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Abstract

The spatial distribution, and the monthly and seasonal variability of mesoscale eddy observations derived from the AVISO
eddy atlas are assessed in the Caribbean Sea during 1993-2019. The average lifetime for the whole set of eddies is 62 + 37
days, mean amplitude of 7 + 4 cm for cyclonic and 7 + 4 cm for anticyclonic and mean radius of 100 + 31 km for cyclonic
and 108 + 32 km for anticyclonic. Cyclonic eddies are on average more nonlinear than anticyclonic ones. The spatio-temporal
variability in the number of eddy observations is evaluated against the Mean Eddy Kinetic Energy (MEKE) derived from
geostrophic currents as well as from seasonal winds. Spatial distribution of eddy observations is correlated with MEKE while
the migration of the intertropical convergence zone explains the advection of eddies towards the southern part of the basin.

Keywords Mesoscale eddies - Caribbean Sea - Seasonal variability - Self-organizing map (SOM) - Eddy observations

1 Introduction

Mesoscale eddies are ocean structures in nearly geostrophic
balance of paramount importance in the redistribution of
water properties across ocean basins (Capet et al. 2008; Far-
neti et al. 2010; Gaube et al. 2015). These vortexes have
diameters that vary between 5 and 200 km and lifetimes
spanning from weeks to months (Chelton et al. 2011).
Mesoscale eddies typically form from initial instabili-
ties created by the interaction between strong horizontally
sheared currents or from current-topography interactions in
boundary currents (Bracco et al. 2008; Rennie et al. 2007;
Soutelino et al. 2013), although other mechanisms may exist

Responsible Editor: Sheila Natali Estrada Allis

P4 Alejandro Orfila
alejandro.orfila@csic.es

Margarita E. L()pez—Alzate
melopeza@unal.edu.co

Juan-Manuel Sayol
juanma.sayol @ua.es

Ismael Hernandez-Carrasco
ihernandez @socib.es

Andrés F. Osorio
afosorioar@unal.edu.co

Evan Mason
evanmason @gmail.com

(e.g., Jiet al. 2018). Depending on which side with respect
to the main flow they form, eddies may contain either rela-
tively warm or cold water compared to their surroundings.
Accordingly, eddies will rotate anticyclonically or cycloni-
cally in the Northern Hemisphere. Warm-core eddies dis-
play a central Sea Surface Height (SSH) of a few to tens of
centimeters higher than outer water, while cold-core eddies
present a central SSH lower than its surroundings. Although
warm-core eddies can trap and transport a wide variety of
nutrients and aquatic life (Karstensen et al. 2017), cold-core
eddies tend to carry a greater amount of biological activity
with them (Chang et al. 2018). Sometimes, mesoscale eddies
may also take the form of well defined current rings that

Oceanicos, Facultad de Minas, Universidad Nacional de
Colombia, Medellin, Colombia

2 CEMarin, Carrera 21 # 35-53, Barrio La Soledad, Bogota,
Colombia

Department of Applied Mathematics, University of Alicante,
San Vicente del Raspeig 03690, Alicante, Spain

Balearic Islands Coastal Observing and Forecasting System
(SOCIB), Palma 07122, Mallorca, Spain

5 Mediterranean Institute for Advanced Studies, IMEDEA
(CSIC-UIB), Esporles 07190, Mallorca, Spain

@ Springer


http://orcid.org/0000-0002-1016-8726
http://crossmark.crossref.org/dialog/?doi=10.1007/s10236-022-01525-9&domain=pdf

680

Ocean Dynamics (2022) 72:679-693

extend to large depths (Fratantoni and Richardson 2006; de
Jong et al. 2016).

Previous experimental and numerical studies have sug-
gested that mesoscale variability in the Caribbean Sea is
dominated by warm-core anticyclonic eddies. Regarding
their mechanisms of formation, some authors have asso-
ciated the formation of Caribbean Sea eddies with flow-
topography interaction (Jouanno et al. 2008, 2009; van der
Boog et al. 2019; Molinari et al. 1981; Goni and Johns 2003;
Jochumsen et al. 2010), the meandering of the Caribbean
boundary current (Andrade and Barton 2000), and the
growth of baroclinic instabilities around river plume fronts
(Chérubin and Richardson 2007). Indeed some eddies form
from cold filaments at the eastern side of the basin thus
leading to a cooling of the Caribbean Sea interior, while
at the same time they transport salinity anomalies from
Amazon and Orinoco river plumes westward (van der Boog
et al. 2019).

