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ABSTRACT: The study of the relationship between the upper and lower layers in the Gulf of Mexico (GoM) has experi-
enced a lot of progress in recent years. Nevertheless, an examination of their coupling for the entire GoM in a statistically con-
sistent manner is still needed. Layer thickness data from a GoM 21-yr free-running simulation are used to examine the
coupling between the upper (,250 m) and lower (.1000 m) layers, focusing on the dominant modes of variability through a
Hilbert empirical orthogonal function (HEOF) analysis. The results show that the three leading modes are associated with the
coupling between both layers during the life cycle of the Loop Current (LC) and the LC eddy (LCE) separation process, con-
sistent with previous observational studies. These modes are cyclical, with periodicities in agreement with the mean LCE sepa-
ration period, indicating recurrence of the circulation patterns. The fourth mode of the upper layer is associated with the
translation of LCEs and their dissipation in the northwestern GoM, while in the lower layer it captures variability related to
the strengthening of the circulation along the Sigsbee Gyre western branch. This mode does not show cyclicity, suggesting per-
sistence of the associated circulation patterns with a dominant time scale of 14 months. Evidence and corroboration of recently
observed lower-layer circulation features are provided. The application of the HEOF technique used here can complement the
three-dimensional oceanic assimilation methods by projecting surface information to depth in a statistically consistent manner.

SIGNIFICANCE STATEMENT: The purpose of this study is to better understand the relationship between the
upper and lower ocean layers in the Gulf of Mexico. While much is known about their variability separately, an exami-
nation of the coupling through the whole region and in a long time period is still needed. We use a free numerical simu-
lation of the circulation in the Gulf to accomplish this goal. The dominant circulation patterns in the lower layer are
tied to the upper ones and are governed by the same temporal scales. Our findings point to a way to better understand
the response of deep circulation to upper circulation, and may contribute to a better prediction of ocean dynamics.

KEYWORDS: Abyssal circulation; Bottom currents; Eddies; Ocean circulation; Empirical orthogonal functions;
Ocean models

1. Introduction

The Gulf of Mexico (GoM) circulation behaves like a two-
layer system with different circulation patterns in the upper layer,
roughly above 1000-m depth, and the lower layer, below 1200-m
depth (Hamilton 2009). There has been substantial progress in
the understanding of the upper-layer circulation, which is charac-
terized by being highly energetic and stratified, where the main
circulation pattern is the Loop Current System (LCS) composed
of the Loop Current (LC) and the Loop Current Eddies (LCEs)
(Sturges and Leben 2000; Leben 2005; Zavala-Hidalgo et al.
2006; Vukovich 2007, 2012).

On the other hand, the historically less studied GoM lower-
layer circulation is less energetic than the upper circulation,

with nearly depth-independent circulation patterns. The first
studies of the deep GoM were devoted to understanding and
characterizing the currents around 2000 m depth and the dy-
namics of the topographic Rossby waves (TRWs) over the
slope in the northern GoM (Hamilton 1990; Hamilton and
Lugo-Fernandez 2001; Hamilton 2007, 2009; Dukhovskoy
et al. 2009; Morey and Dukhovskoy 2013). Recently, from a
4-yr observational study using subsurface floats and a dense
array of moorings in the LC region, Hamilton et al. (2016)
and Pérez-Brunius et al. (2018) described the large-scale cir-
culation throughout the deep GoM and identified three domi-
nant patterns, namely, a cyclonic boundary current in the
entire deep GoM, a cyclonic gyre in the Sigsbee abyssal plain
[the Sigsbee Abyssal Gyre (SAG)], and a very high eddy
kinetic energy region in the eastern Gulf. Using a set of nu-
merical models, Morey et al. (2020) found that these deep
patterns are well simulated, despite some differences in their
structure, strength, and variability, and concluded that the
models have the necessary dynamics to realistically describe
the deep-layer circulation.

Several observational and numerical studies have charac-
terized the coupling between the upper and lower layers with
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many approaches, focusing mainly on the eastern basin and
over particular periods. Bunge et al. (2002) found a relation-
ship between the observed deep transport in the Yucatan
Chanel and the LC extension, a result that Nedbor-Gross et al.
(2014) supported with a continuous 54-yr simulation of the
GoM. Oey (2008) found that deep cyclones amplifying off the
west Florida slope cause the LC to develop a “neck” and
showed this process to be the LC’s dominant mode of upper-
to-deep variability. Chang and Oey (2011) found a relation-
ship between the SAG circulation and the LC cycle. Donohue
et al. (2016b) used a set of observational arrays covering the
LC region and found that during the LCE detachment and
formation events, a marked increase in deep eddy kinetic
energy occurs coincident with the growth of a large-scale me-
ander along the northern and eastern parts of the LC. The
strong vertical phase tilt between the interacting upper and
deep eddies, consistent with the development of baroclinic in-
stability, eventually leads to the “necking down” of the LC
that culminates in the separation of an LCE. An anticyclone–
cyclone pair (modon) in the deep ocean that accompanies the
LCE as it travels westward has been documented in several
observational and numerical studies (Welsh and Inoue 2000;
Lee and Mellor 2003; Romanou et al. 2004; Chérubin et al.
2005; Tenreiro et al. 2018). Furey et al. (2018) suggest that the
disintegration of this deep modon, caused by the interaction
with the northwestern continental slope, may lead to the en-
hancement of the SAG and the boundary current in the Bay
of Campeche region. Maslo et al. (2020) studied the general
energy transport pathways between the upper and lower
layers and the eastern and western parts of the Gulf using a
numerical model. They found that energy is transferred down-
ward in the eastern part below the area delimited by the
mean LC position, and in the western part (west of 948W)
possibly related to the LCEs interaction with the western
bathymetry.

