the mean flow [Stammer and Wunsch,
1999] and by feeding energy and momentum back into the mean flow [Lozier, 1997], but they are also
responsible for transporting energy, heat, and biogeochemical particles, which could further impact tracer
budgets and primary production enhancement [L�evy et al., 2012, 2010; Raitsos et al., 2013; Triantafyllou
et al., 2014]. Many eddies in the Red Sea are comparable in size to the basin width, whereas they are much
more energetic than the large-scale thermohaline circulation [Tragou and Garrett, 1997].

Mesoscale activity is one of the dominant features in ocean circulation [Pujol and Larnicol, 2005]. It plays a
key role in semienclosed or enclosed basins, such as the Caribbean Sea [Carton and Chao, 1999], the Gulf of
Mexico [Gopalakrishnan et al., 2013; Le H�enaff et al., 2012], the Mediterranean Sea [Pujol and Larnicol, 2005],
and the Black Sea [Rachev and Stanev, 1997]. Oceanic mesoscale eddies have characteristic spatial scales
from tens to hundreds of kilometers, and their lifespans could last between tens and hundreds of days
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[Shcherbina et al., 2010]. In the Red Sea, eddies play a crucial role in modulating the hydrodynamics of the
sea [Quadfasel and Baudner, 1993; Sofianos and Johns, 2007] as well as the marine ecosystems [Zhai and
Bower, 2013], which profoundly affect the social and economic lives of people living in the surrounding
countries. Although eddies are significant, there is very limited information on the properties of eddies in
the Red Sea. For instance, the geographical distribution, frequency of occurrence, radii, and other related
features of the Red Sea eddies are all poorly documented. Further, the dynamics and vertical structures of
eddy systems in the Red Sea have not been described. Fortunately, remote sensing altimeter data collected
since 1992 provide information to allow us to conduct an initial investigation of the statistical properties of
eddies in the Red Sea. To investigate the potential mechanisms of annual variability in eddies in the Red
Sea, we used the output of a high-resolution general circulation model that has been recently implemented
and validated [Yao et al., 2014a, 2014b]. Increased understanding of statistical and dynamical properties of
eddies in the Red Sea will not only serve to improve local ocean forecasts but it will also lead to greater
understanding of the significant physical-biological and air-sea interactions in the Red Sea.

The remainder of the paper is organized as follows: section 2 describes the data and the improved winding-
angle method that is used for eddy identification. Section 3 focuses on the statistical properties of eddies.
Section 4 provides results from an instability analysis and proposes the potential mechanisms that modu-
late the annual variations in eddies in the Red Sea. We provide a summary of the results and concluding
remarks in section 5.

2. Data and Method

2.1. Sea Level Anomaly and Model Data
The mean sea surface (MSS) is a measure of the sea level due to stationary components of oceanic phenom-
ena, computed by averaging altimeter data measured by satellites. Sea level anomaly (SLA), defined as a
measure of the sea surface height with respect to MSS, is used here for detecting and tracking mesoscale
activities of eddies in the Red Sea. The SLA data used in this study are computed with respect to the Col-
lecte Localisation Satellites (CLS01) MSS, which is computed from 7 years of TOPEX/POSEIDON mean profile
data (1993–1999), 7 years of Envisat and European Research Satellite (ERS-1/2) mean profile data (1993–
1999), 2 years of Geosat mean profile data (1987–1988), and ERS-1 geodetic data [Hernandez and Schaeffer,
2001]. The SLA data set is merged from the data from the TOPEX/POSEIDON, GFO (Geosat Follow-On),
Jason-1, Envisat, and ERS satellites, with repeat periods of 10, 17, 10, 35, and 35 days, respectively, and pro-
vided by AVISO (ftp://ftp.aviso.oceanobs.com/global/dt/upd/msla/merged/), mapped on a regular 1/4� grid
every 7 days from October 1992 to December 2012. The altimeter missions regularly sample every 1 s (7
km) along their ground tracks [Morrow and Traon, 2006]. Details of the altimetric measurements and data
processing procedures are described by Ducet et al. [2000] and Traon and Dibarboure [1999]. The merged
product has fewer mapping errors and better spatial coverage than do data from one satellite alone [Ducet
et al., 2000]. This is because the merged product combines data from different missions, using an optimal
interpolation method with realistic correlation functions that take into account the accuracy of each data
set [Morrow, 1995; Le Traon et al., 1998]. Zhai and Bower [2013] showed that the geostrophic velocity anom-
aly derived from SLA agrees well with the eddies observed by Sofianos and Johns [2007] in the Red Sea, and
Zhai and Bower [2013] also used this product to study a dipolar eddy system in the same region.

