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ABSTRACT

Fourteen months of direct surface to bottom current measurements off the coast of
Tamaulipas, Mexico, in the NW Gulf of Mexico during 2004 and 2005 capture the evolution of
currents as several oncoming warm Loop Current eddies and cyclonic eddies reach the mooring
array. Results show that current variability is mostly associated with these eddies as well as
strong wind events (e.g. Hurricane Emily and Northern winds). In all five moorings, current
standard deviations are larger than the mean. Interestingly, the most intense surface currents are
found on the southernmost mooring (MMS5) at 2000 m depth and not at the shelf break. In
general, current fluctuations are typically 20-40 cm/s at the surface and decrease with depth. In
the upper layers, energy increases offshore, with a clear influence from eddies, to a depth of
about 800 m. Further at depth, a weaker but steady southward flow appears to be locked near the
slope in the form of a persistent current over the 2000 m isobath. Although low frequency
fluctuations (periods > 3 days) are, as could be expected, more energetic than high frequency
fluctuations, near-inertial and supra-inertial fluctuations are ubiquitous in all moorings and at all
depths. In fact, it is found that at depths close to 1200 m there is a relative maxima in the high
frequency contribution to total fluctuating energy. Whether this feature is produced by eddies
focusing wind generated near surface inertial oscillations or it is produced by some sort of wave
activity related to eddy instabilities or eddy-topography interactions processes is still to be
resolved.

In contrast to other studies, observations do not show a clear and coherent intensification of
current variability near the bottom suggestive of topographic Rossby waves. We do find however
coherent fluctuations at about 800-1200 m of periods near 20 days along the moorings located on
the 2000 m isobath which may be related to baroclinic Kelvin waves.

These observations were complemented with satellite altimetry. Two warm eddies released
from the Loop Current (Titanic and Ulysses) entered the study area during the period of
observations. A third one, Vortex, approached the region just prior to the retrieval of the
instruments. The centroid of the eddies always remained in waters deeper than 2000 m,
dissipating finally in a region between 21.25°N — 25.25°N latitude and 94°W — 97°W longitude,
off the coast of Tamaulipas, Mexico. Besides these warm eddies, intense current events
associated with cyclonic eddies in the area are captured by the array. High and low sea level
values are clearly correlated with warm and cold temperature anomalies as deep as 1200-
1500 m.

A separate issue, given the measurement of the vertical motion of zooplankton by ADCPs, is
the determination of the mean diel cycle, from near the surface up to 1200 m deep. The deep
cycle is, as the well known behavior from 500 m up to the surface, phase locked with the
sunlight cycle. The downward peak velocity occurs earlier closer to the surface; at 220 m it
reaches a maximum of 150 m/h half an hour before sunrise, while at 900 m it peaks at only 30
m/h one hour and a half after sunrise. The cycle is nearly symmetric to solar noon, with upward
peak velocities happening earlier at depth, a pattern expected if the vertical migration was
triggered by critical light level that reached the greater depth closer to noon. Consequently with
such differences in timing, in the mean, at greater depth the nightly shallower stay is longer for
the deeper migrating biota. The peak vertical migration velocities showed relative maxima at 250
and 1100 m depth, a sign of increased biological activity.

xvii



1. INTRODUCTION

The Loop Current in the Gulf of Mexico extends periodically from the Yucatan Channel to
the coast of Louisiana and, as it begins to retract, it usually pinches off and spins off a large
anticyclonic eddy. The release of warm blobs is many times followed by a reattachment. The
causes for the ultimate eddy release remains unclear. The release of eddies is at irregular
intervals from six to 11 months (Sturges and Leben, 2000; Leben, 2005), and the eddies then
drift in a general southwestern direction under the influence of the rotational beta effect, carrying
with them some of the warmer, saltier, but less dense, Caribbean water into the western Gulf of
Mexico. This translation takes from months to a year, during which the eddies shed and entrain
some mass, but remain somehow identifiable, until they meet the shelf break off the Texas-
Mexico coast, in the general vicinity of which they dissipate. The identification of one eddy is
fuzzy; the breakup and merge of eddies is the rule. Any map of surface eddy kinetic energy
shows clearly that eddies are of enormous importance in driving the circulation of the
northwestern Gulf of Mexico.