Despite all the research carried out, it is recognized that un-
derstanding of the relationship between the upper and lower
layers of the GoM is still incomplete. This is in part due to the
absence, in the past, of a more comprehensive depiction of the
deep GoM circulation from observations, which in turn limited
the assessment of the performance of numerical models in sim-
ulating the basic deep circulation patterns (Oey 2008; Morey
et al. 2020). Most previous studies are region-limited, mainly
focused on the eastern GoM basin, and time-limited, covering
only a relatively short period. By being region-limited, the
evolution of the obtained circulation patterns and their vari-
ability is incomplete and their connection with other GoM re-
gions is missing. The short period considered in previous
studies implies that only a few events were considered to ob-
tain the GoM circulation patterns, which raises doubts about
their recurrence and limits the description of their variability.
Additionally, there is uncertainty as to whether some deep
features are part of the mean fields or whether they are epi-
sodic and depend on the position and extent of the LC and
LCEs, and deep eddy fields. To improve our understanding of
the GoM circulation and establish their recurrent circulation
patterns and their associated variability, long-term studies are
needed.

This work aims to study the upper–lower coupled variabil-
ity in the GoM. Three specific subjects are investigated:

1) The covariance of the upper and lower layers over the en-
tire GoM.

2) The principal modes of coupled variability between the
surface and near-bottom layers: their structure and the
associated circulation patterns.

3) The dominant time scales of variation of the principal
modes.

To achieve these goals, a long-term simulation of the GoM
was carried out using the Hybrid Coordinate Ocean Model
(HYCOM). Then, the Hilbert empirical orthogonal function
(HEOF) technique was applied to the thickness of the upper
and lower layers, in order to identify its coupled variability.
Methods are described in section 2; the results and discussion
are presented in section 3, including the resulting modes of
variability with a description and analysis of the recurrent cir-
culation patterns in each layer, and the time scales in which
they vary. Also in this section, the propagation of coupled var-
iability for different developmental stages of the LCS is exam-
ined. Conclusions are presented in section 4.

2. Methods

a. The numerical simulation

In this study, a free-running simulation of the circulation in
the GoM was configured using the HYCOMmodel. HYCOM
uses a generalized hybrid vertical coordinate system that
allows vertical coordinates to follow isopycnal layers in the
deep stratified ocean and transition to pressure coordinates in
unstratified regions or to terrain-following coordinates in
coastal areas (Chassignet et al. 2006). The horizontal domain
covers the GoM, the northwestern Caribbean Sea, and part of
the western North Atlantic Ocean (988–778W, 188–328N), with
a spatial resolution of 1/258 (;3.8–4.2 km) and 27 hybrid vertical
layers, which are mainly isopycnal layers in the open ocean be-
low the mixed layer and z layers above it. The model bathyme-
try is an integration from different sources: the one from the
HYCOM website (hycom.org), the General Bathymetric Chart
of the Oceans (GEBCO), and corrected data from different
sources, mainly observations collected during several cruises.

The experiment has biweekly open boundary conditions
derived from a climatology produced by four years (2000–03)
of a free-running simulation of the 1/128 Atlantic HYCOM.
Following spinup, the model was run for 21 years with atmo-
spheric forcing derived from hourly fields of a Weather Re-
search and Forecasting (WRF) Model reanalysis of the period
1992–2011, without tidal forcing. The 21-yr record of surface
forcing from WRF consists of eight nominal variables: vector
wind stress, 2-m air temperature, sea surface temperature,
2-m atmospheric humidity, surface shortwave and longwave
heat fluxes, surface atmospheric pressure, and precipitation.
Climatological flow from 41 rivers along the coast of the GoM
is also prescribed. The outputs of the model were recorded
every day.
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The simulation is not constrained by data assimilation;
therefore, the positions of the LC and LCEs do not necessar-
ily match observations at a specific time. This feature was re-
quired for this study so that the GoM circulation dynamics
evolve naturally, satisfying the dynamics of a primitive equa-
tions model. By including all the processes involved in the
GoM dynamics and offering a highly realistic representation
of its hydrodynamics, the resulting coupled circulation pat-
terns between the upper and lower layers are likely to be
physically meaningful and accurately represent the GoM
dynamics.

VALIDATION OF THE MODEL

The validation of the modeled circulation consisted in veri-
fying that the major features in the upper and lower layers of
the GoM were in statistical agreement with those reported in
the literature based on observations. The validation is synthe-
sized in Fig. 1. In general, the simulation is able to reproduce
the intrinsic variability of the GoM and the more energetic
patterns, including their amplitude, location, and evolution.
The standard deviation of sea surface height (SSH) (Fig. 1a)
depicts a primary area of high values within the LC extension
and retraction region and a secondary area to the west of the
GoM, in the otherwise known LCE graveyard. For the analy-
sis of the LCE behavior and trajectories, an objective tracking
technique was applied to the 21-yr record of near-surface ve-
locity fields identifying a total of 30 LCE separation events,
yielding a mean LCE separation period of 8.4 months, which
is consistent with the altimetry record for 1993–2012 (Hall
and Leben 2016). The structure of the mean along-channel ve-
locity through the Yucatan Channel (Fig. 1d) and the Florida
Straits (Fig. 1e) for the 21 years of the simulation is consistent
with observations. The Yucatan main current, countercurrent,
and undercurrent are overall well represented, with the core
of the main current placed at ;86.38W. The distribution of
LCE separation periods (Fig. 1h) and propagation trajectories
(Fig. 1b) are in good agreement with observations (Fig. 1c)
(Sturges and Leben 2000; Vukovich 2007; Donohue et al.
2008), and other numerical studies (Dukhovskoy et al. 2015).
The mean upper layer thickness (Fig. 1f), resembles the long-
term mean SSH with the typical LC intermediate-stage config-
uration, with the LC reaching 898W and 278N. The mean lower
layer circulation (Fig. 1g) reveals the dominant patterns re-
ported by Pérez-Brunius et al. (2018) and Morey et al. (2020)
(Fig. 1i), showing similar strength.

b. Estimation of the upper–lower coupled variability

To estimate the coupled variability between the upper and
lower GoM, the HEOF technique was used. This technique
characterizes the state of a system in terms of statistical modes
of variability and its temporal rate of change (von Storch and
Zwiers 1999). Under certain circumstances, this analysis can
identify propagating features in the analyzed data for fre-
quency band-limited signals (Horel 1984; Cromwell 2006).
Therefore, nonstationary patterns, like the LC and LCEs, may
require a greater number of modes to be adequately repre-
sented. In this work, the analyzed data comprise the variability

of the thickness of two separate layers in the GoM. Therefore,
the resulting coupled patterns are expected to represent mean-
ingful relationships between the upper and lower Gulf vari-
ability. This choice is based on the representation of the GoM
in terms of an upper (0–800 m) and a lower (below ;1000 m)
layer, as proposed by Hamilton et al. (2018). Since the LC and
LCEs are approximately in geostrophic balance, the isopycnal
layer thickness contours, as well as the SSH contours, closely
follow the streamlines in the flow. Thus, it is assumed that the
layer thickness variability is a good representation of the me-
soscale field variability.