To perform the instability analysis, we take the temperature and salinity profiles from the near 50 year
(January 1952 to December 2001) model product simulated using a high-resolution MIT general circulation
model (MITgcm) that has been configured for the Red Sea [Yao et al., 2014a, 2014b]. The model domain
includes the entire Red Sea and part of the Gulf of Aden with curvilinear coordinates rotated along the axis
of the Red Sea. The average horizontal resolution is approximately 1.8 km, and the vertical grid is defined
on 25 levels, whose depths increase from 10 m at the surface to 442 m near the bottom. The model is
forced with the six hourly atmospheric NCEP reanalysis data set with open boundaries from the Estimation
of the Circulation and Climate of the Ocean (ECCO) project. The model results have been validated and
shown to agree well with in situ observations from several cruises, a climatological averaged SLA map, as
well as with other models’ results [Yao et al., 2014a, 2014b]. It is therefore demonstrated to be a credible
data set with which to conduct an instability analysis. The 3 day averaged temperature and salinity results
over 50 years are used for instability-related calculations. This climatological model product is expected to
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provide us clear understanding of stratification and flow regimes in the Red Sea where instabilities may
develop.

2.2. Definition of Eddy Kinematic Properties
The evolution of the energy and shape of eddies are investigated by computing the eddy kinetic energy
(EKE), eddy deformation rates, and relative vorticity from the altimeter data. The geostrophic velocity
anomalies are computed from the SLA gradients as:

U0g52gf 21@g0=@y ; V 0g5gf 21@g0=@x;

where U0g and V 0g are the zonal and meridional components of the geostrophic velocity anomalies, g is the
acceleration due to gravity, f is the Coriolis parameter, and g0 is the SLA.

The EKE is computed from velocity components as defined above using the relation

EKE5 U02g 1V 02g

� �
=2 ;

and the eddy intensity (EI) is the mean EKE of the eddy normalized across its area [Chaigneau et al., 2008],
defined as

EI5EKEp21R22;

where R represents the eddy’s radius.

The relative vorticity describes the local spinning motion of fluid within the effective eddy radius, and it is
determined from

x5@V 0g=@x2@U0g=@y;

and the divergence, which measures the magnitude of the source or sink of fluid, is defined as

W5@U0g=@x1@V 0g=@y:

The shearing deformation rate, which describes the extension/compression in the west-east and south-
north directions, is defined as

c15@V 0g=@x1@U0g=@y;

and the stretching deformation rate, which represents the extension/compression in the northeast-
southwest and northwest-southeast directions, is defined as

c25@U0g=@x2@V 0g=@y:

Finally, the total deformation rate describing the extent of total deformation is calculated from

c5ðc2
11c2

2Þ
1=2:

The above definitions help to quantify the kinematic property of an eddy; they are widely used for describ-
ing and studying the properties of eddies across the globe [Sanderson, 1995; Hwang et al., 2004; Chaigneau
et al., 2008; Gengxin et al., 2011].

2.3. Eddy Identification Scheme and Tracking Procedure
SLA data collected by satellites provide considerable insights into mesoscale dynamics [Fu et al., 2010].
Information on eddies from SLA can be extracted with suitable definitions and a feasible eddy identification
algorithm from which we can study the temporal and spatial variability of the eddies, including geographi-
cal distribution, radius, lifespan, and so forth.
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Numerous eddy identification techniques have
been documented, based on either physical or
geometric criteria. Physical criteria involve the cal-
culation of dynamical properties, such as the mag-
nitude of SLA [Chaigneau et al., 2009], the velocity
gradient tensor [Isern-Fontanet et al., 2003a; Kurian
et al., 2011], or the Okubo-Weiss parameter [Chel-
ton et al., 2007]. These methods generally define an
eddy based on closed contours of these variables
with a threshold value and then test properties
derived from the contour against specified con-
straints (e.g., shape error, size, or amplitude as
employed by Kurian et al. [2011]). The Okubo-Weiss
method is the most popular, yet it has limitations.
There is no single threshold that is optimal for dif-
ferent oceans, and the parameter is highly suscepti-
ble to noise in sea surface height (SSH) fields
[Chelton et al., 2011]. To overcome these weak-
nesses, Chelton et al. [2011] proposed a ‘‘threshold-

free’’ method by partitioning the SSH field using a range of monotonic changing thresholds instead of spec-
ifying a fixed threshold. They also proposed smoothing the SSH field spatially before processing to reduce
the noise that may affect the parameter. In contrast with the physical criteria, the geometric criteria are based
on selecting circular or closed streamlines from the quasi-circular flow patterns. One of the most straightfor-
ward methods to identify eddies based on geometric criteria is to find instantaneous streamlines mapped
onto a plane normal to the vortex core [Robinson, 1991]. Another more sophisticated implementation is to
utilize the winding-angle (WA) method [Sadarjoen and Post, 2000], which has been shown to be more effi-
cient and accurate than the Okubo-Weiss method for identifying mesoscale eddies with small detection
errors [Chaigneau et al., 2008]. The WA method first finds the streamlines using the geostrophic velocity field
derived from SLA, after which it calculates the sum, a, of the angles between the consecutive segments on
the streamlines (Figure 1). Clockwise curves correspond to a negative a and counterclockwise curves corre-
spond to a positive a. Those streamlines with an absolute WA greater than 2p are treated as closed.