Additional factors that affect the circulation in the western Gulf are the seasonally varying
winds that drive a southerly coastal current during Fall and Winter, but becomes a northerly flow
during the summer as the winds blow from the south (Morey et al., 2005). In addition, there are
semi-permanent current patterns of cyclonic circulation over the Texas and Louisiana shelves,
and over the Campeche Bank (DiMarco et al., 2005).

Equally important to the eddy release mechanism, and as poorly known, are the processes
that accompany the dissipation of these eddies as they approach and interact with the shelf and
slope off Texas and Mexico. It was widely believed that the eddies should dissipate in the ‘eddy
graveyard’, the northwestern corner shelf of the Gulf of Mexico, in a series of interactions of the
eddies with the shelf and slope topography, in the process shedding mass and redistributing
vorticity, driving coastal jets and other forms of coastal motions in the process. The desire to
better understand this evidently fundamental aspect of the gulf’s circulation is the main reason
for the measurements in this project. The project consisted of a large number of current meter
moorings deployed for over one year over the Texas shelf and slope and, through our component
of the experiment, extending southwards into Mexican waters. As it turns out, the three eddies
existing during the experiment entered and dissipated within our observation area in Mexican
waters and therefore, were best recorded by the moorings here analyzed and reported.

The data recovered document a wide spectrum of motions. The present report describes the
subinertial currents recorded in the upper layers of the region of interest, which are related
mostly to the presence of eddies, interacting among them and with the topography and decaying.
Additionally, the transient intensification of inertial motions is also analyzed and described.
There are several other motions of interest, such as isolated high-speed near-surface jets, which
are not part of the analysis. All these forms of motion are of keen interest to the intense efforts by
the oil industry in the region, as they impact directly the positioning and other operations of the
platforms.

A section of this report is devoted to the analysis of the vertical velocity and echo signal
measured by ADCPs in relation to zooplankton vertical daily migrations.

1.1. BACKGROUND

Eddies are a conspicuous feature of the circulation in many regions of the world, and have
therefore motivated numerous observational and theoretical studies, especially in the Gulf of
1



Mexico, where the life cycle of eddies is complicated by their interaction and dissipation near the
coast.

Elliott (1982) initially suggested from hydrographic studies that the eddies released from the
Loop Current are an integral part of the gulf’s circulation. The eddies detached from the Loop
Current (LCE) are warm, anticyclonic, surface intensified eddies, shaped with a positive bulge in
the sea surface elevation, and a depression of the thermocline beneath, and carry the Caribbean
water trapped in them along their path to the western gulf, where they stir and mix their last
fractions with the gulf’s waters. LCEs diameters range from 100 to 400 km, with typical ones
close to 200 km (Elliott, 1982), with their influence often reaching 800 m depth (Vukovich and
Crissman, 1986), with tangential velocities from 50-70 cm/s at a distance of 50 to 80 km from
the center of the eddy (Lewis et al., 1989). After detaching from the Loop Current, they travel to
the west-southwest of the gulf (Ichiye, 1962; Elliott, 1982, Vukovich, 2007) with speeds of O(5
km/day). The westward propagation of LCEs is in agreement with the influence of the beta effect
(Cushman-Roisin et al., 1990), but they also interact with a variety of surrounding eddies, either
cyclones or anticyclones. In one case, Vukovich and Crissman (1986) observed that at 150 days
from release, the LCE maintained 45 percent of its original diameter, and at 300 days, it was
down to 30 percent of the original size. Some authors (Vukovich and Crissman, 1986, Vukovich,
2007) have described how LCEs, as they travel, exchange mass and other properties with their
surroundings, and argue that they typically reach western continental margin of the gulf having
about 30-50 percent of their original size, where they rapidly dissipate. The descriptions in this
analysis show more complex processes because of the persistent merge and breakup of either
cyclonic or anticyclonic eddies. Vukovich and Waddell (1991) followed the evolution of two
eddies from the time they detached from the Loop Current to the time when they intersected the
coast of the western gulf, showing that when the eddies reach the coast, they become elliptical, a
much smaller, O(100 km) cyclonic structure develops next to the large eddy, and that as the eddy
moves onto the slope, a jet of warmer water is driven between the eddy and the coast.

The dissipation processes are fundamental, because they are accompanied with a
redistribution of momentum, vorticity, and other properties. From a practical aspect, the traveling
eddies can cause several disruptions to the operations of oil and gas industry.

