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ABSTRACT

A new set of deep float trajectory data collected in the Gulf of Mexico from 2011 to 2015 at 1500- and
2500-m depths is analyzed to describe mesoscale processes, with particular attention paid to the western
Gulf. Wavelet analysis is used to identify coherent eddies in the float trajectories, leading to a census of the
basinwide coherent eddy population and statistics of the eddies’ kinematic properties. The eddy census
reveals a new formation region for anticyclones off the Campeche Escarpment, located northwest of the
Yucatan Peninsula. These eddies appear to form locally, with no apparent direct connection to the upper
layer. Once formed, the eddies drift westward along the northern edge of the Sigsbee Abyssal Gyre, located
in the southwestern Gulf of Mexico over the abyssal plain. The formation mechanism and upstream sources
for the Campeche Escarpment eddies are explored: the observational data suggest that eddy formation may
be linked to the collision of a Loop Current eddy with the western boundary of the Gulf. Specifically, the
disintegration of a deep dipole traveling under the Loop Current eddy Kraken, caused by the interaction
with the northwestern continental slope, may lead to the acceleration of the abyssal gyre and the boundary
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current in the Bay of Campeche region.

1. Introduction

The Gulf of Mexico (GOM) is often characterized as a
two-layer circulation system, forced by the Loop Cur-
rent (LC; an upstream branch of the Gulf Stream), that
enters the GOM through the 2000-m-deep Yucatan
Channel to the south, travels anticyclonically through
the eastern Gulf, and exits through the 800-m-deep
Florida Straits to the east. The LC extends into the
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GOM to varying degrees with a northwestward extent of
up to 28°N, 90°W (Fig. 1a; Leben 2005; Schmitz 2005;
Oey et al. 2005). This current extends vertically to about
800-m depth (Candela et al. 2002) at the entrance and
exit of the Gulf.

The LC periodically pinches off a large (200-400-km
diameter) warm anticyclonic eddy, or LC eddy (LCE).
The shedding of an LCE occurs irregularly about every
4-18 months (Sturges and Leben 2000), and the LCE,
once detached, drifts westward or southwestward until
its demise at the western boundary (e.g., Vukovich
2007). The triggers for LCE shedding are the subject of
ongoing research, attributed to several mechanisms in-
cluding baroclinic instabilities of the LC, transport var-
iability at the Yucatan Channel and Florida Straits, and
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FIG. 1. (a) Schematic of quasi-permanent circulation features of
the upper (~0-1000 m) and lower (from ~1000 m to the seafloor)
layers of the Gulf of Mexico. Locations for the deep circulation
features were taken from 2011-15 gridded mean velocity fields
derived from RAFOS float data at 1500- and 2500-m depth (PPB),
and the location of the surface Campeche Gyre location was taken
from gridded surface drifter data during 2007-12 (Perez-Brunius
et al. 2013). The Loop Current and Loop Current eddy are shown
for a time when the eddy has just pinched off the Loop Current and
is traveling westward. The dashed black line indicates the ap-
proximate direction of travel. Bathymetry is drawn at 1000-, 2000-,
and 3000-m depth. (b) RAFOS trajectories collected from 2011 to
2015 that are used in this study. Each color indicated a separate
trajectory. Geographic features relevant to this study are marked.
Bathymetry rendered as in (a).

interaction of the Loop Current with cyclonic eddies
formed both by local and remote processes (e.g., Donohue
et al. 2016; Athié et al. 2012; Oey et al. 2005; Fratantoni
et al. 1998; Zavala-Hidalgo et al. 2003; Jouanno et al.
2016; Sturges et al. 2010; Sheinbaum et al. 2016). The
LCEs travel westward until they ultimately dissipate
upon reaching the western boundary, contributing to
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the exchange of momentum, salt, and heat between the
Caribbean and the interior of the Gulf of Mexico (e.g.,
Vidal et al. 1992).

The dynamics of the GOM can be largely explained by
an upper layer (<1000m) dominated by the surface-
intensified LC and mesoscale eddies and the bottom
layer (>1200m) with nearly depth-independent cur-
rents and density fields and near-bottom-intensified
flows along the boundaries due to the presence of to-
pographic Rossby waves (TRWs) (e.g., Sheinbaum et al.
2007; Hamilton 2009; Hamilton et al. 2016a, 2018;
Donohue et al. 2007, 2008, 2016; Tenreiro et al. 2018).
Until recently, the basinwide deep-layer circulation has
been mostly unexplored owing to a lack of observations,
although more recent observational programs have
studied the upper—lower-layer dynamical coupling, re-
sulting in deep vortices in the abyssal plain, as well as
the propagation of TRWs along the boundaries (e.g.,
Hamilton 1990; Hamilton et al. 2016a; Donohue et al.
2016; Kolodziejczyk et al. 2011; Tenreiro et al. 2018).

“A Lagrangian Approach to Study the Gulf of
Mexico’s Deep Circulation” project funded by the Bu-
reau of Ocean Energy Management (BOEM; Hamilton
et al. 2016b) yielded an unprecedented dataset of lower-
layer RAFOS float trajectories at the 1500- and 2500-m
levels (Fig. 1b). The data covered the years approxi-
mately 2011-15. From these data, Pérez-Brunius et al.
(2018, hereafter PPB) were able to calculate the first
basinwide mean pseudo-Eulerian deep circulation field
(Fig. 1a), as well as other mean kinematic properties. In
the mean, there exists a cyclonic boundary current
around most of the deep perimeter of the GOM, varying
in location between the 2000- and 3000-m isobaths, with
the exception of the far-eastern Gulf. Large sections of
this deep perimeter are bounded by steep escarpments
(e.g., the Sigsbee, Perdido, Campeche, and the West
Florida Escarpments; Fig. 1b). The PPB study also
found a persistent cyclonic gyre in the lower layer of the
western Gulf, named the Sigsbee Abyssal Gyre [SAG;
distinct from the upper-layer cyclonic Campeche Gyre
(CG) farther south; Pérez-Brunius et al. 2013], centered
over the deepest part of the basin. And, as previously
documented (Hamilton et al. 2014; Donohue et al.
2016), there was a deep cyclone and cyclone—anticyclone
dipole under the LC in the eastern Gulf. In the LC
region, Donohue et al. (2016) showed that these lower-
layer eddies are dynamically driven and linked to upper-
layer circulation features. It is not certain if these deep
eddies are in the float-derived mean fields because they
are always present, or if they are episodic and depend on
the position and extent of the LC and are imprinted on
this mean field as a result of the sampling window of the
float observations.
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In the western Gulf, several types of deep variability
have been seen in numerical models, including a deep
dipolar vortex structure, coupled with an upper-layer,
westward-traveling LCE (e.g., Hurlburt and Thompson
1982; Welsh and Inoue 2000; Romanou et al. 2004;
Sturges et al. 1993; Sutyrin et al. 2003). Deep dipoles
(DDs) over a flat bottom may result from potential
vorticity conservation in the lower layer (f + {/H =
constant, where fis planetary vorticity, { is the vertical
component of relative vorticity, and H is the lower-
layer thickness). Over the abyssal plain of the Gulf of
Mexico, dipoles form as a response to the contraction
and expansion of the lower layer associated with a
translating LCE (Fig. 2). As an LCE moves westward,
the squeezing of the lower layer in front of the center
of the upper-layer anticyclone (LCE) generates nega-
tive relative vorticity, and an anticyclone is spun up
(Cushman-Roisin et al. 1990; Welsh and Inoue 2000).
By the same process, the lower layer behind the LCE is
stretched and a cyclone is spun up. The deep anticy-
clone leads, the cyclone follows, and the major axis of
the dipole is directed along the translation path of
the LCE.