The WA method identifies an eddy structure by a point defined as the eddy’s center and a series of surround-
ing closed streamlines corresponding to the eddy’s edge. Specific steps of the WA algorithm are as follows:

1. Potential centers of AEs and CEs are identified by finding the local maximum/minimum SLA in a nonover-
lapped moving window of 90 3 90 km.

2. Streamlines are computed surrounding each possible eddy center using the geostrophic current field
derived from SLA.

3. Closed streamlines are selected by finding the streamlines with absolute WAs greater than 2p [Sadarjoen
and Post, 2000].

4. Eddy centers are identified by choosing from the potential ones that are surrounded by closed
streamlines.

5. Closed streamlines belonging to the same eddy center are grouped into clusters, with the outer stream-
line characterizing the eddy’s edge.

6. An eddy’s radius is defined as R5
ffiffiffiffiffiffiffiffi
A=p

p
, where A is the area delimited by the eddy’s edge. Those eddies

with radii larger than a threshold of 35 km are selected [Chaigneau et al., 2008].

Although the resolution of SLA data is 1/4�, the primary gridded data are actually 1/3� derived directly from
the ground track data. The size in the primary grid, approximately 35 km, is then selected as the threshold
of the eddy radius.

In the Red Sea, eddies easily get restricted by the constraints of the narrow basin and could deform greatly
from a detectable circular shape. For instance, as the snapshot of the SLA on 14 October 1992 shows
(Figure 2a), the eddies, especially the AEs offshore the east coast, are not well reproduced by the original

Figure 1. A schematic representation of the WA method [Sadar-
joen and Post, 2000]. WA (represented by aW) is defined as the
sum of angles between each consecutive edge.
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algorithm. When the centers of the eddies are near the coastline, the current field is deformed and loses its
shape. As a consequence, the streamline that represents the eddy’s edge is most likely to be open rather
than closed. In the original WA method, only those closed streamlines are selected, and they could be, in
this case, quite close to the eddy’s center, which leads to quite a small eddy radius (indicated by the green
circles). As such, simple visual inspection reveals significant discrepancy between the current field and the
detected eddy radius.

To define an eddy with a more accurate radius, an improved scheme has been implemented by adding the
following steps based on the original WA algorithm:

1. For each identified eddy, the distance between the eddy center and the center of each streamline is cal-
culated, including both the closed and open ones.

2. Streamlines with a calculated center distance smaller than a predefined eddy radius are collected.

3. The eddy’s edge is redefined by the outer streamline from this new collection, according to which the
eddy’s radius is updated subsequently.

The result from the improved WA method is shown in Figure 2b. The detected eddy size corresponds better
with the geostrophic current field. In addition, an implicit eddy (such as the AE centered at �26�N but not
identified by the original algorithm because its radius is smaller than the threshold of 35 km) could be
detected with a more accurate size. A comparison between the two figures reveals the advantage of the
improved algorithm in identifying eddies in the Red Sea.

It has been pointed out that an eddy’s center might not be at the exact maximum or minimum location
and streamlines might be unclosed when the eddy is embedded in a background flow [Isern-Fontanet et al.,
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Figure 2. Comparison of the eddy identification results using different algorithms: (a) the original WA algorithm and (b) the improved WA algorithm. The color map and black arrows
provide a snapshot of SLA and the geostrophic current anomaly on 14 October 1992, respectively. The yellow and turquoise dots indicate the identified eddy centers of CEs and AEs,
and the green circles indicate the corresponding eddy radius.
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2003b]. However, eddies detected from SLA data using the WA method were similar to the ones computed
from the total stream function field adding the barotropic currents [Chaigneau et al., 2008]. WA may be con-
sidered as a hybrid method since a physical quantity of SLA is used to identify eddies, and the streamlines
are used to define the eddies’ edges based on some geometric criteria.