Theoretical studies include that of Zavala-Sanson et al. (1998) who examine, in a reduced
gravity model, the collision of an anticyclonic eddy of non-zero potential vorticity with a
meridional wall. They show that, under such model, the eddy slightly deforms when reaching the
wall but most importantly expels mass in a southward jet adjacent to the boundary, which causes
the eddy to move north, as a ‘rocket effects’. In this model the eddy’s translation that causes the
approach and collision against the western boundary is purely a planetary beta effect. Even in a
model in the f-plane (i.e. without the planetary beta effect), Nof (1999) reached similar
conclusions with an eddy of vanishing potential vorticity. Nof’s (1999) model suddenly imposes
a vertical wall, cutting a western sector of a uniform, steady rotating eddy. This condition
implied the generation of the southward jet adjacent to the wall, and the corresponding
northward motion of the remaining rotating blob. In both models the southward jet has a Kelvin-
like balance; an edge of water bulging against the wall, and flowing in geostrophic balance. The
study of Csanady (1979) in a two-layer model argues that the decay time-scale of a warm eddy
depends more on the lateral friction between the rotating water within the eddy and the
surrounding waters, rather than from the loss of mass. In Zavala-Sanson et al., (1998) model,
analytical approximations allow estimating the meridional motion of the eddy. This depends on
the parameter r =¢/f, where = p,R/f,, ¢ =w/f,, Ris the radius of the eddy, @ its
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angular frequency, f, and f, are the Coriolis parameter and its latitudinal gradient. If r > 1, the

motion of the eddy is to the south, consistent with the analytical solution, which balances the
motion of the eddy with the force from the wall (i.e. a Kelvin-like balance with the eddy itself).
If r <1, the eddy travels to the north until it looses enough mass then reverses to the south, since
the motion of the eddy depends on the mass distribution along the wall. The amount of numerical
models dealing specifically with the Loop Current Eddies, starting with the study by Hurlburt
and Thompson (1980), is large, here we mention some that are relevant to the collision against
topography. Itoh and Sugimoto (2001) used a primitive equation model in sigma coordinates to
study the effect of a warm eddy approaching a western boundary. They found that for a situation
similar to that of the western Gulf of Mexico, the eddy initially should move to the southwest for
a few days, and then to the north. Even though the slope is small, it causes a similar effect as in
models with a vertical wall. Hyun and Hogan (2008) make an analysis of historical altimetry
data and the use of the Hybrid Coordinate Ocean Model (HYCOM) to asses the evolution of
LCE reiterating the importance of the cyclone formation south of the collision location and the
jet-like current along the shelf. Their numerical examples cover the three predominant paths
described by Vukovich and Crissman (1986) and other trajectories that have not been
documented; entering Campeche Bay. Hyun and Hogan’s (2008) model includes realistic
topography but sets a single LCE per run as initial condition, without the surrounding plethora of
common structures in the gulf. The three predominant trajectories are either along the northern
slope, a southerly trajectory, or an intermediate path through the center of the gulf, which is
direct to the area of the measurements here reported. Hyun and Hogan (2008) estimates show the
varying reflection strength depending on the collision angle with the bottom gradient; maximum
when normal to a steep slope. The LCE reflects, moving eastward after the first collision, then
reacquires westward motion colliding again, a process observed in this set of measurements and
described by others like Vidal et al (1994) and Vukovich (2007) . The cyclones produced during
the collision process play an essential role in the reflection and subsequent return to westward
motion of the LCEs (Zavala-Sanson et al, 1998, Hyun and Hogan, 2008). It seems then that the
LCE ‘bouncing’ trajectory is largely dependent on the surrounding eddy field at the collision
time, but the ultimate dissipation is against the western boundary.