The thickness data were obtained from the daily native out-
puts of the simulation: an upper layer representative of the
surface, ranging from 0 m to approximately 250-m depth,
obtained by summing the thickness of layers 1–19 of the
model, corresponding to reference densities of s 5 17.25 and
s 5 26.52 respectively; and a lower layer representative of the
deep Gulf, ranging from approximately 1000- to 1800-m
depth, obtained by considering the thickness of the 26th layer,
corresponding to a reference density of s 5 27.74 of the
model simulation. This choice of delimiting the surfaces
allows us to obtain large amplitudes of the layer-thickness
signature and prevents the layers from coming into direct con-
tact, so the upper and lower fluctuations would not be a mir-
ror of each other, reflecting the covariability between them.
For each grid point, the trend and annual cycle were removed
from the time series, and variations on time scales shorter
than 30 days were removed using a Lanczos low-pass filter in
order to focus on mesoscale features. The data from the upper
and lower layers were combined into an array to which the
Hilbert transform was applied, and the corresponding com-
plexified matrix was composed. Then, the covariance matrix
was computed, and the Hilbert EOFs were obtained. A brief
description of the HEOF technique is presented in the
appendix.

3. Results and discussion

a. Coupled circulation patterns in the surface and
near-bottom layers

The HEOF technique revealed that the first four modes of
coupled variability are not degenerate, according to the rule
of North et al. (1982), and contain approximately 50% of the
total variance, with fractions of 23%, 12%, 8%, and 6% re-
spectively. HEOFs [f in Eq. (A2)] for each layer were ob-
tained and displayed using polar coordinates, with the spatial
amplitude [A in Eq. (A5)] shown in color shading and the
spatial phase [u in Eq. (A5)] presented as vectors (Fig. 2).
Since the real and imaginary components of the HEOFs are
shifted one-quarter wavelength, variations in the spatial phase
can be used to infer signal propagation in accordance with the
sign convention used by Cromwell (2006), in which progres-
sion in time corresponds to an anticlockwise rotation of the
eigenvector phase. Phases have an arbitrary origin, and there-
fore the direction of a phase vector at any particular geographic
location is not important. What matters is whether and in what
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FIG. 1. HYCOM validation: (a) standard deviation of the SSH from HYCOM and observations, (b) trajectories of every LCE from
HYCOM simulation, (c) trajectories of every LCE from observations [from Donohue et al. (2008)], (d) mean along-channel velocity com-
ponent in the Yucatan Channel and Florida Straits from HYCOM, (e) mean along-channel velocity component in the Yucatan Channel
from observations [from Athié et al. (2015)], (f) time-averaged upper-layer thickness (color contours) and velocity (vectors) from
HYCOM, (g) time-averaged lower-layer thickness and velocity from HYCOM, (h) comparison of frequency distributions of LCE
shedding period and monthly occurrence between HYCOM and CCAR database, and (i) mean deep velocity from observations [from
Pérez-Brunius et al. (2018)].
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FIG. 2. Leading HEOF modes of coupled variability in the Gulf of Mexico for the (left) upper layer
and (right) lower layer. The spatial amplitude is shown in color shading, normalized by the maximum
value (in parentheses); the spatial phase is presented as vectors; yellow contours represent the propor-
tion of explained variance, and gray contours represent the 500-, 1000-, 2000-, and 3000-m isobaths. The
percentage of the total variance in each mode is also indicated.
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sense the direction of the phase vector changes from one loca-
tion to another.

In the upper layer, the first mode (23%) (Fig. 2a) displays
an area with large amplitude values, representing anomalies
between 6100 m approximately, that covers the region where
the extension and retraction of the LC occurs. The organized
and smooth anticlockwise rotation of the spatial phase over
the high amplitude region indicates strong propagation of the
thickness anomalies from southeast to northwest, coincident
with the propagation of the LC tip over the same region. In
the lower layer (Fig. 2b), the regions with the highest ampli-
tude have a corresponding anomaly in the upper layer, al-
though with a slight location shift and a different pattern,
following certain bathymetric features. Propagation to the
west is deduced from the phase rotation of the anomalies in
the eastern basin and those along the 3000-m isobath.

On the other hand, the second, third, and fourth modes
represent 26% of the total variance together. In the upper
layer, the second and third HEOFs show regions of high am-
plitude over the central and eastern Gulf accentuated in the
Sigsbee Escarpment, the eastern plain centered at 23.58N,
858W to the northeast of the Campeche slope, and the West
Florida Shelf (Figs. 2c,e). According to the spatial phase, vari-
ability in the first two regions propagates to the west, whereas
the third feature propagates toward the east and southeast.
The lower layer displays regions of large amplitude in corre-
spondence with those of the upper layer, with most of its vari-
ability located along steep bathymetric features in the Sigsbee
Escarpment, the Campeche slope, and along the northern
boundary of the GoM (Figs. 2d,f). The fourth mode of the up-
per layer (Fig. 2g) displays an area with high amplitude over
the northwestern GoM, west of 93.58W and north of 228N,
with propagation of the thickness anomalies from northeast
to southwest. Concerning the lower layer, there are anomalies
corresponding with those in the upper layer aligned with the
3000-m isobath in the western boundary and over the Sigsbee
plain (Fig. 2h). The lower layer anomalies at the western
boundary propagate from north to south, whereas the anoma-
lies over the Sigsbee plain have no clear propagation pattern
and seem to oscillate uniformly.