In the Caribbean, eddies are transported westward by the
mean flow after their formation, thus entirely affecting the
ecosystem around them as they transport larvae and nutri-
ents offshore (Andrade and Barton 2005; Baums et al. 2006).
During their propagation, eddies become more energetic and
increase their amplitude (Carton and Chao 1999; van der
Boog et al. 2019). Although this intensification is evident
from observations, only a few studies have elaborated the
dynamics of this strengthening (Carton and Chao 1999; Pau-
Iuhn and Chao 1999; Andrade and Barton 2000; Richard-
son 2005). Based on surface drifters, Richardson (2005) sug-
gested that the anticyclonic shear of the Caribbean Current
could amplify anticyclonic eddies. Besides, Andrade and
Barton (2000) found, based on satellite altimetry, a direct
relationship between the maximum curl of the wind stress
and the westward intensification of anticyclones. Jouanno
et al. (2009) used a regional model to study the life cycle
of Caribbean anticyclones and computed the mechanical
energy balance of the flow in this region. Although this
balance shows that baroclinic instabilities provide the nec-
essary energy for the westward growth of anticyclones, it
does not explain what drives the westward intensification
of anticyclones. More recently, van der Boog et al. (2019)
have mainly attributed this westward intensification of anti-
cyclonic eddies to the role of salinity gradients generated by
upwelling events and river outflow combined with the west-
ward rise of the background velocity shear, which altogether
strengthen the thermal wind balance within the vortex.

In this work we analyze the spatial and temporal variabil-
ity of observed mesoscale eddies from 1993 to 2019 (both
included). Caribbean eddies are known to have pronounced
variability in both space and time with large impact in trans-
porting and redistributing water mass properties across the
basin. Several studies have been carried out to describe how
these eddies form, propagate and dissipate in the Caribbean
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region by ship-drift, buoys, drifters, satellites observations
and numerical models. These eddies may potentially be
playing an important role in the North Atlantic circulation
by exchanging Caribbean Current mass and momentum with
the surrounding waters. Despite the importance of these
structures neither a dedicated systematic census of observed
eddies focused on the Caribbean Sea nor an analysis of their
seasonal variability from a statistical standpoint have been
performed yet, beyond some global studies (e.g., Chelton
etal. 2011; Mason et al. 2014; Conti et al. 2016). We address
this gap by providing a detailed statistical description of
eddy properties, as well as of the main environmental drivers
that may affect their seasonal variability.

2 The Caribbean basin

The Caribbean is a semi-enclosed sea that covers the
area between 8'N-25'N and 85'W-55'W (Fig. 1a). It is
confined on the south and west by the South and Central
American continents, and on the north and the east by the
Greater Antilles and the chain of Lesser Antilles Islands
Arc (Andrade 2000; Johns et al. 2002; Richardson 2005;
Jury 2011). The Caribbean Sea is connected by many pas-
sages to the tropical Atlantic Ocean through the Lesser
Antilles (Fig. 1a). The bottom topography of the Caribbean
Sea can be divided into five basins: between the Lesser
Antilles Arc and Las Aves Ridge lies the Granada Basin,
the Venezuelan Basin in the east, and the Colombian Basin
in the west. These basins are separated by the Beata Ridge
which crosses the central Caribbean. The Central Ameri-
can Rise separates the Cayman and Colombian Basins and
the Cayman Ridge which divides the Cayman and Yucatan
Basins. The Caribbean Sea is connected with the Gulf of
Mexico at the north through the Yucatan Strait.

The most important sources of water in the Caribbean
Sea are provided by the returning deep southwestward Gulf
Stream waters in the northern and northeastern edges, and
by the North Brazil Current (NBC) on the southeastern
edge. Atlantic waters contribute in three different ways:
the North Equatorial Current passing through the Leeward
Islands of the Lesser Antilles with an estimated inflow of
~8 Sv, the flow in the windward Passage between Cuba
and Hispaniola with ~7 Sv, and the flow through the Mona
Passage between Hispaniola and Puerto Rico with ~ 3 Sv.
The NBC transports fresh water from the Orinoco River,
flowing northwestward into the Caribbean basin through
the “Windward Island” with ~6 Sv and Saint Vincent
and Saint Lucia with ~4 Sv forming a boundary current
known as the Caribbean Current (CC) (Richardson 2005;
Jury 2011) (Fig. 1¢). The CC extends towards the Panama
Isthmus where a branch continues towards the Yucatan
basin, while another branch may recirculate to form the
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Fig.1 (a) Geographic location of the Caribbean Sea with the differ-
ent basins and bathymetry contour (in m). Arrows correspond to the
mean geostrophic currents for the period 1993-2019 derived from
AVISO SLA. This data is available since 1993 at Copernicus Climate
Change Service (https://climate.copernicus.eu/), with spatial resolu-

Panama-Colombia Gyre, from which under favorable wind
conditions a counter current can form and reach La Guajira
peninsula, known as the Caribbean Counter Current (CCC)
(Orfila et al. 2021).