2. SETTING AND DATA CHARACTERISTICS

A set of 5 moorings were deployed in the western Gulf of Mexico (Figure 1) to complement
measurements being done over the Texas and Louisiana shelf and slope. The deployment lasted
for over 14 months from August 2004 to November 2005. The 5 moorings were designed to
adequately sample the distribution of currents from the surface to the bottom at each of their
locations which were around 500 m for mooring MMS1, 2000 m for moorings MMS2, MMS4
and MMSS5 and 3500 m for mooring MMS3. The northwest corner of the Gulf of Mexico
consists of a 100 km-wide shelf that extends off the Texas coast to about 27°N and then stretches
southwards, narrowing progressively along the Mexican coast, so that the shore is oriented north-
south, but the edge of the shelf and slope are oriented north-north-east. The slope is about 100
km wide, with irregular topography joining the slope to the abyss at 3500 m depth (see Figure 2).
Moorings 1, 2 and 3 sample this section, whereas moorings 4 and 5 (together with mooring 2)
sample the along slope flow (Figure 1). Diagrams of the 5 moorings are shown in Figure 3. The
instruments were located on the moorings in a way to efficiently monitor the currents throughout
the water column, with a 75 kHz Long Ranger Acoustic Doppler Current Profiler (ADCP) from
RDTeledyne looking up from 450 m depth to record currents in 8 m bins from the surface layer,
a second Long Ranger at 1200 m depth recording in the same fashion from there to about 800 m
depth, and a third, 300 kHz ADCP recording currents from 10 m off the bottom up into the
bottom boundary layer (BBL) in 4 m bins. Intermediate depths not sampled by the ADCP’s were
monitored with Aanderaa RCM11 current meters at intervals of 500 m, as shown in Fig. 3. In
this way, mooring MMSI, being in 500 m of water, consisted of a single 75 kHz Long Ranger,
moorings MMS2, MMS4, and MMSS5, in 2000 m of water, included the three ADCP’s as
described, plus Aanderaas at 750 and 1500 m. mooring MMS3, in 3500 m of water, included the
three ADCP’s, plus Aanderaas at 750, 1500, 2000, 2500, and 3000 m. Most of the instruments
worked as expected except for some mishaps. There was an unexpected pre-release of mooring
MMSI, 24 hours after deployment, due to a mistakenly factory programmed release that was set
to release 24 hours after being deployed. The factory Benthos Inc. did not informed about the
state of the instrument upon delivery and without this information the release was used as
expected. Therefore, the mooring was set adrift and, on top, the Argos beacon malfunctioned so
no warning was obtained about the situation. Fortunately the mooring was rescued by a shrimp
fisherman and taken to the Port of Brownsville. This mooring was then redeployed in December
2004, with the aid of the same shrimp fisherman that had rescued it, and lasted until the middle
of October 2005 when the batteries on the LR ADCP were exhausted. The two other important
failures were two LR ADCP instruments, one on the top (~500 m) of mooring MMS3 and the
other deployed at a depth of 1260 m on mooring MMS4 (Figure 3). Both of these instruments,
also factory delivered before deployment, had problems related to faulty seals around the
transducer heads that lead to partial water leakages into the instruments’ electronics shortly after
deployment, with the consequence of complete data lose. Three other minor mishaps consisted in
battery failure before recovery on the Aanderaa current-meters deployed at 820 and 2556 m on
mooring MMS3 and 763 m on mooring MMSS5. These resulted in measurement time series less
than 14 months at these locations (Figure 4).



Figure 1. Location of the WG moorings on the slope off the Mexican coast of the NW
Gulf of Mexico. Depth contours in meters.
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Figure 2. Longitude-depth section showing Moorings 1, 2, and 3.
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Figure 3. Vertical distribution of instruments on the five moorings.
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Figure 3. Vertical distribution of instruments on the five moorings (continued).
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Figure 3. Vertical distribution of instruments on the five moorings (continued).
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Figure 3. Vertical distribution of instruments on the five moorings (continued).



MMS Western Gulf Mooring #5
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Figure 3. Vertical distribution of instruments on the five moorings (continued).
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Figure 4. Data records obtained by the instruments in each mooring.

The pressure sensors on some instruments showed remarkably small vertical excursions of
the moorings, with a maximum down-draft of 5.4 m for the moorings over the shelf and slope,
and only one event in which the deeper 3500 m mooring dipped down by 71 m in mid-March
2005, with a corresponding change in temperature of 0.12C, compared to the standard deviation
of temperature of 0.55C, showing that the temperature correction for the vertical motion of the
moorings was negligible (Hogg, 1991).

Table 1 shows the location (longitude, latitude) and deployment depth of the moorings.
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Figure 5 shows positions of hydrographic stations from NODC data base. One can clearly see
that there are only 4 or 5 useful hydrographic stations near the study area. Unfortunately, time
limitations during deployment did not allow us to carry out CTD casts. Such conditions make
estimation of full depth temperature profiles based on point observations from the moored

Table 1

Location and Deployment Depth of the 5 Moorings.