Tenreiro et al. (2018) have found evidence of these
deep dipolar structures under LCEs in a mooring array
spanning the far-western GOM from the 3500-m isobath
(~95°W) to the western boundary, from 2008 to 2013,
for nine separate LCE events. The mooring resolution
was too coarse to resolve the deep eddy length scales,
but peak speeds of the leading edge of the deep anti-
cyclone were measured 10-20 days before the peak
speeds of the leading edge of the upper-layer LCE
(Tenreiro et al. 2018). Azimuthal speeds of the deep
dipole (or modon) were observed to be up to 15cms ™.
Model results (Welsh and Inoue 2000; Romanou et al.
2004) show that the deep dipole eddies’ lengths scales
are approximately 50-100km smaller than the upper-
layer LCE. Specifically, the range of diameters for the
upper-layer LCE were 350—400km, whereas the di-
ameters of the deep cyclone dipole component were
250-300 km (Welsh and Inoue 2000).

Another source of deep variability, TRWs, have been
observed along the north and northwest continental
slopes of the Gulf with wavelengths of 150-250km and
spectral peaks observed at periods of 25 and 40-100 days
(Hamilton 1990, 2009) and along the western slope of
the Bay of Campeche with wavelengths of 90-140km
and periods of 5-60 days (Kolodziejczyk et al. 2011). In
modeling studies, Oey and Lee (2002) found that lower-
frequency TRWs are found dominantly across the
northern and northwestern Gulf; a coarse model grid did
not allow them to explore higher-frequency wave phe-
nomena. Sutyrin et al.’s (2003) process-oriented model
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FIG. 2. Lower layer spinup of dipole (modon) in response to
drifting upper-layer anticyclone.

study shows the combined effect of deep dipole circu-
lation and TRWs in the western Gulf, concluding that as
the deep dipole eddies impinge on the western bound-
ary, energy is transformed to TRWs. The observations
by Tenreiro et al. (2018) and numerical studies (e.g.,
Welsh and Inoue 2000; Romanou et al. 2004) show that
the cyclone portion of the deep dipole persists longer
than the anticyclonic member of the dipole, and as the
LCE and leading anticyclone collide with the boundary
and dissipate, the cyclone remains in the abyssal plain
enhancing deep cyclonic circulation.

In this study, using the same float trajectory dataset as
PPB, we identify coherent eddies in the float trajectories
using wavelet analysis, resulting in the first census of the
basinwide deep eddy population, including statistics of
the eddies’ kinematic properties. We identify a subset of
eddies that appear to be distinct from the LCE-
associated dipoles and TRW motions described above.
These eddies, which we call Campeche Escarpment
Eddies (CEEs), are formed in the northwestern tip of
the Yucatan Peninsula and may be important for lower-
layer stirring and transport of properties between the
Campeche Escarpment and interior Gulf. Finally, we
discuss the possible dynamical mechanisms that may
trigger the formation of these eddies.

In section 2, we describe data and methods used in this
study. In section 3, we begin with the Gulf-wide eddy
census and a detailed description of formation and ki-
nematics of the CEEs. We then describe the conditions
that affect the boundary and abyssal gyre circulation
upstream of the escarpment that appear to be connected
to CEE formation. Finally, we present evidence of a
deep dipole under an LCE, which may initiate deep gyre
and boundary current variability that could lead to CEE
formation. A summary and discussion of the eddy cen-
sus, CEE formation mechanisms, and the deep layer
circulation evolution follows in section 4.
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2. Data and methods
a. Float experiment design

The BOEM-funded “A Lagrangian Approach to
Study the Gulf of Mexico’s Deep Circulation” has
generated the most comprehensive set of observations
of circulation in the deep (>1000m) GOM to date
(Hamilton et al. 2016b). Between July 2011 and June
2015, 158 neutrally buoyant, acoustically tracked floats,
released in multiple settings in the eastern, central, and
western Gulf, collected simultaneous position, temper-
ature, and pressure data every eight hours at depths of
1500 (127 floats) and 2500 m (31 floats). In total, 194 float
years of data were collected by 152 RAFOS (Rossby
et al. 1986) and 6 RAFOS-equipped profiling APEX
floats (Davis et al. 2001). The sampling rate of the floats
was specifically chosen to allow accurate identification
of the looping motion associated with coherent eddies,
so four position data points per inertial period (~32h at
24°N). The float population in the Gulf was approxi-
mately 40 floats or more during the time period from
July 2012 through June 2014 (PPB; Hamilton et al.
2016b), and it is during this time period that we had the
best spatial coverage in the western Gulf. More in-
formation on the technical aspects of this project may be
found in Hamilton et al. (2016b).

b. RAFOS float tracking

The raw RAFOS float data were converted from
acoustic time signals to position (‘‘tracked’) using
the software package ARTOA (Wooding et al. 2005).
This software allows the manual extraction of times-of-
arrival data and calculates 8-hourly positions based on a
least squares algorithm involving distance between the
float and the sounds source and speed of sound in water
to yield position. The accuracy of float position is about
1-3km owing to variations in sound speed and float and
sound source clock accuracies, but the relative accuracy
of adjacent positions is better, since all three factors
affect each point similarly.

c¢. Wavelet analysis

The RAFOS and RAFOS-equipped APEX floats
were at times embedded in flow that exhibited looping
motion, indicative of coherent eddies capable of trap-
ping and transporting water (and floats). To quantify
eddy kinematics and generate a census of eddies in
the deep GOM, we utilized MATLAB-based wavelet
analysis software provided by J. Lilly (2015, personal
communication). This methodology has been docu-
mented in a series of papers (Lilly and Olhede 2009a,b,
2010a,b, 2012), which were based on a prototype study
by Lilly and Gascard (2006). The analysis method is

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 48

performed by finding the ““best fit”” of the float trajectory
data to a mathematical model for the displacement sig-
nal of a particle orbiting the center of an eddy, using a
procedure known as wavelet ridge analysis. By using this
analytical method, we were able to objectively quantify
the number of cyclonic and anticyclonic coherent eddies
in the dataset, along with statistics on their kinematic
properties such as rotation period, diameter, azimuthal
velocity, and Rossby number.