A strong Ekman component of the transport is generated
in the Caribbean Sea by the Trade Winds (see Fig. 11 in
Appendix A), which blow from the northeast-east-southeast
depending, to a large extent, on the latitudinal position of the
Intertropical Convergence Zone (ITCZ) and of the North
Atlantic subtropical high (Schneider et al. 2014; Orejarena-
Rondoén et al. 2022).

3 Eddy trajectory atlas

Detected eddies for the period between 1993 and 2019 are
obtained from the eddy trajectory atlas in its delayed-time
version 2.0exp. This product provides information on mes-
oscale eddies derived from Sea Level Anomalies (SLA)
and it is produced by SSALTO/DUACS and distributed
by AVISO+ with support from CNES, Oregon State Uni-
versity and NASA (AVISO 2020). The originally weekly
SLA were interpolated by SSALTO/DUACS to have daily
fields. Then the atlas was constructed over those daily SLA
maps, thus including daily information on properties of
each detected eddy such as radius, amplitude, rotational
speed, polarity as well as the time when it was observed,
the coordinates of the estimated center, the track identifi-
cation or the observation number. The algorithms used in

18°N

tion of 0.25"x0.25" (only each 9 arrows have been plotted for simplic-
ity). (b) MKE (> + vﬁ) obtained from geostrophic velocities for the
period 1993—2016 (units in m%s?). (¢) Schematic view of the main
inflow sources in the Caribbean basin

this product are derived from the methodology developed
by Schlax and Chelton (2016), where an eddy is consid-
ered to be a propagating, compact, coherent structure in
the space-time SSH field. Among the processes followed
by the algorithm are included the filtering of sea level
anomalies, the eddy identification, the characterization
of main properties of eddies (size, amplitude, rotational
speed) and the eddy tracking. Throughout next sections
and for the sake of clarity we will refer by eddy observa-
tion every single daily data of a given track, while by an
eddy we will refer to the statistical average of all avail-
able observations for the same track. For further details
on the eddy detection algorithm the reader is referred to
Appendix B.

The number of detected eddies during 1993-2019 in
the Caribbean basin (red box in Fig. 2) is 2246 (only 110
detected outside, between 5 and 15° N) almost equally
distributed between cyclonic eddies (CE) (54%) and anti-
cyclonic eddies (AE) (46%). The initial positions (yellow
dots) and trajectories are displayed in Fig. 2 for CE (a)
and for AE (b). As seen, most eddies have their origin in
the eastern Caribbean Sea and in the northwestern side.
In the former case, eddies are advected by the CC whose
origin is the North Equatorial Current passing through
the Lesser Antilles and deflected at 76'W towards the
south of Panama following the CCC. Both the CC and
the CCC are clearly recognizable from the Mean Kinetic
Energy (MKE=u; +v?) of the geostrophic currents, v, (see
Fig. 1b).
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Fig.2 Trajectories of eddies for (a)
the period 1993-2019 from the
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4 Results

4.1 Statistical description of Caribbean Sea eddy
properties

Mean and standard deviation of observed eddies in the Car-
ibbean Sea are shown in Fig. 3 for relevant parameters: life-
time (a—c), amplitude (d—f), radius (g—i) and nonlinearity
G-D.

The average lifetime for the whole set of eddies is 62 + 37
days (mean + standard deviation), and 60 + 35 days for CE
and 64 + 40 days for AE with the longest-lived lasting 319
days and 290 days for CE and AE, respectively (Fig. 3a—c).
A vast majority of mesoscale eddies (> 85%) have a lifetime
shorter than 120 days.

The eddy amplitude, defined as the largest sea level differ-
ence between the eddy core and the sea level height average
at its edge perimeter is shown in Fig. 3d—f. Mean amplitude
is 7 + 4 cm for CE (Fig. 3e) and 7 + 4 cm for AE (Fig. 3f).
These results agree with those of Gaube (2013), who found
that the eddy field in the Caribbean Sea is characterized
by average eddy amplitudes of 7.1 cm. However, Chelton
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et al. (2011) pointed out that the predominance of small
eddy amplitudes may raise concerns that their distribution is
influenced by the procedure applied to detect eddies, which
may sometimes be biased low by 1 or 2 cm in regions of
very energetic mesoscale variability and by less than 1 cm
in less energetic regions due to the complex geometry of
many eddies.

There are no significant differences between both eddy
polarities in the effective radius scale. Radii range from 50
to 250 km, as expected from the spatial resolution of the
altimetry. The mean radius is 100 = 31 km for CE and 108
+ 32 km for AE (Fig. 3h, i). This result is consistent with
the latitudinal distribution of eddy sizes described by Chel-
ton et al. (2011), where eddies of around 100 km of radius
are found in the near-equatorial regions to later monotoni-
cally decrease up to 80 km at 20° of latitude. We note that
these length-scales of eddies and eddy-like features are
constrained by the Rossby radius of deformation (Chelton
et al. 1998).