Mooring | Longitude W (°) | Latitude N (°) | Depth (m)
MMS1 96.31 25.43 500
MMS2 95.43 25.38 2000
MMS3 94.88 25.27 3500
MMS4 96.08 24.65 2000
MMS5 96.30 24.04 2000

instruments not clearly valid.
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Figure 5. NODC hydrographic stations. Notice the lack of measurements near the mooring

locations indicated by a triangle.

12




3. DATA ANALYSIS
3.1. MEAN CURRENT PROFILES AND BASIC STATISTICS

Figure 6 shows vertical profiles of mean current speed (left panel), standard deviation
(middle panel) and the ratio of sub-inertial velocity variance to total variance. The magnitude of
the mean currents are largest at the surface, as might be expected, however it is interesting to
find that the largest mean current in the surface layer is observed in mooring MMSS5 located in
waters 2000 meters deep, while the largest variability in the surface layer is observed at the
location of mooring MMS?2, also installed in a location 2000 m deep (Figures 1 and 2).

It is found that the mean current below 500 m have less than 5 cm/s magnitude and the root
mean square deviations at those depths are less than 10 cm/s in all locations, however, moorings
MMS2 and MMS5 show a relative increase of mean current magnitude near the bottom while
mooring MMS4 has a relative mean current maximum at around 1500 m depth. Figure 7 shows
that the mean currents near the bottom are toward the south west in all three 2000 m moorings,
while the mean currents increase significantly towards the surface and are directed towards the
north east on moorings MMS1, MMS4 and MMSS5. At mooring MMS?2 the surface current is the
smallest of all and southeastward. Recall that unfortunately there are no near surface
measurements for mooring MMS3. Looking at the deep currents we find that on mooring MMS2
the mean current below 500 m, although small, increases toward the bottom while at mooring
MMS4 there is a relative maximum at 1500 m. Moorings MMS3 and MMSS5 both show a fairly
uniform and small current from 1000 m down to the bottom.

The sub-inertial currents dominate the observed variability representing more than 60 % of
the total variance at all depths except for a mid-water interval on mooring MMSS5 between 1000
and 1300 meters depths where the ratio of sub-inertial to total variance gets as low as 47%.
Worth noticing also is the fact that in the deep moorings (>2000 meters), there is a general
tendency for the relative proportion of supra-inertial to sub-inertial motions to grow towards the
middle of the water column at depths around 1200 meters being larger there than towards the
surface or the bottom (right hand panels Figure 6).

The mean and (low pass) fluctuating currents denote three possible flow regimes in our study
area. Mean currents were surprisingly small everywhere, flowing to the north and northeast only
at about 10 to 20 cm/s near the surface over the edge of the shelf and slope (Figure 7), probably
as an expression of the large anticyclonic gyre of the northwestern Gulf of Mexico (Nowlin and
McLellan, 1967; Sturges and Blaha, 1976; DiMarco et al, 2005). Unfortunately, we lacked near
surface data at the offshore mooring to confirm the offshore extension of the western boundary
flow. From there, mean currents diminish quickly with depth, rotating clockwise over the shelf,
so that by 400 m depth, the current is flowing to the south over the shelf’s edge, but still flowing
offshore over the slope. Figure 8 shows variability ellipses at different depths and also depict the
mean current vectors. The current fluctuations are larger than the mean close to 40 cm/s near the
surface, and diminishing rapidly to about 10 cm/s close to 400-500 m, the bottom over the shelf,
and offshore over the slope (Figure 8). The current fluctuations are prevalently along the
topography over the shelf, but without a preferred direction at those depths (400-500 m) over the
slope, going from parallel (mooring 2) to almost perpendicular (mooring 5) to the slope.