The eddy-tracking algorithm is adapted from Penven et al. [2005]. In order to keep track of the identified
eddies, a nondimensional distance,

De1;e2 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DD
D0

� �2

1
DR
R0

� �2

1
Df
f0

� �2

1
DEKE
EKE0

� �2
s

;

is defined [Chaigneau et al., 2008], where DD, DR, Df, DEKE are changes in spatial distance, differences in
radius, relative vorticity, and the EKE from the eddies at an adjacent time step; and D0, R0, f0, EKE0 are the
corresponding characteristic values at 100 km, 50 km, 1026 s21, and 100 cm2 s22, respectively. De1;e2 cap-
tures the extent of similarity between two eddies: the smaller the value, the higher the similarity between
e1 and e2. A minimum of De1;e2 among eddy pairs between two adjacent times identifies two eddies as the
same one tracked from the first time to the second time. Further, as mesoscale eddies are not expected to
propagate more than 120 km per week, this distance is selected as a restriction to prevent jumping from
one track to another.

3. The Statistical Properties of Eddies

In this section, we present the statistical properties of eddies in the Red Sea, including eddy formation, fre-
quency, radius, kinematics, lifespan, evolution, and seasonal variabilities.

3.1. Mean Eddy Formation
Figure 3 shows the distribution map of eddy formation, counted as the number of new eddies formed in
that grid over the 20 years of available SLA data. As the SLA data are available every 7 days, eddies with life-
spans of less than 2 weeks are excluded from this analysis. A total of 487 cyclonic and 451 anticyclonic
unique eddy tracks were formed. Their distributions are generally similar across the basin except that we
found the formation of CEs in the north is significantly higher than the formation of AEs.

In the Red Sea, eddies are formed across the entire basin, but both CEs and AEs form more frequently north
of 18�N. The large value of CE formation appearing at around 27�N may partially result from the interaction
between the enclosed coastline and boundary currents. The relatively strong boundary current in this
region [Yao et al., 2014a] constrained by the coastline might spin around and the interaction with the local
topography may also trigger eddy activities [Cai et al., 2002]. In addition, the westward-blowing wind jets
along the northwestern Saudi Arabian coast from �21�N to 26�N may have a strong wind stress curl and
cause significant evaporation and ocean heat loss during the winter. This seasonal wind is speculated to be
an important factor to the deep convection and eddy activities in that region [Jiang et al., 2009]. The jets
with strong wind stress curl may form eddies [Zhai and Bower, 2013], and the jets could also generate
strong surface currents and shear, either causing baroclinic instability or acting on the entire water column,
which may result in the formation of more eddies.

3.2. Eddy Radius
Even though the WA algorithm is able to detect small-scale eddies and the SLA data have been interpolated
into a horizontal resolution of 0.05�, it has been suggested that eddies with radii smaller than 35 km might
not be correctly resolved [Chaigneau et al., 2008]. Hence, the results discussed hereafter are based on eddies
with radii ranging from 35 to 200 km, where 200 km is the characteristic width of the Red Sea basin. This
restriction removes about 13% of the originally detected eddies, but does not alter the main conclusions.
The eddy radius statistics are based on the 2426 CEs and 2572 AEs. As Figure 4a indicates, the probability
density of eddy radii has an asymmetric distribution. The majority (over 87%) of the detected eddies have a
radius between 50 and 135 km, with an average radius of about 94 km. There is no significant difference
between the distribution of AEs and CEs. As the Red Sea is a relatively narrow basin, most eddies occupy
about half of the basin’s width, providing rapid transport of organisms and nutrients from one coast to the
other.
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Figure 4b shows the zonal mean distribution of eddy radii with regard to latitude. Also plotted as the gray
solid curve is the basin’s width. The average eddy radius is less than 80 km in the north and south ends of
the basin. It increases toward the central basin, reaching up to �100 km, varying in a similar manner to the
basin width. The only exception appears between �15�N and �18�N where a large area of the basin is
occupied by relatively shallow water and a large number of islands. The consistency between eddy radius
and basin width suggests that the eddies in the Red Sea are spatially limited by the scale of the basin.
Beyond that, more eddies are found in the central basin from 18�N to 24�N that have relatively larger radii
of 90–110 km.

Figure 4c shows that the EKE ranges from 30 to 140 cm2 s22 and increases with the eddy radius until reach-
ing the sill of �120 cm2 s22 with a radius around 120 km. The mean EI decreases (as indicated by the black
line) from �731023cm2s22km22 for eddies with radii of 40 km to less than 231023cm2s22km22 for eddies
with radii of 180 km. The sharply decreasing distribution of the EI is a result of the relatively low range of
EKE and the relatively high range of eddy radius in the Red Sea. For instance, EKE varies by a factor �4
(from �30 to �120 cm2 s22), while eddy size varies by a factor of �16 (radii vary from �40 to �180 km).
Therefore, larger eddies have lower intensity, as also shown in Figure 4d, where the scale of relative vorticity
of both AEs and CEs decreases with the radius to the same extent. One may hypothesize that the eddies
with small radii are associated with relatively low kinetic energy but high rotation; larger eddies tend to be
more energetic with stronger velocity, which contributes to a higher EKE, but the rotation properties
weaken as the radius increases.