To find coupling relationships between the upper and lower
layers and the associated circulation patterns, the evolution of
the layer thickness anomaly field for the entire simulation pe-
riod was reconstructed using Eq. (A9), employing the four
leading HEOFs together and then each one separately. Such
reconstructions are represented as figures which include the
original layer thickness anomalies in order to compare how
well the reconstruction is performed (Figs. 3a,c,e,g,i,k,m,o and
4a,c,e,g,i,k,m,o), and incorporate the model velocity vertically
averaged over each isopycnal layer, and the 17-cm SSH con-
tour. Additionally, the reconstructions are included in the
online supplemental material as movies. In general, the re-
sults show a first-order correspondence between the layer
thickness anomalies and circulation, with a positive anomaly
related to an anticyclonic circulation and a negative anomaly
to a cyclonic circulation. While the above is always true for
the upper layer, such correspondence is not always observed
in the lower layer.

The reconstruction using the first HEOF (movie 1 in the
supplemental material) shows a relationship between the
layer thickness anomalies: a thickening of the upper layer cor-
responds to a thinner lower layer and vice versa. It is observed
that during events of LC intrusion, the upper-layer positive
anomaly, associated with the anticyclonic circulation of the
LC (Fig. 3b), is accompanied by a lower-layer negative anom-
aly, which is the expression of a deep anticyclone (Furey et al.
2018; Yang et al. 2020) (Fig. 3d). As this deep negative anom-
aly further penetrates to the northwest, in phase with the LC
intrusion (Fig. 3f), a positive anomaly with cyclonic circulation
forms behind it, establishing the well-known anticyclonic–
cyclonic eddy pair (Welsh and Inoue 2000; Lee and Mellor
2003; Yang et al. 2020) (Fig. 3h). Then, to the eastern edge of
a fully extended LC (Fig. 3j), an upper-layer negative anom-
aly amplifies in concert with the lower-layer positive anomaly
(Fig. 3l) and propagates together anticyclonically along the
LC, but with a slight vertical location shift with the lower
anomaly leading the upper anomaly. These anomalies, which
manifest as a cyclone extending the full water column, cleave
the LC and eventually develop a necking causing a LCE to
detach, following a mechanism similar to that described by
Donohue et al. (2016b) (Figs. 3n,p). Nevertheless, several
LCE reattachment events can occur before its final separa-
tion, in which case the process is partially repeated. During
the entire simulation, a total of 28 events were observed
where this coupling process led to final separation of LCEs.

The reconstruction of the layer-thickness anomalies using
the four leading modes together (movie 5 in the supplemental
material) can help us identify additional circulation patterns
associated with the high-amplitude regions described above.
The movie reveals that, in the upper layer: 1) the separation
and western translation of LCEs, 2) the southward propagat-
ing meanders on the eastern side of the LC, 3) the retraction
of the LC, and 4) the reattachment of large LCEs are well
described by the layer-thickness anomalies, in agreement with
Oey (2008), Chang and Oey (2013), Zeng et al. (2015), Liu
et al. (2016), Yang et al. (2020). The duration, intensity, and
frequency of such events are variable and depend on the stage
of penetration of the LC and the LCE size.

In the lower layer, only the larger-scale features are gener-
ally well resolved over the deep Gulf, with the exception of
distinctive smaller-in-size characteristics in the eastern basin
related to the LC variability. Nevertheless, among the upper-
layer processes described above, the separation and western
translation of LCEs and the southward propagation of mean-
ders alongside the LC have a clear lower layer response. The
separation process was described at the beginning of the sec-
tion, and we proved that is well explained by HEOF 1. The
meanders in the upper layer precede LCE shedding events
most of the time and manifest as an alternation of positive
and negative anomalies inside and outside the eastern branch
of the LC, representing an anticyclone and a cyclone, respec-
tively (Zavala-Hidalgo et al. 2003; Donohue et al. 2016a). The
lower layer response manifests as a shrinkage of the layer un-
der a positive anomaly of the upper layer and as a stretching
under a negative anomaly, which is more intense to the south
of the West Florida Shelf. Movie 5 (in the supplemental
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material) shows that the relationship between these layer-
thickness anomalies is related to the coupling of upper and
deep eddies, mainly described for HEOF 1 above. Underlying
this behavior, different processes are involved in the forma-
tion and detachment of LCEs, such as the development of

baroclinic instability under the LC and the increase of EKE
(Donohue et al. 2016b).

An example of the coupling between the upper and lower
layers during the western propagation of a LCE, using the re-
constructed layer-thickness anomalies for the first four modes,

FIG. 3. Snapshots of (a),(e),(i),(m) original and (b),(f),(j),(n) reconstructed upper-layer thickness anomalies, and (c),(g),(k),(o) original
and (d),(h),(l),(p) reconstructed lower-layer thickness anomalies for a LCE separation event from model year 2005, day 212 to model year
2006, day 36. For the reconstructed fields, only HEOF 1 was used. The corresponding snapshots of model velocity (vectors) vertically aver-
aged over each layer and the 17-cm SSH contour (thick gray contour) are also shown.
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FIG. 4. Snapshots of (a),(e),(i),(m) original and (b),(f),(j),(n) reconstructed upper layer thickness anomalies, and (c),(g),(k),(o) original
and (d),(h),(l),(p) reconstructed lower layer thickness anomalies for a LCE westward propagation event from model year 1999, day 346 to
model year 2000, day 219. For the reconstructed fields, HEOFs 1–4 were used. The corresponding snapshots of model velocity (vectors)
vertically averaged over each layer and the 17-cm SSH contour (thick gray contour) are also shown.
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is shown in Fig. 4. In Fig. 4b, a large anticyclone centered
around 268N, 918W is associated with a positive anomaly in
the upper layer. In the lower layer (Fig. 4d), a negative anom-
aly between the 1000- and 2000-m isobaths, related with
divergence of the flow, is located north of the LCE. It is im-
portant to note that a well-defined anticyclone–cyclone dipole
is observed in the velocity field under the LCE, although with
no anomaly pattern associated, and that the Sigsbee Gyre is
very weak, almost nonexistent. Approximately 2.5 months
later, when the LCE has reached the northwestern boundary
of the GoM (Fig. 4f), in the lower layer the negative anomaly
has traveled to the northwest, and the deep cyclone, originally
to the rear of the LCE, has propagated anticyclonically to the
south of the eddy (Fig. 4h), intensifying the Sigsbee Gyre as it
incorporates in it. At this point, a positive anomaly in the west-
ern arm of the gyre seems to be related to such intensification
(Fig. 4h). After a period of being stationary for ;3 months,
the LCE has traveled slightly south with the lower-layer nega-
tive anomaly nearly corresponding vertically, and the deep
cyclonic gyre weakened (Figs. 4j,l). Within the next 2 months,
the LCE undergoes a fast translation to the south reaching