Further at depth, below the shelf edge over the slope and the deep Gulf of Mexico, the
topography separates two distinct regimes (Figure 8). Over the slope, current fluctuations are
only about 10 cm/s, and oriented along the topography. Mean currents are even smaller, only a
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few cm/s over most of the water column, but slightly intensify near the bottom forming a
southerly jet trapped to the slope, suggestive of the deep flow posed by Welsh and Inoue (2000)
and DeHaan and Sturges (2005). Over the 2000 m isobath (Moorings 2, 4 and 5, Figure 6) mean
flow is a bit larger than the rms fluctuations just above the bottom, the only portion of our study
area where the mean flow becomes larger than the fluctuations. Farther offshore (Mooring 3), in
the very deep Gulf of Mexico, the mean is insignificantly small, but the fluctuations are close to
10 cm/s and in a predominant north-northeast direction throughout the water column. Such a
barotropic distribution of the currents is to some extent similar to the current variability found in
the deep central Gulf of Mexico (Rivas, et al, 2005, 2008) below the surface layers under the
influence of eddies. However, in contrast to that study, we only find some intensification of the
variability toward the bottom on mooring 3, but not in the moorings along the slope. This
intensification is one of the signatures of topographic Rossby waves (Hamilton, 1990, 2007).

A more thorough analysis of the current variability is carried out below (Sections 5 and 6)
using rotary spectral analysis and complex empirical functions. But before we do that, it is
necessary to look in more detail at the actual time series which feature a series of events related
to the presence of eddies and/or strong wind forcing in the area.

For completeness and reference, a set of 5 tables containing the basic statistics (mean,
standard deviation, maxima, minima) of the horizontal velocity components is included in
Appendix A.
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Figure 6. Profiles of mean current magnitude, root mean square (RMS), and ratio of subinertial to total
current variance measured by the instruments on each mooring. Points at about the same
depth but with slight different values correspond to overlapping measurements by an Aanderaa
current meter and an ADCP.
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Figure 6. Profiles of mean current magnitude, root mean square (RMS), and ratio of subinertial to total

current variance measured by the instruments on each mooring. Points at about the same depth

but with slight different values correspond to overlapping measurements by an Aanderaa current
meter and an ADCP (continued).
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Figure 6. Profiles of mean current magnitude, root mean square (RMS), and ratio of subinertial
to total current variance measured by the instruments on each mooring. Points at
about the same depth but with slight different values correspond to overlapping
measurements by an Aanderaa current meter and an ADCP (continued).
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Figure 7. Mean current profile observed at each of the five moorings. The two panels show the
profile in two equivalent representations, on the left, vectors in 3-D space, and on the
right, vectors in 2-D with the north-south/east-west component in the abscissa/ordinate

directions and each vector starting at its corresponding depth.
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Figure 7. Mean current profile observed at each of the five moorings. The two panels show the profile in
two equivalent representations, on the left, vectors in 3-D space, and on the right, vectors in 2-D
with the north-south/east-west component in the abscissa/ordinate directions and each vector

starting at its corresponding depth (continued).
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Mean current profile at Mooring # 5. =0
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Figure 7. Mean current profile observed at each of the five moorings. The two panels show the
profile in two equivalent representations, on the left, vectors in 3-D space, and on the
right, vectors in 2-D with the north-south/east-west component in the abscissa/ordinate
directions and each vector starting at its corresponding depth (continued).
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Figure 8. Mean and low-pass variability ellipses of the measured currents at
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Figure 8. Mean and low-pass variability ellipses of the measured currents at the
indicated depths. Note the different scales in each panel (continued).
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4. DESCRIPTION OF THE VARIABILITY
4.1. EDDY FIELD FROM ALTIMETRY DATA

Since, as will be shown in the next sections, most of the observed variability is related to the
presence of eddies in the area, before describing the mooring observations we carry out a
thorough analysis of altimetry data. The processes involved are very complicated and include
eddy-eddy, eddy-topography interactions and strong wind forcing events. One may think there
might be different interpretations of the altimetry data, but the figures leave little room to
maneuver and clearly show what is happening.

The Loop Current pinches off over itself sporadically and sheds a large warm, anticyclonic
eddy that extends several hundred meters in depth and propagates in a west-southwest direction
across the Gulf of Mexico until it intersects the coastal features of the western gulf. Given the
breadth and depth of most eddies, this really happens rather far away from the shore itself, as the
eddy begins to perceive the shoaling of the bottom over the slope and at the shelf’s edge. The
path each eddy follows from its region of generation can vary somewhat, from a southerly
trajectory through the middle of the gulf, to a more northerly one south of the northern
escarpment. Although it has been suggested that eddies follow either of three distinct paths, they
probably can travel through a range of directions between the two aforementioned extremes.
What is clear is that eddies usually remain in water deeper than the shelf’s edge, and very few
actually travel into the ‘eddy graveyard’ region in the extreme northwestern gulf.