3.3. Eddy Frequency
Figure 5a presents the distribution of eddy frequency, which is defined as the percentage of time that any
given point is located in an eddy. Following this definition, regions with higher eddy frequency are more
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likely covered by eddies. The eddy frequency ranges from 0% to almost 100%. Relatively high eddy fre-
quency is commonly observed in the central basin between 18�N and 24�N. This domain coincides well
with the EKE distribution, as shown in Figure 5c. There are two regions with high 20 year EKE means in the
Red Sea, one located in the central basin between 18�N and 24�N and the other at �14�N. The southern
region is not included in the eddy frequency map because the high EKE in that region results from the rela-
tively strong current in the narrow basin but not from eddy activities. In addition, even though many eddies
are formed in the far northern end of the Red Sea, the eddy frequency there is low, suggesting that the
eddies are short lived in the northern area. Moreover, although a small eddy might be detected immedi-
ately after its formation, it could evolve into an elongated shape that may span over 300 km and would
therefore not be detected as an eddy thereafter.

Eddy polarity [Chaigneau et al., 2009] is the probability of a point being located in an AE or CE. The mean
polarity distribution in the Red Sea is shown in Figure 5b, computed as ðFAE2FCEÞ=ðFCE1FCEÞ, where F is
eddy frequency. As the definition indicates, a positive/negative eddy polarity indicates the preference for
AE/CE, respectively. Statistically, the positive polarity, though not very strong, spreads across the basin
where the eddy frequency is high, except for a few negative areas at �21�N. If the distribution of eddy fre-
quency is considered, the Red Sea is slightly dominated by AEs, although there is no obvious preference.
This distribution consists of the 20 year mean of SLA (Figure 5d), where regions with positive polarity seem
to correspond higher AE activity (high SLA at the eddy’s center).
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Figure 4. Radius distributions: (a) the probability density distribution of eddy radii, the black and white bars indicate AEs and CEs, respectively; (b) meridional variation of basin width
(gray curve) and eddy radii (dots), the dot colors indicate the number of eddies counted to calculate the zonal mean; (c) mean distributions of EI (black diamonds and left axis) and EKE
(gray dots and right axis), the size of the markers indicates the number of eddies with the corresponding radius; (d) mean distribution of relative vorticity for AEs (dots) and CEs (circles).
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3.4. Eddy Lifespan
The lifespan distribution of eddies in the Red Sea is shown in Figure 6a. The mean lifespan of an eddy is 45
days (approximately 6 weeks), without a vast difference between CEs and AEs. As Figure 6a suggests, the
number of short-lived eddies sharply decreases. Those eddies with lifespans shorter than 16 weeks account
for 95% of the total 938 eddy trajectories, whereas long-lived eddies are rarely observed in the Red Sea. The
reason for the short-lived nature of eddies in the Red Sea is not difficult to understand. Eddy activities are
usually accompanied by zonal propagation, especially by western propagation that is associated with the
propagation of Rossby waves [Ducet et al., 2000; Morrow and Traon, 2006; Chelton et al., 2007]. However, the
zonal width of the Red Sea basin is only �200–300 km, not significantly larger than many of the eddies’
diameters. Thus, the eddies cannot freely propagate because they are easily bounded by coastlines, which
leads to friction dissipation and short lifespans.

The mean eddy lifespan distribution by latitude is shown in Figure 6b, which suggests that eddy lifespan is
connected to eddy formation location. In the Red Sea, eddies generated in the high eddy frequency region
(18�N–24�N) have longer lifespans (6–9 weeks) with an average of 7 weeks, whereas eddies formed outside
this region toward the north or south exhibit decreasing lifespans. The central basin where long-lived
eddies appear also corresponds to the region where the eddy frequency peaks.

3.5. Kinematic Parameters of Eddies
The kinematic parameters of eddies in the Red Sea are listed in Table 1. All the detected CEs and AEs share
similar mean relative vorticity scales on the order of �4:531026s21. For both CEs and AEs, the shearing
deformation rate (c1) and stretching deformation rate (c2) as well as the divergence (W) are comparable and
have smaller orders of magnitude than the order of magnitude of the relative vorticity (x). A total deforma-
tion rate (TD) of �1:631026s21 indicates that eddies tend to be deformed and are not perfectly circular
[Chaigneau et al., 2008]. The deformation rate between AEs and CEs is different. For CEs, c1 is negative but
c2 is positive, indicating that CEs tend to be compressed in the northeast-southwest and south-north direc-
tions and extended in the northwest-southeast and west-east directions [Hwang et al., 2004]. The positive
c1 and negative c2 for AEs suggest that they tend to be compressed in the northwest-southeast and west-
east directions and extended in the northeast-southwest and south-north directions. The almost zero diver-
gence of both AEs and CEs indicates that the eddies remain steady throughout their entire lifetimes with
very little loss of fluid.