;238N (Fig. 4n), simultaneously a new cyclone in the lower
layer seems to form behind the LCE following it, but with a
more marked negative anomaly, which is partially resolved in
the reconstructed data (Fig. 4p). Eventually, this new deep cy-
clone reintensifies the Sigsbee Gyre.

These reconstructions indicate that the main processes rep-
resented by the four leading HEOFs are consistent through-
out the entire simulation period; thus, the circulation patterns
found can be regarded as recurrent patterns. The reconstruc-
tions also suggest that a complete representation of nonstation-
ary propagating features, like the LC and LCEs, is not feasible
using techniques like EOFs, HEOFs, or self-organized maps
(von Storch and Zwiers 1999; Cromwell 2006; Meza-Padilla
et al. 2019). However, the use of HEOFs and their spatial and
temporal phases provide insights and a first-order description of
the propagation of these features in the GoM.

Maps of the proportion of explained variance [Eq. (A12)] of
the reconstructed upper- and lower-layer thickness anomalies
using the three leading HEOFs complement the results that the
upper variability associated with these HEOFs is mainly located
in the eastern GoM basin, east of 928W (Fig. 5a), and that the

FIG. 5. Maps of the proportion of explained variance for the reconstructed upper- and lower-layer thickness anoma-
lies using (a),(b) the three leading HEOFs and (c),(d) the four leading HEOFs. The gray contours represent the con-
tours f/H ([1:5]3 1028 m21 s21), where f is the local Coriolis parameter andH is the bottom depth.
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lower-layer variability is located over the slope (Fig. 5b). The
lower layer map (Fig. 5b) shows that the larger anomalies are
aligned with the planetary potential vorticity (f/H) contours,
where f is the local Coriolis parameter and H is the bottom
depth.

b. Dominant time scales of the coupled variability

To investigate the dominant time scales of the coupled vari-
ability, the temporal phase of the principal components (PCs)
[the c term in Eq. (A6)] is analyzed. For a given mode, the
time variation of the temporal phase c(t) provides informa-
tion about quasi-periodicities in the data. If c(t) decreases
monotonically from 1808 to 21808 over any 3608 interval, it
can be inferred that a certain cyclicity exists in the coupling.
The temporal phases for the four leading HEOFs and their
corresponding unwrapped phase are shown in Fig. 6. The

unwrapped phase was computed by subtracting a factor of 2p
every time a phase cycle was completed, with its slope provid-
ing information about the phase speed.

The first mode shows a clear periodicity, namely a quasi-
steady decrease from 1808 to 21808 with an average period of
7 months (Fig. 6a), close to the observed mean LCE separa-
tion period of 8.4 months in the model simulation and the al-
timetry record reported by Leben (2005) and Hall and Leben
(2016). Its behavior is consistent with the episodic nature of a
LC extension and retraction cycle. Its unwrapped phase (Fig. 6e)
displays a quasi-linear evolution with time, consistent with the
definition of cyclicity. The temporal phase for the second mode
(Fig. 6b) shows a more irregular periodicity, with longer time
scales of approximately 10.5 months on average and still a
quasi-cyclic behavior but with some leaps. Such features are
mainly related to short retractions of the LC and reattachments

FIG. 6. (a)–(d) Time series of the temporal phase for the four leading modes (8), and (e) the un-
wrapped phase for the same modes (in units of number of cycles or multiples of 2p).
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or changes in the LCE shape. However, they are almost always
coincident with minimal amplitude values and therefore do not
contribute much to the overall variability of the mode. Its un-
wrapped phase displays periods of variable phase speed. Con-
cerning the temporal phase of the third mode (Fig. 6c), its
cyclicity is less noticeable but still perceptible, with an average
period of 6.7 months associated with high-frequency variability,
specifically from 1998 to the end of the record, which is also de-
duced from the marked acceleration of its unwrapped phase af-
ter this year (Fig. 6e). The relatively short mean period of this
PC mode is related to strong meandering and LCE shedding
events followed by a reattachment.

For the fourth mode, the cyclicity is even less noticeable
(Fig. 6d). Rather, there seems to be a preference for the phase
to spend more time in a given value or stage for specific peri-
ods lasting 14 months on average. The above suggests the
persistence of a pattern, which may be strongly related to the
presence of LCEs and mesoscale circulation in the western ba-
sin. The behavior of the unwrapped phase for this mode is
more staggered than for the previous ones (Fig. 6e). Table 1
shows a summary of the characteristics of the temporal phases.

c. Propagation of the coupled recurrent
circulation patterns

To assure statistical consistency of the results through time,
discussion of the propagation of coupled patterns between
the upper and lower layers is done with a composite analysis
considering the entire simulation period (1992–2012). The
HEOFs technique provides a measure of the spatial and tem-
poral connection between the layers, allowing to identify, to a
first order, coupling of circulation features that are not collo-
cated in time nor space between the layers. Two analyses
were carried out. The first analysis describes the LC intrusion
and LCE separation events considering the first HEOF in the
eastern GoM. The second analysis describes the joint contri-
bution of the four leading HEOFs for different LCS develop-
mental stages in the entire GoM basin.