Eddies are conveniently detected through satellite altimetry, for which we use the sea surface
elevation anomaly combined from the Topex-Poseidon, Jason-1, and GFO satellites, as offered
by the AVISO website' (the altimeter products are produced by Ssalto/Duacs and distributed by
AVISO, with support from Cnes). This information has a 1/3 of a degree spatial resolution, and
3.5 days temporal resolution. From these data, three LC eddies were present or appeared at
various phases of their development during the times our instruments were deployed and serve to
illustrate the behavior of the eddies as they separate from the Loop Current, travel to the west,
approach the coast and disappear. The current meter records then serve to document the effect of
the eddies on the currents in the region of our observations. It is a pleasant surprise that even
though use is made of interpolated altimetry data, the size and behavior of the eddy structures we
identify in it, even its form and size, appear to be consistent with the mooring data.

As the moorings were being deployed, eddy Titanic (eddies are named alphabetically in
chronological order in the fashion of hurricanes by Eddy Watch, (a service of Horizon Marine,
Inc.), which had formed on December 31, 2003, and traveled along a southern trajectory, was
present on August 28 of the following year at 21.53°N; 95.64°W, when its center was in about
2000 m of water off the coast of Veracruz (see Figure 9). It then traveled to the north, with its
center remaining close to the 2000 m isobath, reaching 24.5°N; 96.25°W on September 15,
becoming more elongated and weaker and difficult to identify by early October 2004. At about
the same time on early October, a cyclone to the east of the now almost invisible Titanic and
centered at 25.5°N; 95.5°W intensified. SSH anomalies (not shown) and the ssh field for early
September suggest this cyclone is part of an anticyclone-cyclone pair, rotating clockwise on its
axis. Whilst the anticyclone in this structure disappeared by the middle of October, the cyclone
first intensified, then weakened (late October early November) and re-intensified through
merging with other cyclonic anomalies particularly one to the east, related to eddy Ulysses (see

1 http://las.aviso.oceanobs.com/las/servlets/dataset
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Figure 9). This intense cyclonic anomaly, labeled C1 for its importance, remained over the
continental slope covering most of the mooring array (Moorings 1-4) until January 2005, when it
started to elongate and weaken for a while, regaining strength and splitting in two, later in
February (see Figure 10).
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Figure 9. Snapshots of absolute sea surface height from the AVISO product showing the
evolution of one of the remnants of LC eddy Titanic, the intensification of cyclone C1
over the mooring area through merging with cyclonic structure C2, which
accompanies LC Ulysses. Ulysses is blocked by cyclone C1 and plays an important
role in its subsequent splitting.
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Figure 9.

Snapshots of absolute sea surface height from the AVISO product showing the
evolution of one of the remnants of LC eddy Titanic, the intensification of cyclone C1
over the mooring area through merging with cyclonic structure C2, which
accompanies LC Ulysses. Ulysses is blocked by cyclone C1 and plays an important
role in its subsequent splitting (continued).
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Figure 10. Snapshots of absolute sea surface height from the AVISO product showing first
the splitting (top 6 panels) of eddy Ulysses, the northward along-slope
movement of its southern byproduct UlyssesS (middle 6 panels), and its later
merger with UlyssesN, forming a single anticyclone that covers the mooring

array during April and part of May (bottom 6 panels).
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Figure 10. Snapshots of absolute sea surface height from the AVISO product showing first the
splitting (top 6 panels) of eddy Ulysses, the northward along-slope movement of its
southern byproduct UlyssesS (middle 6 panels), and its later merger with UlyssesN,
forming a single anticyclone that covers the mooring array during April and part of
May (bottom 6 panels) (continued).