The distributions of the relative vorticity scale and the TD rate as functions of EI are shown in Figure 7. The
TD increases slowly from 0:731026 to 2:831026s21 by a factor of 4, whereas the relative vorticity increases
from �1:431026 to �831026s21. The ratio between the TD and the relative vorticity represents the extent
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Figure 6. Eddy lifespan distributions: (a) the probability density distribution of eddy lifespans, the black and white bars represent AE and CE, respectively; (b) meridional variation of
eddy lifespans.
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of deformation, and dropping
from 0.5 to 0.35 reveals that, for
most eddies in the Red Sea,
more intense eddies (with stron-
ger EI) are less deformed and
more circular.

3.6. Eddy Evolution
Even though most of the eddies
in the Red Sea are short-lived,
long-lived eddies cannot be
neglected, since they provide
sustainable energy exchange
with the mean flow, and they
could also provide sufficient tem-

poral and spatial transportation of oceanic substances. To investigate the mean evolution of long-lived
eddy activities, we investigated 10 CEs and 16 AEs that lasted longer than 18 weeks. As Figure 8a demon-
strates, long-lived eddies appear in the central basin from 18�N to 24�N, except for two AEs that are found
in the north basin. The distances these eddies propagate are much shorter than those observed from other
regions such as the South China Sea [Gengxin et al., 2011], the sea off Peru [Chaigneau et al., 2008], and the
global oceans [Chelton et al., 2007].

The mean meridional propagation of long-lived eddies with changes in EKE is shown in Figure 8b. A clear
separation is observed between AEs and CEs. AEs tend to move northward with a positive latitude displace-
ment of �0.5� after 18 weeks, while CEs move to the south by about �0.2� after 5 weeks and then fluctuate
within a small range. The EKE grows gradually from �80cm2s22. AEs tend to be more energetic than CEs in
the first several weeks, but both of them become stronger with EKE up to �180 cm2 s22 after 18 weeks.
The AE/CE system usually associates with a warm/cold core structure, respectively. As a result, the separa-
tion of AEs and CEs may lead to local repercussions in the heat budget, even if the displacement is not as
far as those in the South China Sea [Gengxin et al., 2011] and the sea off Peru [Chaigneau et al., 2008]. This is
understandable because the narrow basin and steep topography not only constrain eddy propagation, but
also dissipate eddy energy.

3.7. Seasonal Variability of Eddies
The mean seasonal cycle of eddy properties is shown in Figure 9. The formation rates of AEs and CEs are
comparable throughout the year with small observed variations (Figure 9a), but the mean monthly count of

eddies in the Red Sea is different
between AEs and CEs (Figure 9b).
More AEs than CEs are observed
in the year except for September,
October, and January. There are
more eddies in the summer,
especially in August when both
AEs and CEs reach their annual
peaks.

The seasonal cycles of eddy prop-
erties described below are col-
lected from the eddies occurring
between 18�N and 24�N. The
seasonal variability of eddy radii
is shown in Figure 9c, where no
apparent cycle is observed. AEs
tend to exhibit larger radii than
CEs from December to August
with the maximum radius in

Table 1. Mean Statistics of Eddy Kinematics

Mean
Standard
Deviation Minimum Maximum

Cyclonic Eddies (Unit: 1026 s21)
Relative vorticity (x) 4.353 2.193 0.239 16.580
Shearing deformation (c1) 20.075 1.413 26.696 5.592
Stretching deformation (c2) 0.274 1.277 25.008 5.380
Total deformation (TD) 1.606 1.062 0.010 6.834
Divergence (W) 20.021 0.218 22.725 2.578
Anticyclonic Eddies (Unit: 1026 s21)
Relative vorticity (x) 24.525 2.278 220.986 20.168
Shearing deformation (c1) 0.201 1.553 28.586 8.043
Stretching deformation (c2) 20.341 1.264 27.227 4.457
Total deformation (TD) 1.690 1.144 0.039 10.196
Divergence (W) 0.001 0.166 22.780 1.704
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February up to 108 km, while CEs have a noticeably larger size than AEs from September to November and
the peak appears in November. The eddy lifespan significantly varies seasonally as shown in Figure 9d. AEs
exhibit more seasonal variation with a longer mean lifespan of 8 weeks compared with 7 weeks for CEs.
More specifically, the AEs formed in March are most likely to last up to 10 weeks, while the CEs formed in
the same month have a mean lifespan of only 5 weeks.