For the first analysis, composites of reconstructed layer
thickness anomalies at different times t centered around dif-
ferent temporal phase values c(t), were computed for the
first HEOF. Using six frames separated by 1/6th of a period
(608 or p/3), the chosen temporal phase values in degrees
were c 5 1808, 1208, 608, 08, 2608, and 21208. The choice of
the first value is arbitrary, which for simplicity was chosen to
be 1808. Then, the means of the reconstructed fields were
computed over the times corresponding to each of these
phase angles. The six frames of these composites are dis-
played in Fig. 7, along with the corresponding composites of

model velocity vertically averaged over each layer and the
17-cm SSH contour, representing a life cycle whose duration
is 7 months on average (Table 1). Note that layer-thickness
anomalies for phases shifted 1808 (p) are identical but with
opposite signs (Table A1).

The results reveal that the different frames correspond to
different stages of the LC intrusion–retraction and LCE sepa-
ration processes. The frame for the 1808 composite roughly
corresponds to the state of the system when a LCE is just de-
tached from the LC, while the following phases correspond to
the western propagation of the LCE and a new LC intrusion
cycle. An inspection of such maps allows detection of signal
propagation in a statistically consistent manner, and there-
fore, corroboration of the recurrence nature of the coupling
between the upper and lower layers during the LCE separa-
tion process described in section 3a for a single event of the
model data.

In the upper layer, each of the different phases is character-
ized by a train of four anomalies of alternate signs, with two
regions of positive anomalies and two of negative anomalies.
The 1808 composite displays a positive layer thickness anom-
aly centered around 268N, 908W, which is associated with a
strong anticyclonic circulation and a closed 17-cm SSH con-
tour, an LCE. A negative anomaly is located to the west of
the LCE and another between the LCE and the LC. As will
become evident from the remaining phase composites, the
latter corresponds to the remnants of the cyclone responsible
for tightening the LC. As time progresses, the anomalies
propagate to the northwest in a circuit fashion between 938
and 838W. The predominant positive anomaly at 268N, 908W
weakens as it spreads westward and is accompanied by the in-
tensification and northwestward propagation of the eastern
negative anomaly (1808, 1208, and 608 composites). At the
time of the 1208 composite, a positive anomaly located around
258N, 868W amplifies as it propagates northwestward follow-
ing the LC front during the 608, 08, 2608, and 21208 compo-
sites. During these phases, a negative anomaly related to a
cyclonic circulation develops along the eastern branch of the
LC, tightening the LC. Finally, in the 21208 composite, the
configuration of the anomalies is representative of a LC in an
extended stage with a cyclonic circulation in its neck. Eventu-
ally, the cyclone produces a necking of the LC, which favors
the intensification of a closed anticyclonic circulation on
the tip of the LC and the eventual separation of a LCE, which
coincides with the negative anomaly traveling farther west
(1808 composite).

In the lower layer, the train of four anomalies maintains op-
posite signs relative to those on the surface. However, the
structure is more complex and less organized, with some of the
features strongly determined by the bathymetry, as described
in section 3a. After a LCE detachment, in the 1808 composite,
a deep negative layer-thickness anomaly characterized by an
anticyclonic circulation begins to form below the upper-layer
positive anomaly associated with the LC. As the LC intrudes
the northern GoM, the negative anomaly propagates north-
westward keeping its intensity but with a different extension
through the 1208 and 608 composites. After an intermediate
stage of the LC is reached in the 608 composite, two positive

TABLE 1. Dominant time scales for the four leading modes
according to the temporal phase of the PCs.

Mode
Percentage of

the total variance
Mean period
(months)

Mean cycles
per year

1 23 7 1.7
2 12 10.5 1.1
3 8 6.7 1.8
4 6 14 0.9
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FIG. 7. Composites of reconstructed (left) upper- and (right) lower-layer thickness
anomalies for 1808, 1208, 608, 08, 2608, and 21208 phases of mode 1. The corresponding
composites of model velocity (vectors) vertically averaged over each layer and 17-cm SSH
contour (thick gray contour) in each phase stage are also shown.
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anomalies associated with two cyclones in a north–south orien-
tation are formed to the east of the negative anomaly. During
the 608, 08, and2608 composites, the anomalies associated with
a cyclone and a cyclone–anticyclone dipole are noticeable. The
southern positive anomaly, wider than the northern one, repre-
sents the average deep expression of the cyclone covering the
entire water column as a result of the baroclinic instability pro-
cess described by Donohue et al. (2016b). From the 08 to21208
composite, this cyclone intensifies and propagates anticycloni-
cally in concert with its upper counterpart, but showing the
slight vertical shift also present in the example of section 3a, as
the LC further penetrates and its tightening is more noticeable,
while the northern cyclone keeps a constant intensity and
undergoes a little drift to the west. Accompanying the evolution
of these anomalies, regions of convergence and divergence of
water masses are present during the LC extension cycle, mainly
located along prominent topographic features, like the Campe-
che Slope, the DeSoto Canyon, and offshore the Mississippi
Fan from the Mississippi Canyon to the Sigsbee Escarpment.
The cycle concludes with the detachment of a LCE in the 1808
composite and then the cycle repeats. The above indicates that
the coupled process observed by Donohue et al. (2016b) is re-
current and dominant, with a time scale of variability consistent
with the mean LCE separation period. Consequently, the deep
eddies appearing in the mean field under the LC (Furey et al.
2018; Morey et al. 2020), are episodic and their structure de-
pends on the position and extent of the LC.