On September 15, 2004, eddy Ulysses, one of the largest ever, detached from the Loop
Current and proceeded directly to the west, accompanied by a much weaker cyclonic elongated
structure (C2) to the south of it. On late November, the eddy pair collided with the cold structure
C1, which merged with C2 to form a cyclonic structure that blocks Ulysses from reaching the
continental margin (25.25°N; 95.5°W). On early December, with both cyclones fully merged,
Ulysses began to stretch in two branches, with the northern half remaining close to where it was,
but with the southern half (UlyssesS) traveling towards a southwesterly destination near 22°N;
96°W, where it would remain from February to March 2005. The splitting process involved the
intensification of a trailing cyclonic structure (C5) and cyclone C1 in a process resembling the
formation of a LCE by a Tortugas and Campeche Bank cyclones strangling the LC. Ulysses
clearly split in two at the very end of December, with C5 attached nearly in a stationary position
to the northeast of UlyssesS while it remained at that southerly position. In early March 2005,
UlyssesS started traveling to the north and Ulysses N began stretching to the west while C5
apparently rotated to the south and grew in size weakening in that process. At the same time,
around the middle of April, the two halves of Ulysses merged again to form a single large
anticyclonic eddy. It seems the array capture its rim, since very high velocities are observed
during April at several moorings (see Figures 10 and 11).
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Figure 11. Snapshots of absolute sea surface height from the AVISO product showing the
southeastward movement, splitting, and reattachment of "merged" eddy Ulysses,
which formed in late March and April 2005 (see Figure 10).

As these displacements were taking place, the fused cyclones (C1-C2) were pushed to the
north over the shelf, where they became undetectable by late March when UlyssesN moves over
the mooring array before merging with UlyssesS. The ssh data suggests that during May 2005,
Ulysses begins to stretch and move on a clockwise path down to 22°N, strengthening at its
southeastern end, moving back west and splitting in two one more time (June 2005). Thereafter,
while moving along the shelf back north, it merges once again with its weaker northern part
forming a large stretched anticyclone along the western slope (August-September 2005). This
stretched anticyclone remains detectable until middle October (see Figures 11 and 12).

A few other cold structures had an impact on our measurements. Although their origin and
time history is rather more fuzzy than the others mentioned before, we labeled them C4 basically
because they do impact mooring observations in the last part of the observing period. Starting in
early February, 2005, one notices that the northern split product of the merged cyclone C1-C2 is
rotating clockwise on the rim of UlyssesN. This cyclone merges with other anomalies to the east
of UlyssesN and later with other cyclonic features surrounding “remerged” Ulysses eddy formed
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in April 2005. Its associated cyclonic circulation impacted the mooring region from August
onwards particularly during October 2005.
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Figure 12. Snapshots of absolute sea surface height from the AVISO product showing cyclone
C4 sitting over the mooring array. This eddy formed by several merging processes
(see text for details).

On the second half of September 2005, a third eddy, named Vortex, was released from the
Loop Current. It traveled directly to the west, approaching the region of our moorings from a
northerly direction in by late October. Although cyclone C5 becomes smaller from late October
and during November, it blocks eddy Vortex fully entering the mooring array zone. Hence it
appears that only moorings MMS2 and MMS3 may have sampled eddy Vortex during that
period. Unfortunately, there are no near surface measurements at mooring MMS3. The moorings
were pulled out in December, so the effect of the eddy on the currents recorded lasted a bit less
than 1.5 months (see Figure 13).

2005/11/5 2005/11/9 20051112

Jiam. ) Ll . ) : I
100°W G8°W 92°W BEW 8w  B0W Ay W ; W 100°W G6°W G2°W 88W  8&W  B0°W

2005/11116 200511/23

Figure 13. Arrival of LC eddy Vortex to the mooring array area. Vortex does not move into the mooring
zone since its blocked by cyclone C4.
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The behavior of the eddies can be summarized by the trajectories of the centroids (Figure
14). Titanic lasted 11 months, and followed a southerly path, reached the slope, and proceeded
north. Ulysses lasted 12 months, followed a more central path, split into two halves, of which the
southern one behaved essentially like Titanic had, moving north after reaching the slope and
merging again with the northern half of the original eddy. It, nonetheless, seemed to possess
larger amounts of energy, for it then repeated the clockwise path through the south before
breaking up along the slope. Vortex followed a more northerly path, and took six months to
move into the region of the moorings, when we ended the observational effort. The three eddies
represented the various paths that have been proposed as typical behavior of the Gulf of Mexico
eddies by Vukovich and Crissman (1986) from 11 years of data, and by Vukovich (2007) with
23 years of data. It appears that the lifespan, length of path, and the minimal distance to the coast
of eddies is a function of their size, with Ulysses, the largest, lasting over a year, had to repeat
the clockwise cycle near the coast to dissipate, and remained at more than 400 km form the
coast. Vor