To describe the seasonal intensity of AE and CE activities, EI is plotted in Figure 9e, together with the abso-
lute value of relative vorticity in Figure 9f. Apart from the above descriptive properties, there is an obvious
seasonal cycle regarding the eddy rotation properties. After reaching the winter peak in February, the EI
tends to gradually decrease until August, when it hits the summer peak. After a sharp drop, EI increases
again from October to December. AEs are slightly more energetic than CEs during the summer from May to
November. The same tendency can be found also in the relative vorticity throughout the year with compa-
rable distributions between AEs and CEs. One possible explanation for the energetic activities of eddies dur-
ing the winter is due to the high wind speed, especially the winter wind jets blowing from Saudi Arabia
over the northern Red Sea. The jets could cause significant evaporation and oceanic heat loss [Jiang et al.,
2009]. As a consequence, the stirred and densified upper layer water loses its stability, which might lead to
strong eddy activities. Moreover, jets with strong wind stress curl might also generate eddies through local
Ekman effect and geostrophic adjustment, as is the case with the dipolar eddy system formed by Tokar
wind jet at �18�N–19�N during the summer [Zhai and Bower, 2013], which may contribute to the second
peak of EI and relative vorticity that appear in August.

4. The Relationship Between the EKE and the Baroclinic Instability in the Red Sea

Baroclinic instability is known to be the primary source of eddy energy in most of the world’s ocean basins
and boundary currents [Beckmann et al., 1994; Stammer, 1997a]. The available potential energy in the mean
circulation is converted into EKE through baroclinic instability. On the other hand, eddies can also feed
kinetic energy back into the mean flow, which may help to change the mean circulation structure [Wang
et al., 2012]. Baroclinic instability analysis is performed and results are described in this section to identify
the possible mechanisms that lead to the high eddy frequency in the Red Sea.
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The seasonal cycle in the baroclinic instability of the background mean circulation significantly influences
the seasonal mesoscale properties, at least in the Sargasso Sea [Halliwell et al., 1994], the North Pacific Sub-
tropical Countercurrent [Qiu, 1999], and the Gulf Stream region [Zhai et al., 2008]. Energy cycles involve
exchanges among barotropic kinetic energy, baroclinic kinetic energy, and available potential energy [Yang
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et al., 2013]. The calculation of a complete eddy energy balance for the Red Sea is beyond the scope of this
study, but some knowledge might be gained by analyzing the climatological baroclinic instability in the
Red Sea. All calculations are based on climatologically averaged temperature and salinity profiles from the
50 year Red Sea MITgcm product.

The buoyancy frequency is defined as

N252
g
q0

@q
@z
;

where q0 is the background density of seawater, q is the density of seawater, and z is the vertical depth
coordinate. The vertical shear of the horizontal velocity is derived using the thermal wind balance from

@u
@z

����
����5 g

q0f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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:

A natural estimate of the baroclinic growth rate is defined as

r5f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
H

ð0

2H

dz
RiðzÞ

s
;

[Smith, 2007] and the commonly used Eady baroclinic eddy growth rate (EGR) is given by

rEady50:31
fffiffiffiffi
Ri
p ;

[Eady, 1949] where Ri is the Richardson number. To estimate the eddy growth rate, the mean Richardson
number is calculated as

Ri5
N2

j@u=@zj2
:

Since the Eady model assumes a constant Ri, it is included here for comparison only as in Smith [2007] and
Chang and Oey [2014]. According to the in situ observation from Sofianos and Johns [2007] and the joint
KAUST/WHOI survey in March 2010 [Yao et al., 2014a], the observed eddy activities in the Red Sea could
reach �400 m, deeper than which a rather a uniform water mass is observed. To be on the safe side, we
use the temperature and salinity profiles from the upper 500 m for the instability analysis. All of the above
variables are averaged over the upper 500 m, and the seawater density is calculated by using the Gibbs-
SeaWater software packages [McDougall and Barker, 2011].

Figure 10 shows the climatological monthly relationship among the EKE (gray), the buoyancy frequency, N2