The eddy nonlinearity is defined as, ¢ = U/c with U being
the rotational speed and c the celerity of the advection on
the geostrophic flow, also called translational speed. A value
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Fig.3 Histogram of properties for the total number of eddies (left), for CE (center) and for AE (right). First row correspond to eddy lifetime (in
days), second to amplitude (in cm), third radius (in km), and fourth nonlinearity (dimensionless)

of € > 1 implies that the mesoscale eddy cannot be regarded
as a linear wave disturbance propagating through a nearly
stationary medium, but instead is capable of modifying the
medium by advecting a trapped fluid parcel as it translates
transporting water properties such as heat and salt, as well
as other biogeochemical characteristics such as nutrients
and phytoplankton (Chelton et al. 2011). Figure 3j—1 show
that, all combined, CE and ACE are nonlinear on average,
with over 90% of eddies showing & > 1. Indeed, over 25%
of eddies are highly nonlinear with € > 5, being CE more
nonlinear than ACE on average (5 + 4 against 4 + 3). These
values of ¢ are in good agreement with the results that can
be inferred from Chelton et al. (2011) in the Caribbean Sea
region.

To examine the general patterns in the eddy proper-
ties we have proceeded to normalize the amplitude, radii
and nonlinearity of eddies according to their lifetime. To
this end, for each eddy the first value of lifetime is con-
sidered its birth (normalized lifetime of 0), and the last
value its death (normalized lifetime of 1). Subsequently,
the lifetime of each eddy has been divided in regular sub
periods of 0.02. Later, the mean value of each parameter
within each sub period has been computed and scaled with
respect to the value at birth, which provides a normalized
value of 1 for each eddy and for all properties at the initial
time. Finally, all eddy observations within the correspond-
ing sub period have been averaged. As a result, a general
mean curve showing the evolution of each eddy property
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for all eddy observations and for a normalized lifetime is
obtained.

Results for the amplitude, radii and nonlinearity for the
whole set of eddies, CE and AE are displayed in Fig. 4.
As seen, when all eddies are considered, they tend to
increase substantially in amplitude and radius during the
first part of their life (around 150% in amplitude and 35%
in radius) reaching the maximum development at around
0.6 of their normalized lifetime (Fig. 4a). The same trend
is obtained for the CE and AE subset of data (Fig. 4b and
¢, respectively). Once eddies have reached their maximum
amplitude they tend to spend another 20% of their lifetime
with the same amplitude, to later start a fast decay till
reaching a value close to 50% larger of their initial ampli-
tude at the end of their lifetime. A similar process occurs
with the radii, with small differences between AE and CE.

Fig.4 Mean properties of (a)

At the end of their life, the radius tends to be about 10%
larger than in the beginning. An interesting point is that
the peak in the amplitude is clearer defined for CE than
for ACE, since the latter shows a plateau for about 20%
of normalized eddy lifetime. Hence, this result could be
potentially used to predict eddy lifetime of CE, partially
disagreeing with the statement of Chelton et al. (2011),
who argued that the amplitude of an eddy is not enough to
determine its longevity. Regarding nonlinearity, it strongly
increases (about 200%) on average during the first third
of eddy lifetime, then it keeps rather stable although with
some marked oscillations, which suggests large differ-
ences between eddies. At the end of their observed life,
eddies are about 2.5-3 times more nonlinear than in the
beginning.

Total

eddies normalized by their life-
time and scaled by their initial
value. Blue line corresponds to
amplitude, red line corresponds
to radius, and black line for
eddy nonlinearity: (a) for the
total number of eddies; (b) for
CE and (c¢) for AE. Solid lines

represent a 3-point moving
average, except in the extremes
(2-point moving average) 0.51

e Eddy radius .
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4.2 Spatial distribution of Caribbean Sea eddies

The total number of eddy observations (summed up in
squares of 0.5°x 0.5%) are displayed in Fig. 5, left panel.
At the northern basin, eddies are distributed in the whole
domain with a larger number of observations at the edges
constrained by the 500 m isobath, and the two branches
flowing northwards, towards the Yucatan channel, and
southwards, forming the Caribbean counter current (CCC)
near Panama. Jouanno et al. (2008) already described perma-
nent features involved in the formation/dissipation of eddies
consisting of an anticyclonic recirculation of water in the
south of Cuba and a cyclonic gyre, known as the Panama-
Colombia gyre, characterized by the episodic formation of a
CE that quickly dissipates when interacting with the south-
ern Caribbean anticyclones.