The wavelet detection software allows the user to
modify input parameters of maximum and minimum
ratios of rotation frequency to Coriolis frequency,
wavelet duration, and ridge length cutoff for a minimum
number of complete loops. The eddy rotation period
was required to be at least twice the inertial period. The
minimum number of complete trajectory loops was set
to 3, so that only eddies with at least three complete
rotations were identified.

Algorithm output parameters include the segment of
track identified as positively being in rotation, the re-
sidual trajectory once rotation is removed (i.e., trajectory
of eddy center), and a variety of ellipse parameters, of
which we report geometric mean radius R, azimuthal
velocity V, and Rossby number (Ro, where Ro = V/2Rf
or w/f), the ratio of relative to planetary vorticity. Because
of edge effects, we discarded output equal to one rotation
period of the eddy at both the start and end of the eddy
segment, as described in Bower et al. (2013) in their ap-
pendix titled ““Extracting eddy signals from float trajec-
tories.” In practice, if a float was in an eddy for three
complete loops, the values of radius, velocity, and Ro are
based only on the mean value of the middle loop. Note
that while the statistical parameters are affected by edge
effects, the trajectory segment identified as being in an
eddy, the eddy residual path, and the duration are not.

In certain cases, visual inspection of the resultant eddy
track segments showed that some were part of the same
eddy, but tracking discontinuities forced the wavelet
analysis to identify the eddies as separate. We verified
that separate eddies were really the same feature if
the radius, velocity, and the Ro values were similar, and
the float looked to have been in the same eddy based
on visual character, location, and time. In other cases,
we grouped floats into a single eddy when those floats
appeared to have been trapped in the same eddy at the
same time, again using the kinematic properties to help
guide this decision. In the case where eddies were sam-
pled by multiple floats, the statistics retained were the
maximum radius, velocity, and lifetime among all the
floats in the group and the mean pressure, temperature,
and Ro value of all floats in the group.

Table 1 describes the mean statistics for all eddies.
Note that since the radius is that of the float’s trajectory,
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TABLE 1. Mean and standard deviation of eddy statistics by category, where V and Ro are given as absolute values.

Eddy category All Anticyclones Cyclones Interior Boundary Campeche Escarpment
Sample size 49 26 23 30 17 2

Radius (km) 13+ 14 87 18 =18 18 = 16 3+2 17+ 11

[V| (cms™1) 9+8 8*6 11+9 12+ 8 3+2 11+0
Period (days) 10 = 6.0 8=x5 12+7 11 =7 86 11 =7

|Ro| 0.18 = 0.10 0.22 = 0.10 0.14 = 0.09 0.15 = 0.09 0.23 = 0.11 0.15 = 0.09
Duration (days) 50 =35 48 * 36 53+34 5530 34 26 At least 140

it represents a lower bound on the true eddy radius. The
absolute value of V' and Ro were used to calculate the
mean values, as some categories of eddies contained
values of both sign. In a couple of cases, a float ended its
preprogrammed mission while still embedded in an
eddy: the duration was either not used to calculate
the mean or noted, as in the case of the Campeche
Escarpment eddies.

d. SSH data and Loop Current eddy identification

Sea surface height (SSH) is used to explore the re-
lationship of the upper-layer circulation concurrent with
the deep-layer RAFOS float trajectories. The SSH
product used in this research was the gridded SSH data
product (0.25° X 0.25°) produced at the Colorado Center
for Astrodynamics Research (CCAR). The CCAR SSH
product employs an estimate of the mean dynamic to-
pography from a data-assimilative model (Leben et al.
2002) and is designed to accurately map mesoscale fea-
tures in the Gulf. The gridded CCAR SSH product was
tested against pressure sensing inverted echo sounder
(PIES) SSH data during the eastern Gulf Loop Current
Exploratory Program and was found to have an overall
correlation of ~0.94, with generally lower correlation
near the Florida Escarpment and higher correlation in
deeper water. The regression of the PIES SSH with both
the CCAR AVISO SSH and along-track SSH was also
nearly 1, with the CCAR SSH underrepresenting the
PIES SSH signal by about 0.2cmcm ™. In practice, the
CCAR SSH value of 17 cm would measure about 3 cm
less than the PIES SSH signal (see Figs. 2.7-6,2.7-7, and
2.7-9 in Hamilton et al. 2014). A more detailed de-
scription of the satellite combination and objective
mapping process may be found in Hamilton et al.
(2014, 2016b).

The identification of the LCEs by the 17-cm sea surface
height contour has been documented in previous studies
(e.g., Leben 2005), and we use the same convention here.
We also use along-track sea surface height anomalies from
the integrated along-track altimetry dataset (available
online at http://podaac.jpl.nasa.gov/dataset/ MERGED _
TP_J1_OSTM_OST_CYCLES_V3). This dataset is pro-
duced by NASA’s Ocean Surface Topography Science

Team (OSTST) and contains data from the TOPEX/
Poseidon, Jason-1, and Ocean Surface Topography Mis-
sion (OSTM)/Jason-2 satellites. The along-track data
have a ~5-km along-track resolution.

3. Results
a. Gulf-wide eddy census

Out of a total of 158 floats, 44 were trapped in co-
herent eddies of three rotations or more, and some floats
were trapped in multiple eddies during their missions
(Fig. 3). Out of 60 separate eddies identified with the
wavelet analysis, we found that 49 were unique. In total,
2716 float days were measured in eddies of at least three
loops, or 4% of the total trajectory data. (With a relaxed
criterion of two loops, 7% of the floats measured co-
herent eddy behavior.) This result does not mean that
the remaining 96% (or 93%) of the data showed stable
flow patterns; rather, that the float eddying behavior did
not exhibit coherent looping.

The results of the wavelet analysis show that a nearly
equal number of cyclones (23) and anticyclones (26)
were present in this dataset (Table 1), and approxi-
mately 4 times more eddies were found at 1500 m com-
pared to 2500 m, reflecting the 4:1 ratio between the
number of shallow and deep floats deployed. A quali-
tative examination of the eddy trajectory dataset (Fig. 3)
indicates that more eddies were found in the eastern
than the western Gulf. This is true quantitatively as well:
per unit trajectory, and using 90°W as the demarcation
between east and west, a float was more likely to be
caught in an eddy in the east (5% of the time for a 3+
loop eddy and 10% of the time for a 2+ loop eddy) than
the west (2% of the time for 3+ loops, 5% of the time for
2+ loops).