(blue), the vertical shear of horizontal velocity (yellow), and the eddy growth rate, r (red), averaged between
18�N and 24�N over the whole zonal range of the basin. Peaking in July and reaching the trough in Febru-
ary, the mean stratification (N2) in this region exhibits a prominent seasonal cycle. This is mainly because
the net heat flux into the surface waters is positive during the summer, and the upper level of the seawater
is heated. Hence, strong stratification is seen during this season, and stratified water might limit eddy activ-
ities. The seasonal cycle of N2 is negatively correlated with EKE (correlation coefficient of 20.91), while both
the seasonal cycle of the vertical shear and the r are positively correlated in time with EKE (correlation coef-
ficients of 0.71 and 0.87, respectively). The vertical shear of the background mean in this region peaks in
December with values up to 3:831026s22, while the minimum of 1:531026s22 appears in September. The
significant correlation between the EKE seasonal cycle and that of the vertical shear indicates that the eddy
activity in this region is likely to be seasonally modulated by the vertical shear. The strong variation in the
topography of the continental slope in the region coupled with the strong vertical shear can trigger instabil-
ities that enhance the EKE like in other continental slope regions around the globe [Eden and B€oning, 2002;
Bracco and Pedlosky, 2003; Brandt et al., 2004; Wang et al., 2012].
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By definition, the eddy growth rate, r, is proportional to the vertical shear of the horizontal velocity but
inversely proportional to N2. As Figure 10 indicates, the resulting r shows a significant seasonal variation
with a maximum in December–January of 0.45 day21 and a minimum in September of 0.24 day21. Its 12
month mean is 0.3375 day21, slightly lower than the average rEady of 0.3514 day21. The identical seasonal
cycle between r and EKE reveals that the generation of baroclinic instability in the Red Sea may be primarily
responsible for eddy activities, as shown by Stammer [1997b] for the global oceans. This could be explained
by the decreasing Richardson number during the winter, which corresponds to an increase in the propen-
sity for baroclinic instability and an increase in EKE [Stammer, 1998; Zhuang et al., 2010; Wang et al., 2012].
Smith [2007] further pointed that the inverse Eady time scale calculated here, namely 2.8 days, is a good
estimate of the actual growth rates of energetically significant instabilities.

5. Summary

This study examined the mean properties and spatial-temporal variations of eddies in the Red Sea using
over 20 years (October 1992 to December 2012) of satellite altimetry measurements. A total of 487 unique
CE tracks and 451 unique AE tracks were identified during this period, providing 2426 and 2572 observa-
tions of CEs and AEs, respectively. In general, we observed no significant difference between CEs and AEs in
terms of mean characteristics of formation.

Ranging from 35 to 200 km, eddy radii are asymmetrically distributed and the average radius is 94 km.
Eddies in the Red Sea tend to have a larger zonal mean radius of �90–110 km in the central basin, which
decreases both equatorward and poleward down to �60 km. The variability in eddy radius is consistent
with the width of the Red Sea basin. Generally, EKE increases as the eddy radius increases, in contradiction
with decreases in EI and the scale of relative vorticity.

Eddies can occur across almost the entire Red Sea, and higher eddy frequency is found in the central basin
between 18�N and 24�N, coinciding with the distribution of high EKE. The polarity map shows weak and
unobvious preference to AEs, and the distribution is in accord with the mean SLA.

The vast majority (over 95%) of eddies has a lifespan of shorter than 16 weeks, with the number of eddies
decreasing sharply as the eddy radii increase. CEs and AEs share average eddy lifespans of approximately 6
weeks, and eddies generated in the high eddy frequency region (18�N–24�N) have longer lifespans (6–9
weeks). An eddy with a smaller structure is more intense but has a shorter lifespan. Both CEs and AEs tend

Figure 10. Climatological monthly mean plot of EKE (gray), the buoyancy frequency N2 (blue), the vertical shear of horizontal velocity (yel-
low), and r (red), averaged from 18�N to 24�N over the whole zonal range of the basin.

Journal of Geophysical Research: Oceans 10.1002/2013JC009563

ZHAN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 3923



to be deformed and are not perfectly circular, and statistics suggest that those eddies with stronger EI tend
to be less deformed and more circular.

To better investigate the mean evolution of the long-lived eddy activities, we examined 26 eddies with life-
spans of more than 18 weeks. Most long-lived eddies are formed from 18�N to 24�N. A clear separation is
observed between long-lived AEs and CEs. The EKE of both AEs and CEs increases throughout their life-
spans, though with some small disturbances.

Our statistics-based climatological properties of eddies in the Red Sea exhibit a seasonal variability. Forma-
tion rates of AEs and CEs do not differ much, while AEs prevail predominantly in most months. No regular
tendency is found in the temporal variation of radii, but CEs exhibit noticeably larger radii than AEs exhibit
between September and November. Beyond that, a significant seasonal cycle of eddy intensity is observed.
Peaking in February, the EI and the relative vorticity tend to gradually decrease until August when they hit
the summer peak; after a sharp drop, they increase from September to December.

The analysis of SLA and climatological model data indicate that the seasonal cycle of EKE is negatively corre-
lated with N2 but positively correlated with the vertical shear of horizontal velocity and r. According to
these correlations, the generation of baroclinic instability may be responsible for most of the eddy activities
in the Red Sea. Strong vertical shear dominates and increases the generation of baroclinic instability and
hence converts available potential energy to EKE, which is more inclined to occur during winter when the
water mass is less stable with a lower N2.
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