Above features are illustrated by the Mean Eddy Kinetic
Energy (MEKE), defined as MEKE = u 2+ v, 2, where the
prime stand for the time-dependent fluctuating part (the eddy
component of the flow), averaged over 1993-2019, which is
shown in Fig. 5, right. As expected, high values of MEKE cor-
respond to the locations where the largest number of eddies are
found (Fig. 5, left panel). MEKE has been computed with daily
geostrophic velocities over the basin and its primary source of
generation is the mean current instability, which acts in two ways
to generate eddies; first, strong horizontally sheared motions
result in barotropic instabilities where the energy source for
generating eddies is the MKE, and secondly, the presence of a
vertical shear in strong ocean fronts results in baroclinic insta-
bilities where the energy required for eddy generation comes
from the available potential energy due to isopycnal tilting. Both
formation processes lead to hot spots of eddy energy.

Winds in the Caribbean are mainly driven by the
location of the ITCZ and by the American Monsoon
System, and present two climatic seasons: the dry sea-
son from December to March, and the wet season from
August to November. During the dry season, northern
easterlies dominate the area due to the location of the
ITCZ at a latitude between O'N and 5°'N. During the
wet season southern easterlies are able to reach the
Colombian basin due to the migration of ITCZ towards
higher latitudes (between 10°N and 12°N) (Orejarena-
Rondén et al. 2019). Averaged wind streamlines for dry
and wet seasons are depicted in Fig. 6, left and right
panels respectively (see for completeness Fig. 11 in
Appendix A for the monthly mean wind patterns over
the Caribbean Sea). The spatial distribution of eddy
observations during these two seasons (shading in
both panels) shows a shift in the southern area of the
basins between Panama and Colombia with more eddies
approaching the continent. This is probably the result
of the intensification of the Caribbean Countercurrent
(CCC) induced by the shift of the ITCZ, which advects
eastwards those eddies formed by the instability of the
CC in the central basin.

It is worth to note that the highest density of eddy
observations at the lee of the lesser Antilles is found at
the left side of the SOM lattice that will be presented later
(Fig. 9), and that they mostly represent the situation given
in December—March (Fig. 10) which is the result of the
interaction between the inflow of subtropical Atlantic
waters of the NBC and the latitudinal wind displacement,
which slightly shifts towards the southwest at the eastern
boundary.

L I

Total Number of eddies

0O 100 200 300 400 500 600 7000

l - .

100 200 300 400 500 600 700
Mean Eddy Kinetic Energy (cm %/s?)

Fig.5 Left: Total number of eddy observations from 1993 to 2019 within boxes of 0.5°x 0.5 side length. Isolines depict the 50, 100, 200, 500
and 1000 m isobaths. Right: MEKE derived from SSH geostrophic velocities for the period of 1993 to 2019. Units in cm?/s>
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Fig.6 Left: streamlines of 10 m height above sea level mean wind
during the wet season (December—March), and average number of
eddy observations detected for the same period. Right: the same as
in the left but for the dry season (August—November). Wind product

4.3 Monthly and seasonal variability of eddy
observations

From the monthly distribution of eddy observations (summed
in 0.5°% 0.5" bins), we perform a temporal analysis with the
Kohonen Self-Organizing Maps (SOM). SOM is an unsu-
pervised learning neural network especially suited to extract
patterns from large data sets by means of a reduction of the
high-dimensional feature space of the input data to a lower-
dimensional network of units called neurons (Liu and Weis-
berg 2005; Hernandez-Carrasco et al. 2018). In this study, we
apply SOM to both space and time domains. In the spatial
analysis, each neuron corresponds to a characteristic spatial
pattern, showing a specific spatial distribution of the different
values of eddy density. By identifying which of the extracted
SOM spatial patterns is the most similar to the eddy density
distribution for each date of the input time series (i.e., best
matching unit, BMU), we can obtain the evolution over time of
the characteristic spatial patterns. In the time domain analysis
neurons show temporal patterns, and in this case we use the
BMU to localize in the space each temporal pattern, providing
a map of regions with different eddy density time variability.

By applying the SOM in the temporal domain, we can extract
zones of covariability (i.e., those regions with a very similar
temporal behavior). Each neuron is represented by a weighted
vector with a number of components equal to the dimension
of the input sample data. In each iteration the neuron whose
weighted vector is more similar to the presented input sample
data vector is updated together with its topological neighbors. At
the end of the training process, the probability density function
of the input data is approximated by the SOM, and each unit is
associated with a reference pattern that has a number of compo-
nents equal to the number of variables in the data set.
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is the Cross-Calibrated Multi-Platform (CCMP) Version 2.0, which
provides 6-hourly maps at a spatial resolution of 0.25x0.25". Data
is available from 1988 and freely downloadable at http://www.remss.
com/measurements/ccmp/

First, we compute the SOMs of the monthly eddy obser-
vations in the temporal domain with a map size of 3 X 2 (6
neurons or patterns) and a hexagonal map lattice. Figure 7
shows the six zones of eddy covariability in the Caribbean
Sea (to be compared with Fig. 5, left) and Fig. 8 the temporal
evolution of each of these zones. Each color corresponds to a
zone with the same statistical behavior regarding the number
of eddy observations.