Eddies fall into three categories based on region of
formation. We will consider both float depths together
as velocity is relatively uniform with depth in the deep
layer (Hamilton 1990; Tenreiro et al. 2018), and there
were no outstanding differences in eddy distribution
between the two depths. The first type consists of “in-
terior” eddies located in water depth greater than
2500m (but excluding the anticyclones in deep water
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FIG. 3. Eddies with three or more complete loops that were
identified in the trajectory data shown in Fig. 1b. Only the segments
of trajectories that were identified as being in a coherent eddy are
rendered, red for anticyclonic and blue for cyclonic rotation. The
three categories of eddies discussed in the text, boundary eddies,
interior eddies, and CEEs, are labeled. Each 8-hourly position is
marked by a dot. Bathymetry rendered as in Fig. 1.

west of about 90°W outlined in Fig. 3 and discussed
further below), which were predominantly (20 out of 30)
cyclonic. The second category comprises ‘‘boundary”
eddies that were present around the perimeter of the
Gulf, located between the mean cyclonic boundary
current and the shelf, inshore of the 2500-m isobath.
These eddies were usually anticyclones (14 out of 17
eddies) and were found particularly along the western
boundary and the Campeche Escarpment. Last, there
were two anticyclones that appear to be generated off-
shore of the northwest Yucatan Peninsula, which we
call CEEs.

An example of a coherent eddy observed by the floats
isillustrated with float 1223, launched on 22 August 2013
at 1500 m and surfacing 630 days later on 14 May 2015
(Fig. 4). It became entrained in a cyclonic eddy typical
for the eastern basin, and we group it in the interior eddy
category. As the LC front shifted westward, the cyclone
translated from northeast to southwest underneath
(Fig. 4, middle panels). This type of deep eddy path has
been observed under the LC by a mooring-PIES array
(Donohue et al. 2016). The looping radius varied be-
tween 45 and 55 km, azimuthal velocity between 25 and
30cms ', and the rotation period was about 13-14 days.
This scale of deep eddy in the eastern Gulf has also been
found in modeling studies (see Fig. 3 in Oey et al. 2005),
though the eddy measured by the RAFOS float had
higher azimuthal speed than the model eddies (~30 vs
~10cms ™ '). Ro was about 0.08, indicating that it was
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essentially in geostrophic balance, that is, a linear eddy.
This eddy persisted for 51 days.

Across all eddies, the mean looping period was
10 days, |V| was 9cms ™', R was 13km, and [Ro| was 0.18
(Table 1). The interior eddies and CEEs were larger
(mean R of 17-18 km) than the boundary eddies (mean R
of 3km). Mean |V| and mean rotational period were
similar for interior and CEEs as well, 11-12cm s !and
11 days, respectively, compared to the slower (3cms™')
and shorter period (8 days) boundary eddies. Despite the
slower spin rate of the boundary eddies, their mean |Ro|
was higher (0.23) than the CEEs or interior eddies (0.15),
reflecting the larger ratio of azimuthal speed to looping
radius. CEEs are the longest lived by a factor of at least 3,
continuously observed for an average of 4.7 months.
(These eddies were likely to have persisted for longer; the
floats surfaced while still embedded in the CEEs.)

At 1500 m, cyclonic eddies were warmer than the an-
ticyclones, with a mean temperature of 4.35° = 0.08°C
(at a mean pressure 1569 m) versus 4.29° = 0.03°C (mean
pressure 1545 m). The difference, though not statistically
significant, may reflect the different origins of most of the
cyclonic and anticyclonic eddies: most of the cyclones
observed by these floats were found in the eastern Gulf
(Fig. 3), where, using all isopycnally gridded historically
available profile data (Curry and Nobre 2013), at 1600-m
depth, water temperatures are warmer by up to 0.1°C in
the eastern compared to the western GOM. This is likely
due to the influence of the relatively warm LC. For ex-
ample, an eastern Gulf cyclone is partially under a LC
meander crest and thus in warmer water (Donohue et al.
2016). We found no significant differences in temperature
or pressure between different eddy categories.

b. CEEs

Eddies observed off the Campeche Escarpment are
remarkable in that they were long-lived and appear to
be formed in a specific geographic location: at the
northeasternmost extent of the SAG, downstream of
where it separates from the Campeche Escarpment.
There were many examples of floats exhibiting looping
behavior in this region, especially along the northern
boundary of the SAG (see Fig. 7 in PPB). Most of this
looping behavior was not identified as coherent using
the wavelet technique, as many of these floats were not
trapped in the eddies for an extended time. The gulf-
wide eddy kinetic energy (EKE) distribution shows a
localized “‘hot spot” at this location, with only the region
under the LC showing higher EKE (PPB). We classify
CEEs as anticyclonic eddies that were identified with
the wavelet analysis and formed at this location.

Floats depicting the formation of two CEEs are shown
in Fig. 5. The floats were launched along the 2000-m
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FIG. 4. Example of an interior eddy. (top) Float trajectory with the coherent eddy segment of
the trajectory highlighted in blue, and the residual trajectory rendered in orange. Float launch
location (green dot) and surface location (red dot) are shown. Bathymetry rendered as in Fig. 1.
(middle) Four panels showing 10-day evolution of the SSH field and float trajectory, with 0-cm
contour drawn as a thick black line, 20-day float trajectory segments drawn in white, and a red
dot marking the head of the trajectory segment. (bottom) Four plots showing the evolution of
eddy parameters derived from the wavelet analysis during the lifetime of the eddy (blue track
segment in the top panel). The gray tail segments on either end of each parameter are the
portion affected by edge effects (see text); the black segments are valid values for the eddy.
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isobath in the western Bay of Campeche on 13 (float A)
and 15 (float B) September 2012. Both floats drifted at
~1500-m depth for their full 630-day mission. They first
drifted slowly (~5cms™') around the perimeter of the
Bay of Campeche and when they reached the western
corner of the Campeche Escarpment were entrained in a
fast-moving current along the steep slope. The floats
showed that the current detached from the slope and
formed anticyclonic eddies, which then drifted westward.
The two CEEs measured by floats A and B had mean
radii of 24 and 9 km, respectively, and periods of 16
and 6 days, and both had mean azimuthal velocities
of —11cms ™. The eddies lived for at least 129 (A) and
152 (B) days. The linear relationship of V versus R over
eddy B’s lifespan (Fig. 5, inset) indicates that this CEE
was in solid body rotation out to a radius of at least 12 km.

The formation of these two eddies is shown in a time
series of trajectory segments (Fig. 6). Both floats
accelerated from about Scms ™! in the Bay of Campeche
region to 30cms™ ' upon reaching the Campeche Es-
carpment (Figs. 6a,b). Both floats (Fig. 6¢) diverged from
the escarpment wall at a bump in the bathymetry, crossed
lines of constant planetary potential vorticity (f/H), and
began looping, float A on 31 December 2013 and float B
on 3 January 2014. Float A began to make one large loop
(with diameter ~80km and period ~25 days) about
3 days after leaving the escarpment. Float B passed the
same location about 2.5 days later and began looping
about 7 days after leaving the boundary, although evi-
dence of cusping appeared in the float trajectory about
3 days after separation. Float B formed smaller loops that
were about 18km in diameter. The larger anticyclonic
eddy began drifting westward after the first loop, where
the smaller eddy made three complete rotations in place
before beginning to drift westward.