The second analysis aims to examine the joint contribution
of the four leading HEOFs to the overall variability in the up-
per and lower layers for different LCS developmental stages.
To this end, composites of reconstructed layer thickness
anomalies, summing up the first four modes, were computed
for the main LC patterns and two incremental LCE positions
during their westward drift. These composites were computed
by seeking, over the entire 21-yr simulation, times when the
LC and LCEs were located at the corresponding stages, and
then averaging the reconstructed fields over such times. As a
result, the number of events considered for each composite is
not the same and is indicated in parentheses in the corre-
sponding figure. Zeng et al. (2015) and Liu et al. (2016) con-
ducted studies to characterize the main LC spatial patterns
with the self-organizing maps (SOM) method using SSH data
from altimetry products. The nature of the LC patterns they
found is similar, with patterns accounting for strong LC intru-
sion, retracted LC, and different stages of the LCE shedding
process. Thus, the LC patterns considered in this study emu-
late the three ones found by Zeng et al. (2015):

1) The LC intermediate pattern, with mean northward and
westward intrusion of the LC contour of 268N and 87.58W,
respectively.

2) The LC extended pattern, with the mean northward and
westward intrusion of the LC contour of 27.58N and
898W, respectively.

3) The LC retracted pattern, in which a LCE has been de-
tached, with the mean northward and westward intrusion
of the LC contour of 24.58N and 868W, respectively, and
the LCE approximately centered at (268N, 888W).

The two incremental positions of the LCEs during their
westward translation were taken when the eddy is centered
around 918W (hereinafter referred to as the mid-eddy stage)
and 958W (hereinafter referred to as the western eddy stage).
The composites of the reconstructed layer thickness anoma-
lies for these five development stages of the LCS, are shown
in Figs. 8 and 9.

On the eastern GoM basin (east of 928W), the LC pattern
for the retracted, intermediate, and extended stages (Figs. 8a–d
and 9i,j) have a high correspondence with the 1808, 608, and
21208 phase composites only considering the first HEOF
(Fig. 7). The correspondence is high in both the layer thickness
anomalies and the model velocities; thus, the first HEOF de-
scribes well the dominant coupled circulation patterns along
LC stages. The correspondence is stronger for the upper layer
than for the lower layer. Hence, to a high degree, the upper-
layer variability description is dominated by the first mode
(refer to Figs. 5 and 7), whereas for the description of the
lower-layer variability, the second, third, and fourth modes
have a role that is small but not null. A difference between the
lower-layer variability described by only the first mode and
that described by the first four modes is the convergence and
divergence of water masses in the northeast GoM, along the
2000 m-isobath from the DeSoto Canyon to the Sigsbee
Escarpment.

In the northern GoM basin (north of 258N) the primary
source of layer thickness variability in the upper layer are the
LC and LCEs. The central GoM basin (south of 258N) has
moderate variability, whereas there is minimal variability in
the southern GoM (Bay of Campeche). In the western basin,
north of 218N, an anticyclonic circulation is maintained, dis-
rupted by the passage of LCEs and their arrival to the western
boundary. In the Bay of Campeche, there is a continuous
presence of a cyclonic circulation, the Campeche Gyre cen-
tered around 208N, 95.58W, which changes its position and
intensity during the cycle (Figs. 8a,c,e and 9g,i).

In the western lower layer, similar to what occurs in the
eastern basin, the thickness anomalies are opposite to those in
the surface. However, the lower anomalies are less intense
and more dispersed than their corresponding ones on the
surface (Figs. 8b,d,f, and 9h,j). For the LC stages with no pres-
ence of LCEs west of 908W (i.e., for the retracted, intermedi-
ate, and extended stages; Figs. 8b,d,j), the lower anomalies
are small and quite homogeneous, without clear evidence
about the origin of their sign.

When a LCE has passed the 908W longitude, important
anomalies in the lower layer form along the boundary between
the 1000- and 3000-m isobaths (Figs. 8f and 9h). In the mid
eddy stage (Fig. 8f), the most pronounced anomalies are lo-
cated below the LCE. Ahead of the LCE, there is a positive
anomaly associated with a convergence of water, which drives
a cyclonic circulation along the deep boundary. Behind the
LCE, there is a negative anomaly associated with a divergence
of water; and on the easternmost side there is a positive anom-
aly. The westward propagation these signals exhibit, probably
involve TRWs (Hamilton 2009; Hamilton et al. 2019); however,
a thorough description of the nature of these signals is beyond
the scope of this work.
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In the composite corresponding to the western eddy stage
(Fig. 9h), the structures in the lower layer have reached the
northwestern basin but with wider and less intense anomalies
than in the mid eddy stage (Fig. 8f). The leading positive
anomaly is now south of the LCE, the negative anomaly is
north of it, and the last positive anomaly is centered around
89.58W along the 2000-m isobath (Fig. 9h). This configuration

of the anomalies, which is consistent with the pattern found
for a single event (section 3a; Fig. 4), is associated with the
dissipation of the deep anticyclone of the modon and the
southward translation of the corresponding deep cyclone,
which strengthens the cyclonic circulation in the abyssal plain
as documented numerically by Welsh and Inoue (2000), and
observationally by Tenreiro et al. (2018) and Furey et al.

FIG. 8. Composites of reconstructed (left) upper- and (right) lower-layer thickness anomalies for different LC and
LCE stages, considering the four leading modes: retracted, intermediate, and mid-eddy stage (LCE at ;918W). The
corresponding composites of model velocity (vectors) and 17-cm SSH contour (thick gray contour) in each stage are
also shown. The number of events used to make the composites is indicated in the lower left corner for each stage.
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(2018). Therefore, the LCE translation, the lower-layer anom-
alies along the boundary, the modon in the lower layer, and
the cyclonic circulation in the abyssal plain are closely related.
Finally, in the LC extended stage composite (Fig. 9j) after the
LCE dissipates, it is observed that in the lower layer the SAG
structure and circulation shows similar strength.

The composite analysis of the propagation of the upper–
lower coupled variability carried out in this study contributes
to corroborating the recurrent character of the LCE separation
process documented for three eddy detachments in the obser-
vational study by Donohue et al. (2016b); and the description
of the large-scale circulation of the lower layer reported in the
observational studies of Pérez-Brunius et al. (2018) and Furey
et al. (2018), particularly the semipermanent nature of the Sigs-
bee Abyssal Gyre.