The largest area (77% of the total coverage) corresponds
to pattern P6 (orange color) where eddy observations are
roughly detected (Fig. 9). This area covers the northeastern
side of the domain (within the Atlantic basin) and Caribbean
Sea shelf areas, far from the main currents and their insta-
bilities induced by the latitudinal ITCZ migration, and also
near the coast where SLA presents the largest uncertainties.
The second largest percentage (13% of coverage) is given
by P1 which, as already has been pointed out, follows the
spatial distribution of MEKE. The monthly number of eddy
observations in this area is on average 0.7 (Fig. 8, top right
panel). The averaged monthly detected eddy observations
(box inside Fig. 7) does not display large differences in the
detected observations throughout the year. The rest of the
patterns (from P2 to P5) cover between 5.5% and 1% of the
area, with mean monthly detected eddy observations ranging
between 0.1 (P3) and 0.3 (P4).

Next, the monthly distribution of eddy observations
is analyzed together with the MEKE derived from SSH-
based geostrophic velocities. We follow the same proce-
dure explained above, but in this case we are interested in
obtaining the spatial distribution of both fields (Hernandez-
Carrasco and Orfila 2018). Hence, we are going to apply
the SOM in the spatial domain (Fig. 9 shows the 6 neurons
for the monthly eddy observations distribution and their
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Fig.8 Temporal evolution of eddy observations patterns detected
inside each of the 6 areas shown in Fig. 7. The probability of occur-
rence of each pattern is indicated within each panel. Inner figures cor-

corresponding MEKE). The probability of occurrence of
the each pattern is included at the top right of the upper six
panels. The most repeated patterns are P3 and P4. The for-
mer shows a similar MEKE distribution with the only major
difference observed at the CCC, which extends towards the
Colombian coast. Although small differences are apparent
in P3, eddies are more southerly distributed occupying the
whole central American shore, thus being further advected
westwards. Looking at the MEKE associated to P3 and P4,
they clearly represent the wet season (P3) and the dry season
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92 95 97 00 02 05 07 10 12 15 17 20

Year

0
92 9 97 00 02 05 07 10 12 15 17 20

Year

respond to the monthly distribution of eddy observations associated
to each amplitude

(P4), respectively, when wind stress is larger at the southern
basin inducing high values of MEKE thus rising on average
the number of eddies in this area during this season.

To further study the temporal distribution of patterns we
have computed the monthly probability of occurrence of
spatial patterns from the BMUs (Fig. 10). The wet season
is mainly represented by P3, while P4 dominates during the
dry season, being in the latter when eddies can reach the
southern side of the basin, thus transporting water from the
central basin towards the more coastal Caribbean areas.
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During the windy season, strong southwestwards winds
with their maximum located in the center of the basin pro-
duce a strong cross-shore Ekman transport towards the
north-northwest, thus contributing to increase MEKE in
central Caribbean Sea regions. During these windy months,
eddy observations are mainly distributed over the CC, with
a larger distribution over the northern basin. By contrast,
during mild wind periods (e.g., October), the most repre-
sentative pattern is P2, in which both the CC and the CCC
are well developed (see Fig. 9 and Fig. 10), as discussed in
Orfila et al. (2021).

@ Springer

5 Conclusions

The work here presented has described the main statisti-
cal characteristics as well as the seasonal variability of
mesoscale eddies derived from SLA in the Caribbean Sea
between 1993 and 2019. A better understanding of the vari-
ability of eddies and their spatial distribution provides new
knowledge on their mechanisms of formation, intensifica-
tion and dissipation, which have strong implications on
biogeochemical and air-sea exchange processes. Since the
Caribbean Sea is a semi-enclosed basin, a large part of the
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advection of nutrients and heat, both in the vertical and in
the horizontal, are due largely to eddies.

The spatial distribution of mesoscale eddies reported in
this work is consistent with findings from previous obser-
vational and model-based studies in which most of the
eddies were found to be formed in the eastern Caribbean
Sea, or alternatively, had already formed in the northeast of
Brazil, although we have also detected a significant num-
ber of eddies born in the Yucatan basin. Some of them stay
some time off the Colombian and Venezuelan coasts, while
the reminder tend to redistribute around the Cayman and
Yucatan basins (Carton and Chao 1999; Andrade and Bar-
ton 2000; Oey and Lee 2003; Jouanno et al. 2008; Richard-
son 2005; Jouanno et al. 2009; Chelton et al. 2011).