We examined the TOPEX/Poseidon, Jason-1, and
OSTM/Jason-2 satellites along-track altimeter data for
the period 1 January 2013 to 1 June 2014 to look for sea
surface height anomalies that might correspond to the
CEEs, indicating a possible direct relation to upper-
layer flows. We do find small (5-10cm) positive anom-
alies in SSH as the floats cross satellite track lines
(Fig. 6d) near the eddy formation site. However, we
find similar (and sometimes larger) magnitude positive
anomalies when floats not embedded in CEEs cross the
same track lines. With no strong evidence of a surface
expression, we proceed assuming that CEE formation is
governed primarily by lower-layer dynamics.

c. Upstream conditions during CEE formation

To learn more about eddies that form off the Cam-
peche Escarpment, we look at all the floats that drifted
through this region. The mean SAG and boundary
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FIG. 5. Trajectories from two 1500-m floats that were in CEEs off
the Campeche Escarpment. The bold blue and black lines indicate
when the float was embedded in a coherent eddy, thin lines mark the
remaining trajectory of each float, and the orange lines are the re-
sidual pathway of each eddy. One f/H contour is marked, following
PPB. Bathymetry rendered as in Fig. 1. Inset: The relationship of
float azimuthal velocity V and eddy radius R for float B. Dots mark
8-hourly positions. The black portion of the trajectory shows when
the values of V and R are mathematically and physically accurate.

current are closest in proximity to each other at the
northwest corner of the Campeche Escarpment (PPB
and Fig. 1). This corner is where the flow of the SAG and
the boundary current converge, resulting in a narrow
(~45km) and well-defined flow, which has the highest
mean kinetic energy of the entire Gulf of Mexico (PPB).
Approximately 100 km downstream of the corner, floats
exit the slope toward the interior (Fig. 6a). We will refer
to the cross section where this occurs as the “separation
region,” shown as a black line in Figs. 6 and 7.

A total of 25 floats passed through the separation region
(Fig. 7), and we sort their trajectories into four groups:
those that remain in the boundary current, those that stay in
the SAG, those that separate then meander east out of the
SAG, and, finally, those that separate from the boundary
but end up in CEEs. An expanded view of this separation
region (Fig. 7b) shows that the flow separates from the
boundary where there is a bump in the slope topography,
similar to the two CEE floats (also included here) shown
previously (Figs. 6 and 7). We note here that upstream of
this separation region, the two CEE floats were in the
boundary current, as were other floats that end up in the
SAG, indicating boundary current-gyre exchange.

The cross-slope position of the floats when they pass the
separation region has some bearing on where the floats end
up (Fig. 8a). The inshore-most floats, located above the
escarpment, stayed in the boundary current from this point
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FIG. 6. (a)—(f) Eddy formation process shown in 30-day segments for the two floats shown in Fig. 5. Dots mark 8-hourly positions. The
black line segment perpendicular to the bathymetry marks the cross-slope location of the separation region described in the text and in
subsequent figures. Bathymetry and the f/H contour depicted as in Fig. 5. Two altimetry tracks depicted as dotted lines in (d) were used to
look at along-track altimetry variations during the times the CEEs passed by the tracks.

forward. The remaining floats diverge offshore of the
slope, with those farthest from the slope tending to drift
toward the eastern basin, while the rest turn westward into
the flow of the SAG, although there are exceptions to this
rule. The two floats that get entrained in CEEs are found in
positions relatively close to the slope.

Based on some previous work (e.g., Bower et al.
1997), we hypothesize that CEE formation may be re-
lated to the speed in the SAG-boundary current at the
separation region. The 22-month long time series of
speed for each float as it crossed the separation region
(Fig. 8b) shows that the float speeds in the SAG-
boundary current ranged from 4 to 32cms '. The
boundary current floats were the most sluggish (average
speed of 6ecms ™), while floats that left the slope had a
wider range of speeds, with an average of 15cms .
There was one month-long period in January 2014
where the highest velocities were recorded, which co-
incides with the time when two the CEE floats crossed

this section with measured speeds of 28 and 32cms ™.

d. Possible upstream forcing of CEEs

The above description of a possible connection between
flow speed and CEE formation raises the question of how

such accelerations might be driven. Although the float
dataset described in this paper is the most extensive to
date, it is still not sufficient to definitively identify such a
process. Here we simply put forward some evidence sug-
gesting that LCE collision with the western boundary may
be a catalyst. In previous work, it has been shown that such
events can trigger fluctuations in the GOM’s deep
boundary current, due to either the impingement of a deep
dipole under an LCE (Welsh and Inoue 2000; Romanou
et al. 2004; Tenreiro et al. 2018), TRW generation (e.g.,
Hamilton 2009), or both (Sutyrin et al. 2003).

In August 2013, LCE Kraken pinched off from the LC
and drifted westward until December 2013 (Hamilton
et al. 2018) when it broke apart and dissipated on the
western boundary. The behavior of the deep floats during
this event is depicted in a multipanel time series, from
1 August 2013 through 15 January 2014, that is, from the
time Kraken first entered the western Gulf to when the
CEEs were formed (Fig. 9). Kraken can be seen entering
the region from the west in late August 2013 (Fig. 9b),
progressing westward across the abyssal plain between
early September through December 2013 (Figs. 9c—j), and
elongating along the northwestern Gulf slope in late
December through mid-January (Figs. 9k,1).
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of the separation region. (c) Displacements of each float from the
northwest Campeche Escarpment corner to the last tracked position.
The short black line segments in all panels mark the location of the
section that will be used in Fig. 8. The 90°W meridian has been
highlighted for reference. Floats have been color coded by float
outcome (see legend and text). Bathymetry and f/H contour depicted
as in Fig. 5.

The float trajectories, although patchy in distribution,
captured some interesting basinwide changes in circula-
tion through this period. Before Kraken entered the
western Gulf, the float displacements were short, in-
dicating relatively slow speeds, and there was no clearly
organized flow pattern (Fig. 9a). When Kraken began to
enter the region in mid-August (Fig. 9b), the floats were
still slowly drifting, but the character of the deep flow
began to change by the start of September (Fig. 9c),
where longer (i.e., faster) trajectories were present along
the Sigsbee Escarpment leading the LCE as it pressed
into the western Gulf. Reversals in the direction of
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along-slope flow were also observed (Figs. 9c—f), espe-
cially along the Sigsbee Escarpment and over the western
slope (to about 23°N), as the LCE progressed westward.

