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ABOUT THE COVER

Shown on the cover of this report is a numerical simulation of Fast Eddy interacting with the
western Gulf of Mexico shelf. Thin black contours indicate depth in meters, arrows indicate veloc-
ity at 2,500 meters depth (the scale is shown in the upper left corner), thick black line indicates the
trajectory of Fast Eddy center. Depth of 1027 kg/m� density surface is shown with white contours
and with color. Solid contours and the warmer colors (orange/yellow) correspond to locations
where the density surface is elevated over its normal depth indicating cyclonic (counterclockwise)
circulation. Dashed contours and the colder colors (blue) correspond to locations where the density
surface lies below its normal depth indicating anticyclonic (clockwise) circulation. Interaction of
Fast Eddy with the shelf resulted in formation of a surface cyclone north of it and a deep anticy-
clone east of it.
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1. EXECUTIVE SUMMARY

Synopsis

Accurate Environmental Forecasting, Inc. (AEF) was awarded a four-year contract in 1999
by the Minerals Management Service (MMS) to study the interactions of Gulf of Mexico (GOM)
eddies with topography and the dynamical effects of submarine canyons in the GOM. Both of
these topics are central towards the more fundamental objective of understanding the cross-shelf
exchange processes and the deep-water circulation of the GOM that ultimately determine, for
example, the pathways and environmental impacts of pollutants. In addition GOM eddies are quite
energetic, so much so that their currents pose a serious hazard to oil and gas operations in the GOM
and therefore an understanding of the processes that are associated with these energetic phenomena
are essential. The dynamical complexity of the GOM circulation requires that, before an attempt
can be made to achieve the ultimate goal of forecasting pollutant dispersal and eddy pathways,
we must learn more about the fundamental physical processes that define the cross-shelf and deep
circulation in the GOM.

During the four-year program the investigation followed closely the recommendations of the
steering committee and focused on two major topics. The first topic was the dynamical processes
involved in the interaction of Loop Current Eddies (LCE’s) with bottom topography in four regions
of the GOM: the central GOM, the northern GOM, the north-east corner of the GOM, and the
western GOM. The second topic was the dynamical effects of the DeSoto Canyon on the GOM
circulation as well as the circulation within the Canyon induced by large-scale GOM currents. In
addition to these two main topics, a brief investigation of the physical processes associated with the
evolution of small-scale cyclones over the northern continental slope in the GOM was conducted.
The goal of this investigation was to identify potential mechanisms that can lead to the formation of
high-intensity midwater-column-intensified currents, which are frequently referred to as midwater-
column jets. Below we briefly summarize what we consider to be the most important results from
our research program. This is followed by a summary of the next set of scientific questions that
resulted from our program.

Important Results

Deep Eddies

Previous idealized (Chassignet and Cushman-Roisin 1991) and more realistic (Welsh and Inoue
2000) numerical studies have demonstrated that LCE’s moving over the flat topography that is
characteristic of the central GOM can cause formation of large “deep” eddies. The term “deep”
is used to reflect the fact that these features, unlike more common surface eddies, have currents
that are stronger at depth. Our numerical experiments, while confirming the findings of previous
studies, have demonstrated that deep eddies can form not only during LCE propagation in the
central GOM but also during their interaction with the western shelf, particularly in the region
around ���W. This region is characterized by a relatively narrow continental slope that causes a
substantial portion of those large LCE’s that interact with the western shelf to remain over the
relatively flat topography area east of the continental slope. Because of this geometry, deep eddies
are generated over the flat topography areas as the LCE, interacting with the western shelf, becomes
elliptic and rotates clockwise. The deep eddies are characterized by relatively strong currents (up
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to 20 cm/s) and large size (200-300 km in diameter) and should have significant impact on the
deep local environment. The currents associated with these features are capable of transporting
pollutants and any other tracer over large distances making them an important consideration in
deep oil spill analysis. Aside from their impact on the deep ocean environment, deep eddies were
also shown to significantly affect the evolution of LCE’s interacting with the western shelf. In
particular, it was demonstrated that a deep cyclone-anticyclone pair might have been responsible
for off-shore eastward motion of “Fast Eddy,” as observed during its interaction with the western
shelf in 1985-1986.

Mechanisms of Cyclone Formation

Numerical simulations of a LCE interacting with a thermocline-penetrating shelf have shown
that small to intermediate-scale cyclones form as a result of water advection from the shelf. When
a LCE encounters a shelf, its circulation penetrates onto the deeper part of the shelf, advecting the
shelf water into deeper ocean. The water mass moving down the topographic slope thus acquires
a vertical component to the flow that is further associated with a horizontal convergence due to
mass conservation constraints. This horizontal convergence leads to formation of cyclonic vor-
tices in the upper ocean. The cyclones generated by this process can reach considerable strength
depending upon the exact shape of the bathymetry and the motion of the LCE. The mechanism
is very robust and was identified in numerous numerical simulations, conducted with at least two
different models, as well as in observations. We believe that this important result will assist MMS
in the analysis and evaluation of general circulation models of the GOM as well as in designing
new observational programs.