Although many works (Carton and Chao 1999; Oey and
Lee 2003; Richardson 2005; Jouanno et al. 2008; van der
Boog et al. 2019) have presented a preference for anticy-
clonic polarity in the Caribbean sea, in this work we find a
larger number of CE (54%) than ACE (46%). There are not
significant differences in their respective origin, propagation,
amplitude, radius or nonlinearity, although on average CE
tend to be more nonlinear than ACE, while ACE are slightly
larger. The latter result is in agreement with Jouanno et al.
(2008), who found that the largest eddies in the Caribbean
Sea are anticyclones. The mean lifetime of detected eddies is
about two months, although they vary between a few weeks
and about 10 months. Most eddies travel westwards, although
a few move eastwards. Most eddies (> 85%) have a lifetime
shorter than 120 days. Comparing the results from Carton and
Chao (1999) and Oey and Lee (2003), who found the period
of spin-up, growth, and drift is approximately 100 days, and
with those from Andrade and Barton (2000), who found that
the typical timescale of synoptic eddies traveling through the
Caribbean Sea is between 100 and 130 days, it can be con-
cluded that there are no differences between polarities and that
there is a general agreement with their longevity.

The mean radius detected, 100 + 31 km for CE (Fig. 3h)
and 108 + 32 km for AE (Fig. 3i) does not agree with the
one provided by Jouanno et al. (2008), although our results
are consistent with the latitudinal distribution of eddy sizes
described by Chelton et al. (2011), in which eddies of around
100 km of radius are found in the near-equatorial regions to
monotonically decrease up to 80 km at 20 of latitude. On the
other hand, the mean value of the amplitude (7 + 4 cm for CE
and 7 + 4 cm for AE, see Fig. 3e and f, respectively), is con-
sistent with Gaube (2013), who found that the eddy field in the
Caribbean Sea is characterized by mesoscale eddies with aver-
age amplitudes of 7.8 cm. We found that eddies are strongly
nonlinear, especially CE, with a mean value close to 4.

Eddies mostly dissipate near the coast of Nicaragua or
the Yucatan peninsula, and only a few of them are able to
travel northwards crossing the Yucatan basin as already
noted by Carton and Chao (1999) and Chelton et al. (2011),
who pointed out that eddy disappearance is more frequent
near the western boundaries. However, eddy dissipation in
the open ocean can occur by frictional decay or coalescence
with other eddies as a consequence of the up-scale energy
cascade of geostrophic turbulence. Some of these termina-
tions may also occur from temporary or permanent loss of
an eddy by the tracking procedure because of noise in the
SLA field or imperfections of the tracking algorithm (Chel-
ton et al. 2011). In this regard, Amores et al. (2018) also
noted that the number of detected eddies can be significantly
underestimated due to the interpolation and filtering meth-
ods behind the construction of gridded SLA fields, which
could be removing some real SLA eddy-like anomalies.
Besides, the transfer of vorticity from the atmosphere to the
ocean and the seasonal variability in the atmospheric forcing
may play an important role in the dissipation of eddies in the
basin. Only few detected eddies are able to pass through the
Chibcha Channel towards the Cayman Sea. Eddies which
originated in the southwestern Caribbean Basin are the only
ones not advected by the Caribbean Current nor affected by
its instabilities. These eddies tend to remain in the south-
western Caribbean Sea where they form distinctive SLA pat-
terns. Richardson (2005) pointed out that many anticyclonic
eddies travel westwards up to the Jamaica Ridge when they
are disrupted by topographic-induced dissipation.

A seasonal classification of the spatial distribution of eddy
observations through a neural network based on Self Organ-
ized Maps (SOM) showed that the most representative pat-
terns differ when the analysis is performed by seasons. The
most representative patterns are P4 for the dry season and P3
for the wet season (Fig. 9). In both cases eddy observations
tend to accumulate in the interior of the basin and off the
western Colombian basin, where eddies probably tend to stay
longer time due to a partial topographic constraint. However,
the complex spatial distribution of eddies has a periodicity
that needs to be further analyzed in future research.

@ Springer



690

Ocean Dynamics (2022) 72:679-693

An open question for a follow-up study is how these
mesoscale structures are linked to large scale climate vari-
ability, such as El Nifio-Southern Oscillation (e.g., Sayol
et al. 2022), or other signals like the North Atlantic Oscilla-
tion or the Pacific Decadal Oscillation.