Enough floats were present in mid-November to
clearly delineate flow consistent with a dipole under
Kraken between 92.5° and 95°W (Figs. 9h), oriented
from west-northwest to east-southeast, and generally
aligned with Kraken’s trajectory toward the west as it
moved off the Sigsbee Escarpment and into deeper
waters over the abyssal plain. (An expanded view of the
floats during the November 2013 time period, including
gridded float velocities, may be found in Fig. S1 of the
online supplemental material.) As Kraken began to
move toward the northwest, diminishing in area and
elongating along the northwestern slope (Figs. 9i-1),
evidence of the dipole is lost (Figs. 9i,j), possibly due to
poor data coverage. There is evidence of anticyclonic
circulation northwest of the SAG in Figs. 9k and 9I,
which may or may not be a remnant of the dipolar
flow measured by the floats in Fig. 9h. However, from
November 2013 to mid-January 2014, floats display an
intensified and well-defined cyclonic circulation over the
abyssal plain (Figs. 9h-1) compared to weeks prior to
Kraken’s arrival (Figs. 9a—d).

As Kraken impinged on the northwestern slope, the
float speeds and displacements in the southwestern
GOM increased (Figs. 9j-1). The measured accelerations
appeared to be particularly confined to floats drifting in
the region above the 2500- to 3000-m isobaths. This ac-
celeration appeared first in the Bay of Campeche
(Fig. 9i) and then, in the next panel, on the eastern side
of the Bay of Campeche and along the northwest corner
of the Campeche Escarpment. By early January 2014
(Fig. 91), the highest along-boundary speeds were con-
centrated along the western end of the Campeche Es-
carpment, and the CEEs were formed. By late January
(not shown) most of the floats slowed all across the re-
gion (similar in character to Fig. 9a), including the SAG,
except for the floats entrained in the CEEs.

To quantify the time dependence of the float veloci-
ties, we isolated float trajectory segments into four re-
gions, and plotted along-isobath velocity versus time
(Fig. 10). Along-isobath velocity was computed by ro-
tating float velocity into along- and across-isobath
components, where the bathymetric gradient was esti-
mated at each float position by fitting a plane to the
digital bathymetric data (Hamilton et al. 2016b) in a
~50km X 50km box centered at the float position. The
along-isobath velocity component was then smoothed
with a second-order low-pass Butterworth filter (run
forward and backward to eliminate phase shifting)
with a 3-day cutoff period. We limited the data to the
period from 1 June 2013 through 1 May 2014, which



NOVEMBER 2018 FUREY

ET AL. 2713

T
boundary
current

Sigsbee Abyssal Gyre

-1000

-2000

depth (m)

-3000
B Boundary Current

@ Campeche
Escarpment Eddy

A Sigsbee
Abyssal Gyre

—-4000

224 2255

“* Eastern Basin

A
Aah 4 a%ia ok
® A

226 22,65 22.7 22.75 228

Latitude (N)

40 T T T T
T 30 : q
5l 'y ]
o
g A A *a A ﬁ
& 10 A o

| = |
Rhow 4,
Il 1 1 Il 1 1 Il 1
11-12 03-13 06-13 09-13 01-14 04-14 07-14 10-14
mm—yy

FI1G. 8. (a) Cross-slope float positions and (b)

float velocity vs time at the separation region

marked in Figs. 6 and 7. In both panels, marker shape and color indicate downstream outcome.

includes the life of Kraken in the western Gulf.
Figure 10a shows the four regions of float trajectories
that show different time evolutions of velocity: in the
northwest corner, along the western slope, the south-
central region of the Bay of Campeche including
Campeche Knolls, and last near the northwest corner
of the Campeche Escarpment. In each region, the float
data used were limited to those drifting between the
2200- and 3200-m isobaths. One 6-day portion of one
float track was removed in the southeastern group where
the float was caught in bathymetry (see Fig. 6b) and
exhibited westward motion not in character with the rest
of the floats in this region. In this analysis, negative ve-
locity corresponds to cyclonic flow along the boundary.

Along-isobath velocities were everywhere weaker
than +10cms™ ! except between late September 2013
and mid-January 2014 (Figs. 10b,c), that is, when Kra-
ken was in the western Gulf. The velocities in all regions
are weaker than +5cms ™' as Kraken enters the western
Gulf (early August 2013) and exhibit strong fluctuations
in speed or progressively increasing speed from October
through December and then slow down in January when
velocities everywhere along the boundary again return
to weaker than +10cms ™ '. In the northwestern region,
velocities show strong reversals in direction, in contrast
with the general character of the other three regions.
Speed variations in this region are up to 20cms !, with
approximately 1 month between peaks. These velocity
reversals along the northwestern Gulf boundary may be

due to TRWs: both Hamilton (1990) and Oey and Lee
(2002) show a focusing of TRW energy in this region. In
addition, Hamilton (1990) showed that the TRWs would
precede the arrival of the LCE at the western boundary,
and this may also be the case here: the strong velocity
fluctuations observed in the float data precede the im-
pact of the LCE on the western boundary.

South of 23°N, the along-isobath velocity, generally
cyclonic, increased from the southwest region to the
southeast, and showed some indication of progressively
peaking in time over about a 40-day period, from
~1 December to 10 January. Velocities in the south-
west, where the bottom slope is less steep, were smaller
in magnitude than in the other three regions, showing
low speed oscillations of ~5-10cms ™' and ~20 days
between peaks. In the south-central region, floats mea-
sured weak (—10cms™ ') cyclonic flow in October,
weaker (3cms ') anticyclonic flow in November, and
then progressively strengthening cyclonic flow, up
to —20cms ! by mid-December. The acceleration/de-
celeration events of the cyclonic flow measured by the
floats in the eastern Bay of Campeche (Fig. 10b, green
track, late December) were not gradual: for exam-
ple, a float was traveling at speeds < 10cms™ ', then
accelerated to 20cms ™! over the course of 1-2 days,
traveled at speeds over 20cms ™! for 8 days, then de-
celerated back to less than 10cms™'. In contrast, the
floats at the corner of the Campeche Escarpment mea-
sured generally cyclonic flow for the entire period and
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FIG. 9. (a)—(1) Time series of LCE Kraken and floats in western Gulf from 1 Aug 2013 through 15 Jan 2014, in 2-week segments. Float

trajectory segments are marked with a circle indicating the last day of the two-week period. If the speed of the float is below 17 cms™

1

the trajectory is colored gray, if above 17 cm s~ then is colored magenta. CCAR SSH 17-cm contour is drawn as a black line, showing
the progression of the LCE. The date chosen for the LCE is at the center of each 2-week time period, except for (j) where the LCE date
is 6 days past the start date. Inset in (h) shows the fully contoured SSH field with a contour interval of 5 cm and the 17-cm contour as
a thick black line, for reference. The thick gray arrows and gray circles, indicating the newly formed CEEs, are schematic. Bathymetry
contoured as in Fig. 1.