4. Conclusions

From a HEOF analysis of a long-term numerical simulation,
we have addressed an in-depth analysis of the coupling between

the upper- and lower-layer variability. We have learned that in
the eastern GoM, the LC life cycle and the LCE separation pro-
cess in the upper layer (,250 m) is strongly related to the
lower-layer (.1000 m) variability, intensified following certain
steep bathymetric features. We showed that specific lower-layer
patterns, previously regarded as mean features in the deep GoM,
are consistently tied to the upper-layer dynamics, for example, the
cyclone and a cyclone–anticyclone dipole below the LC is in fact a
recurrent and dominant feature with a periodicity that agrees with
the mean LCE separation period. In the western GoM, the upper
variability is dominated by the traveling of LCEs west of 928W
and their arrival and dissipation in the northwestern basin. The as-
sociated lower layer variability is able to capture the convergence
and divergence of water along the northwest and west boundary
of the basin, and the strengthening of the circulation along the
Sigsbee Gyre western branch. The results of this study add evi-
dence and are consistent with recent observational studies.

Several efforts are underway to implement methodologies
for ocean data assimilation systems in the full water column.
Examples of these methods include deep ocean streamfunction

FIG. 9. Composites of reconstructed (left) upper- and (right) lower-layer thickness anomalies for different LC and
LCE stages, considering the four leading modes: western eddy (LCE at;958W) and extended stage. The correspond-
ing composites of model velocity (vectors) and 17-cm SSH contour (thick gray contour) in each stage are also shown.
The number of events used to make the composites is indicated in the lower left corner for each stage.
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reconstruction from synthetic SSH observations using a ma-
chine learning approach (Manucharyan et al. 2021; Sonnewald
et al. 2021), and reconstruction of deep ocean currents from
surface velocities, SSH, and surface temperature derived
from satellite observations using iterative self-organizing
maps (Chapman and Charantonis 2017). We propose that
the application of the HEOF technique used in this study
can complement the three-dimensional oceanic assimilation
methods by projecting information from surface fields to
depth fields in a statistically consistent manner.

In the analysis, dominant modes of coupled variability in
the southern GoM were not found. A possible explanation
for this can be associated with the approach used to obtain
the coupled variability modes. It is well known that the variability
of the Campeche Gyre in the western Bay of Campeche is
weaker than in the northern and eastern GoM (Vázquez de la
Cerda et al. 2005). Thus, the modes describing its variability
probably were relegated to lower modes, which were not ana-
lyzed in this study. Alternative numerical approaches to estimate
the variability in the Bay of Campeche throughout the water col-
umn and to partition the processes governing its dynamics should
be explored. Such studies are underway.
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APPENDIX

The Hilbert Empirical Orthogonal Functions

In the Hilbert empirical orthogonal function (Hilbert EOF)
analysis, the state and tendency of a system are described by
combining the original vector time series X(t) with its Hilbert
transform XH(t) in a new vector (von Storch and Zwiers 1999):

Y(t) 5 X(t) 1 iXH(t), (A1)

where i5
����

21
√

and t denotes the temporal dimension. If the
variability of a time series is confined to a relatively narrow

time scale, its Hilbert transform is identical to the original
one but p/2 phase-shifted (a quarter of period to the
right), and it can be interpreted as the time derivative or a
time rate of change of the original time series (Horel 1984;
von Storch and Zwiers 1999). The vector Y(t) represents
the complexified vector time series of X(t), which is ana-
lyzed using the conventional EOF technique (von Storch
and Zwiers 1999):

Y(t) 5∑
k
ak(t)fk 5∑

k
Yk(t), (A2)

RY(t) 5 Rak(t)fk, (A3)

with

X(t) 5∑
k
RYk(t), and XH(t) 5∑

k
IYk(t), (A4)

where k runs over the dimension of the vector Y(t), f(t) are
the Hilbert EOFs, ak(t) are the EOF coefficients (or the prin-
cipal components), and letters R and I indicate the real and
imaginary parts. The original vector time series and its Hilbert
transform have the same Hilbert EOF expansion, with equal
amounts of variance (von Storch and Zwiers 1999).

The EOFs and their coefficients are complex, so they can
be displayed using polar coordinates in terms of their am-
plitude and phase,

fk 5 Ak exp iuk, (A5)

ak(t) 5 ak(t)exp ick(t), (A6)

or using Cartesian coordinates in terms of their real and
imaginary components,

fk 5 fk
R 1 ifk

I , (A7)

ak(t) 5 ak(t)cos[ck(t)] 1 iak(t)sin[ck(t)], (A8)

where Ak and uk are the amplitude and phase of the EOF
fk, respectively; ak(t) and ck(t) are the amplitude and phase
of the EOF coefficient ak(t), respectively; and fk

R and fk
I

are the real and imaginary components of fk, respectively.
Thus, the representation of the vector Y(t) by the kth
EOF at time t can be expressed as the rotation of such
EOF through an angle ck(t) and scaled by a factor ak(t)
(von Storch and Zwiers 1999):

Yk(t) 5 ak(t)Ak exp i[uk 1 ck(t)], (A9)

RYk(t) 5 ak(t){cos[ck(t)]fk
R 2 sin[ck(t)]fk

I }, (A10)

IYk(t) 5 ak(t){sin[ck(t)]fk
R 1 cos[ck(t)]fk

I }, (A11)

where RYk(t) represents the reconstructed field using EOF
k. For a specific Hilbert EOF, if the phase of the EOF coef-
ficient covers a complete cycle in a monotonic fashion, it
can be inferred to have cyclical behavior in the original
data. Table A1 shows the typical temporal evolution of the
vector Yk(t).
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In the computation of the vector Y(t) it is assumed that
the mean, trend, climatology, and any other signal have
been removed from the data vector X(t). The Hilbert EOF
analysis comprises the estimation of the EOFs fk and their
coefficients ak(t), which can be carried out through the ei-
genvalue problem of the covariance matrix of the vector
Y(t) using canned computer software (von Storch and Zwiers
1999).

The proportion of explained variance is the percentage of
the total variance that is explained by a particular mode:

h 5 1 2
Var(P 2 F)

Var(P) (A12)

where P is the original data and F is the reconstruction us-
ing a particular mode.
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