Appendix A Monthly mean surface wind
over the Caribbean Sea

Cross-Calibrated Multi-Platform (CCMP) near-surface
horizontal quasi-global wind fields (#, v)—at 10 m over
the sea level—have been used in its version 2.0. Winds are

80°W
_MAY

provided since 1987 with a spatial resolution of 0.25°x 0.25°
every 6 hours and covers almost all Earth (except poles).
This product is the result of an optimal merging of different
radiometers, scatterometers, buoys and model data using a
variational analysis method.

The monthly mean wind is shown in Fig. 11. Wind
streamlines depict the westward direction of the Caribbean
low level jet. The maximum wind intensity is presented dur-
ing February and July, while the minimum occurs during
May and October. For a more detailed explanation on the
Caribbean Low level jet and its role on the circulation and
dynamics of the region the reader is referred to Orfila et al.
(2021) and articles therein.
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Fig. 11 Monthly wind intensity and streamlines in the Caribbean sea
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Appendix B Eddy identification

In the following we describe the process followed to identify
eddies contained in the eddy atlas (AVISO 2020):

(i) For each time, there is a two-dimensional value of
SSH, h(i.j), with four neighbors. For anticyclonic
eddies—concave downward SSH—the identification
is made by defining a pixel (i,,,.j,,,) as a local positive
extreme if the SSH values of its four neighbors are
less than or equal to h(i,,.j,,,). Likewise, for cyclonic
eddies—concave upward SSH—a pixel (i,,,.j,,,) 15
defined to be a local negative extreme if the SSH
values of its four neighbors are greater than or equal
0 Al e nr)-

(i) If we assume an anticyclonic eddy with a local maxi-
mum SSH at grid location (i,,,.j,,,) and an indicated
threshold SSH value &, < h(i,,.j,,), it is possible
to define E(i,,.j,.-h,) as the connected set of pixels
(ipjp, I =1,..,n, which contains (i,,,.j,,,) and satisfies
h(i,j;) > h,, [ =1,...,n. Later, some criteria is applied
to seek h,, the minimum value of incrementally
decreasing thresholds £,, such that the compact and
coherent structure E(i,,.j,./1,), Which is an eddy
realization with basic SSH value of £, satisfies:

(a) n< Mnaxs
structure.

(b) n >2, aminimum of two interior pixels.

(c) Not a single pixel in this structure could have as a
neighbor a pixel that belongs to another eddy.

(d) The structure is connected. There are not holes on
the edges or within the interior of the area.

(e) Letd(iyj,iyj;) be the distance between pixels (i;.j;)
and (ij;). So, the maximum value of d(iy.j;.i;,j;) over
all pairs of edge pixels in the structure E(i,.,..h,)
must be less than a specified value d,,,,.

a determined number of pixels in this

(iii) The set of edge pixels in E(i,.j,h;) defines the
outer perimeter of the eddy realization.

(iv) Eddies are identified by growing sets of pixels from
the single pixels at the local maximum in A(i,j) and
— h(ij) for anticyclonic and cyclonic eddies, respec-
tively. Hence, given a set of pixels E,, the next set
E,, | is computed by finding all of the neighbors of
the edge pixels in E, that exceed A, , which are then
added to E,. At each step E|, all the criteria above
described are checked. If at least one of them is miss-
ing, the sequence is stopped. The single pixels at the
local maximum are ordered into decreasing size and
eddy recognition are obtained from successively
smaller initial values of /& or — & without attention to
polarity.

After we identify the eddies we calculate the different
eddy characteristics using the following parameters:

1. The eddy centroid coordinates—longitude and latitude
(XesYe)-

2. The amplitude A defined as the difference between the
extreme SSH value of h(i,,,.j,,,) and the average of SSH
over the edge pixels that define the external perimeter
of the eddy.

3. The effective radius scale Ly which is defined to be
the radius of a circle with area equal to that of the set of
connected pixels E(i, . h1p)-

4. The average of geostrophic speed covering the edge pix-
els of E; is found at each threshold #; > h,. The maxi-
mum of this average is the rotational or axial speed U
of the eddy where, A, is defined as the threshold SSH
at which this maximum average occurs. The speed
core of the eddy is then the subset of connected pixels
E(iexttjext’hU)'

5. The speed-based radius scale L, which is defined to be
the radius of a circle which area is equal to that enclosed
by the contour of maximum circum-average geostrophic
speed.

This algorithm is applied on a 1/4°x 1/4° grid using a
threshold increment of 6 =0.25 cm and a maximum area
N0 = 2000 pixels. The distance d between the two remot-
est points must be less than d,,,, =400km for latitudes
greater than + 25" and d,,,,, =700 km lower than + 25" of

max
latitude at the equator, plus an additional restriction of

eddies amplitude A > 1 cm (Schlax and Chelton 2016).
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