NOVEMBER 2018

FUREY ET AL.

2715

a) 2s°n b)
o ' ’ ‘ llsion of ken
26 °N sk LCE Kraken | collision of LCE Kraken
crosses 90W \ on western boundary
10 <— "N
24N o P,
£ o ‘ -
5 ; ) ;
22°N , 10 =P .7 4
3 r "‘yu k- Campeche Escarpmen:
20 b sV (—
20°N V- X Eddies form
30 | - 1 1 [ 1
15Jun13__—@4nug13 23Sep13 12Nov13 01Jan14 20Febld  \_11Apri4
e Y
18 °N N\
97°W 94°_W_ 9w \\\-
o) 30
20
10
2
E o

-10
=20

-30 1 I ! I 1 1 I |
015Sep13 215ep13 110ct13 310ct13 20Nov13

10Dec13

30Dec13 19Jan14 08Feb14 28Feb14

FIG. 10. Time series of along-isobath float velocity in four regions of the western Gulf. Negative (positive)
velocity indicated cyclonic (anticyclonic) along-isobath flow. (a) Locations of trajectory data used in each of the
four regions. (b) Time series of all the data used, color coded as in (a) to indicate which data are derived from which
region. (c) Time series of mean velocity of all data of each region. Number of points per mean data point is
inconsistent. Arrows, color coded as in (a), indicate time of greatest magnitude velocity for three regions.

exhibit the strongest mean speeds of all regions, up to
25cms~ ! Peak velocities, measured by several floats in this
location, occurred between 8 December and 6 January.

The disintegration of LCE Kraken, and the associated
lower-layer dipole, appears to be correlated to an in-
crease in cyclonic flow measured in the SAG and around
the boundary of the western Gulf. In turn, the increase
of velocity along the northwest Campeche Escarpment
is circumstantially linked to the formation of CEEs.

4. Discussion and summary
a. Comparing GOM eddies to other eddies

We used wavelet analysis to identify coherent eddies
in a new subsurface float dataset in the GOM. To our
knowledge, these are the first ever observations of co-
herent eddies in the deep GOM, and the first census of
such eddies in this basin. Such statistics on subsurface
coherent eddies are extremely rare as they are only
possible where large numbers of neutrally buoyant floats
have been deployed. One study used the trajectories
from ~100 isopycnal RAFOS floats released in the
northern North Atlantic to identify long-lived cyclonic
and anticyclonic subsurface eddies at the thermocline
level (Shoosmith et al. 2005). The nearly equal distri-
bution of cyclonic (23) and anticyclonic (26) eddies
found in the GOM is similar to the 49% (51%) cyclonic

(anticyclonic) distribution (Shoosmith et al. 2005). At
the sea surface, a global surface large-scale eddy survey
derived from SSH data (Chelton et al. 2007) shows no
preference for polarity. We believe that these are the
only other large-scale surveys of coherent eddy distri-
bution from observations. These two studies do show
regional differences in polarity due to local dynamics,
similar to what has been shown here for the GOM.
The percentage of these float data in a two-loop
coherent eddy (7%) was about half of that found by
Shoosmith et al. (2005) in the northern North Atlantic
(15%). This may be due to data sampling or to the
analytical method used here versus the subjective
method used by Shoosmith et al. to identify eddies
or may represent an actual regional difference. The
mean duration of the deep Gulf eddies (50 days) was
smaller than that of the North Atlantic eddies
(84 days). This could reflect the fact that the GOM is a
smaller, semienclosed basin where boundaries may be
encountered sooner than in the North Atlantic, as well
as the fact that the eddies are found in the deep layer,
so bottom friction may also contribute. Such compar-
isons are perhaps only marginally interesting; since
the Chelton et al. (2007) work focuses on surface-
intensified eddies, those in Shoosmith et al. (2005) are
thermocline eddies that may be associated with
surface-intensified eddies, while the eddies studied
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here occur at the deep, unstratified layer of the GOM,
showing no surface signature.

Perhaps a more relevant comparison can be made
between the CEEs and other known subsurface anticy-
clonic eddies observed with floats. These include
cuddies (California Undercurrent eddies at 400m;
Garfield et al. 1999), meddies (Mediterranean eddies,
centered at 1000-m depth; Bower et al. 1997), and Tail of
the Grand Banks (TGB) eddies (observed at 700-
1500 m; Elliott and Sanford 1986; Bower et al. 2013). In
all cases, these eddies appear to form when a subsurface
boundary current separates from the continental slope
at a sharp corner in the isobaths, similar to the formation
process of CEEs. CEEs are also similarly long-lived (on
the scale of at least months) and energetic, with veloci-
ties in the range of 10-30cms ™.

Many of the floats that travel through the southeast-
ern SAG have trajectories that exhibited some looping
behavior downstream of the separation region (PPB)
but did not end up trapped in coherent eddies. We found
that the floats that end up in coherent vortices traveled
through the eastern SAG when the SAG speed was
fastest. Bower et al. (1997) seeded the Mediterranean
Undercurrent with RAFOS floats just upstream of the
meddy formation site near Cape St. Vincent, Portugal.
Float speed in the undercurrent was up to 40cms ™!, and
in most cases (4/5), meddies formed when float velocity
was greater than20cms ™. Bower et al. (1997), invoking
D’Asaro’s (1988) formation mechanism (where torque
induced by boundary friction provides the shear that
winds up into anticyclonic eddies upon flow separation),
proposed that eddy formation may be linked to bound-
ary current velocity, with faster speeds generating more
lateral shear between the jet maximum and the bound-
ary. This may be a factor in CEE formation also.

Unlike the three other examples of subsurface anti-
cyclonic eddies listed above, the vertical structure of the
CEEs is completely unknown at this point: we checked
through all historically available profile data in the
HydroBase database, the Argo database, and APEX
profiles collected as part of this project (Hamilton et al.
2018) and could find no vertical profiles coincident
with the CEE observations. However, all deep current
observations from moorings in the Gulf show either
depth-independent flow below 800-1200m or slightly
near-bottom intensified (e.g., Hamilton 2009; Donohue
et al. 2016; Tenreiro et al. 2018), consistent with weak
stratification in the lower layer. Also, below 1000 m,
density barely varies with depth (Hamilton et al. 2018),
so little geostrophic shear is expected in the lower layer.
No surface expression was found in simultaneous sea
surface height observations. We suspect that CEEs are
most like the TGB eddies in vertical structure (Elliott
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and Sanford 1986): subthermocline, weakly stratified
eddies occupying most of the lower layer.

The interior eddies, in the LC region, are briefly dis-
cussed in Hamilton et al. (2016b), and those investigated
appear to be dynamically linked to the LC (Donohue
et al. 2016). These, along with the small, energetic,
dominantly anticyclonic boundary eddies (not shown in
detail), both warrant further investigation.

b. Evolution of the deep flow field in the western Gulf
of Mexico

Several numerical studies show that deep dipolar
structures are generated underneath LCEs as they are
formed in the eastern basin. As the upper-layer ring
travels westward, the deep structures move with it,
deforming as they are squeezed by the narrow passage at
~88°W, to then reform when the LCE reaches the
western abyssal plain (Hurlburt and Thompson 1982;
Sturges et al. 1993; Welsh and Inoue 2000; Romanou
et al.2004). The resulting deep southward flow under the
center of the LCE deviates to the south the westward
propagation of the upper-layer eddy over the abyssal
plain (Cushman-Roisin et al. 1990; Sutyrin et al. 2003). It
is unclear if these deep vortices are coherent eddies, or
vorticity anomalies induced by Rossby waves (Sturges
et al. 1993), which may explain why no floats were found
looping around these structures, even though their tra-
jectories do show flow consistent with a dipolar circu-
lation under Kraken when it was present in the abyssal
plain (Figs. 9h and S1).

The modeling studies show that, as the LCE ap-
proaches the western boundary, the anticyclonic com-
ponent of the deep modon dissipates, while the cyclonic
part remains in the western abyssal plain where it first
strengthens and then slowly dissipates (Sturges et al.
1993; Welsh and Inoue 2000; Romanou et al. 2004). The
LCE tends to move northward along the slope because
of the image effect, and TRWs are generated in the
bottom layer owing to the interaction with the boundary
(Sutyrin et al. 2003). Southward boundary currents are
produced along the western boundary that are not per-
manent but can be strong (Romanou et al. 2004). The
study by Tenreiro et al. (2018) is the first to show ob-
servational evidence of relative vorticity distributions
consistent with modons under LCEs in the western
GOM. They also observe enhanced cyclonic vorticity
over the abyssal plain, as well as southward boundary
flows as the LCE impacts the western slope, which they
attribute to both the flow of the trailing deep cyclone as
well as to flow rectification induced by the TRWs (i.e.,
the balance between bottom friction and the divergence
of the vertically integrated Reynolds stresses; e.g.,
Mizuta and Hogg 2004). Hence, the presence of the LCE
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FIG. 11. Schematic series that depicts a possible sequence of events for the western Gulf. (a) TRWs along the slope boundary and the
LCE and dipole traveling together. (b) The displacement of the LCE from the lower-layer dipole circulation and dissipation at the western
boundary through undetermined mechanisms. (¢) Diminishing LCE in the upper layer as SAG strengthens and speed increases in the Bay
of Campeche, across the Campeche Knolls. (d) SAG remains energized, speed increase at the northwest Campeche Escarpment, and CEE
formation. The dashed lines indicate approximate direction of travel of the LCE, DD, and CEE.

in the abyssal plain as well as its interaction with the
western boundary seems to lead to intensification and
decay of the lower-layer flows.

In this study, only one LCE was addressed. Kraken
followed more of a northern route into the western basin,
traveling at first near the northern boundary (Figs. 9a-f),
then moving southwestward onto the abyssal plain
(Figs. 9g-i), and finally impacting the northwest corner
where it ultimately dissipated (Figs. 9j-1). The float data
show low velocities in the western basin before the arrival
of Kraken, and higher velocities once the LCE reaches
90°W. The flow strengthening is first observed along the
northern boundary (Figs. 9c—e), when Kraken is inter-
acting with the slope, and afterward in the abyssal
plain and along the western and southern boundaries
(Figs. 9¢-1). In addition, the trajectories show flow con-
sistent with a dipolar structure when the ring was over the
abyssal plain (Fig. 9h) followed by stronger cyclonic cir-
culation both in the abyssal plain as well as along the Bay
of Campeche slope. All these results are consistent with
the modeling studies as well as the mooring observations
mentioned earlier.

One can argue that the dipolar structure is only briefly
clearly observed by the float trajectories. The idealized
experiments by Sutyrin et al. (2003) show that LCEs that
travel along the northern slope do not develop a deep
dipolar structure, but rather just induce TRWs. This may
explain why the dipolar structure is only discernible by
the float trajectories once the LCE separates from the
northern boundary and moves into the abyssal plain.
Soon after, the ring encounters the northwest boundary
and the deep anticyclonic circulation is confined to that
corner, deformed and not as clearly discerned by the

floats, while the cyclonic component is clearly shown by
the trajectories until the end of the observational period.

In summary, the float observations are consistent
with a dipole coupled to an upper-layer LCE. As the
anticyclone disintegrates in the northwest boundary, the
cyclonic eddy strengthens over the abyssal plain, en-
hancing the intensity of the SAG flow. In addition,
stronger cyclonic flow is observed along the southern
boundary: the mechanism by which this happens is un-
clear, although it may be related to rectification of the
TRWs generated when the LCE impacts the boundary
(Tenreiro et al. 2018). Both the strengthening of the
SAG and the boundary flow result in the peak in speed
measured by the floats at the northwest corner of the
Campeche Escarpment (Fig. 7b) that precedes the for-
mation of the CEEs.

A cartoon summarizing the formation sequence for
CEEs is drawn in Fig. 11. The panels show a deep dipole
linked with an upper layer LCE drifting westward
(Fig. 11a). The LCE and dipole separate, and the dipole
breaks up as it impinges on the western boundary
(Fig. 11b). Subsequently, there is a cyclonic propagation
of energy in the boundary current and an increase in
speed of the SAG (Figs. 11c,d). Finally, the acceleration
at the Campeche Escarpment corner forces coherent
eddy formation (Fig. 11d). Once these events are com-
plete the regional circulation slows, similar to the con-
ditions present before the arrival the LCE and the deep
dipole. This should be considered a hypothesis to be
tested, based on the synthesis of the best spatially dis-
tributed velocity dataset in the western Gulf collected to
date, recognizing that there are still gaps in a complete
understanding of the response of the deep layer to LCEs
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entering the western Gulf and the possible link to CEE
formation.

These Lagrangian data have yielded the first large-
scale description of the deep circulation in the western
Gulf of Mexico, including a basinwide census of deep
coherent eddies and, along with the mean circulation and
statistics provided by PPB, advance our understanding of
temporal variability in the lower layer. Another deep
circulation program centered in the western Gulf as part
of the Gulf of Mexico Research Consortium (CIGoM)
will be completed in 2019, providing many more deep
RAFOS trajectories and the possibility to confirm with
in situ observations the persistence of the CEE formation
mechanism present in the float dataset analyzed here.
Regional models do show the separation of the boundary
current at the Campeche Escarpment as well as anticy-
clonic vorticity in the region where we observed the
CEEs (J. Sheinbaum 2018, personal communication),
so a model study dedicated to the role played by LCEs on
the deep flows over the abyssal plain and along the slopes
of the Bay of Campeche and Campeche Escarpment,
would certainly help address the hypothesis presented
here on how the CEEs are formed.
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