Dynamical Significance of the Intermediate Layer

The intermediate layer, i.e., the density layer defined with moderate to weak stratification ex-
tending from approximately 400 to 1,200 meters, was found to play a central role in the process
of LCE-topography interaction. A number of previous studies indicated that many aspects of the
circulation in the GOM could be reproduced if the intermediate layer is ignored and the GOM
is modeled as a two-layer system, where the bottom of the main thermocline is considered as a
dynamical boundary between the stratified upper ocean and the nearly uniform density abyss. In-
deed, two-layer numerical simulations conducted during our program show that several aspects
of LCE-topography interaction could be reproduced (qualitatively) by a two-layer model. How-
ever, our multi-layer and continuously stratified experiments have revealed the importance of the
intermediate layer. As a LCE moves onto the continental slope crossing topographic contours an
accelerated current (15-20 cm/s) is generated in the mid-water column (intermediate layer) region
underneath the eddy. This current is directed along the topography and to the right of the direction
of eddy propagation and accelerates in the onshore direction. A slow, broad current recirculating
behind the LCE in the opposite direction is generated.

We have demonstrated that the generation mechanism for these currents underneath the eddy
is related to water column squashing as the eddy advances onto the topographic slope. This cur-
rent generation can only occur if stratification exists below the main thermocline. In the absence
of stratification the relative vorticity generated by thermocline motions is radiated away as topo-
graphic Rossby waves. The stratification enables cross-topographic flow underneath the thermo-
cline allowing the along-shore northward current to recirculate around the eddy. The net effect
of the midwater-column currents on the LCE is to deflect its trajectory to the right. Thus, in the
process of a LCE interaction with the western shelf, the role of the intermediate layer is to provide
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a northward component to the eddy motion. Aside from its influence on LCE evolution the deep
cross-topographic flow enabled be the presence of the intermediate layer can play an important
role in bringing nutrients from the deeper regions to the surface of the GOM.

Regional Evolution of Isolated LCE’s

Potential scenarios describing the evolution of an isolated LCE interacting with bottom topog-
raphy in various regions of the GOM were identified. The central, the western, and the northern
regions of the GOM were studied in isolation. In each region several scenarios of LCE evolution
were considered and for each scenario the physical mechanisms involved and their relative impor-
tance were identified. Clearly, in reality the behavior of each particular LCE is affected by the
history of evolution of earlier LCE’s, by other LCE’s present in the GOM at the same time, and
by other smaller-scale circulation features. However, identifying possible scenarios of evolution
of an isolated LCE is critical for designing future observational programs and understanding the
complex patterns of real LCE interactions.

In particular, it we find that a large LCE impacting the western GOM shelf in the vicinity of
���N (a region characterized by a relatively wide shelf and a narrow continental slope) is likely to
move away from the shelf after some perperiodiod of interaction as a result of eastward advection
by deep eddies. On the other hand, a LCE impacting the western GOM shelf in the vicinity of
���N (a region characterized by a relatively narrow shelf and a wide continental slope) is likely
to stay at the shelf resulting in prolonged period of interaction and relatively faster decay. Also,
a LCE is likely to move northward as it approaches the western shelf as a result of intermediate
layer compression. Finally, isolated LCE’s moving over the northern continental slope are likely
to maintain a steady, nearly westward trajectory until hitting the western boundary in the GOM
northwestern corner, where they are likely to remain until their final decay. Interestingly, LCE’s
moving over the southern end of the northern continental shelf were found capable of moving
westward with twice the normal (�-drift) speed due to interaction with a deep cyclone just beneath
the LCE.

Dynamical Interpretation of Observations

The dynamical knowledge and intuition developed from our numerical experiments was ap-
plied to simulate, in very realistic settings, actual current-topography interaction events observed
during several previous MMS-funded studies. These simulations provided better dynamical inter-
pretation of the collected data and allowed for a better understanding of the observed circulation
patterns. Current-topography interaction events in two different regions of the GOM were simu-
lated. One region is the western shelf around ���N, where the interaction of “Fast Eddy” with the
shelf observed during the Physical Oceanography Program (1985-1988) was simulated. The other
region is the DeSoto Canyon, where circulation patterns observed during the Eddy Intrusion Study
(1997-2000) were successfully simulated.

Future Work

LCE/Deep Eddy Vertical Coupling

It was demonstrated in the course of this program that the deep layer, which is often considered
as dynamically passive, could provide a strong feedback to LCE’s moving over flat topographic
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regions. Deep eddies form beneath a moving LCE as the result of stretching and compression
of the deep layer. Deep eddies are largely barotropic features and, therefore, have significant
surface expression. This represents a serious difficulty for data assimilating general circulation
models (GCM), that are commonly used by MMS to make oil spill and other environmental risk
assessments. These models attempt to deduce subsurface ocean structures from satellite sea surface
height data, however, it is impossible to distinguish deep eddies from regular surface-intensified
eddies on the basis of their surface signature alone. Typically, sea surface height anomalies are
interpreted by data assimilating models as the signal associated with surface-intensified baroclinic
features. This means that these models are likely to overestimate the amount of energy in the upper
ocean (particularly cyclonic energy) and underestimate the amount of deep energy. We believe
that the results of our research can be used to design new techniques of sea surface height data
assimilation that would allow one to distinguish between sea surface height anomalies associated
with deep and surface-intensified features on the basis of their time evolution.

Intermediate Layer

Dynamics Multi-layer and continuously stratified experiments conducted during our study indi-
cated that the intermediate layer, i.e., the density layer with moderate to weak stratification extend-
ing from approximately 400 to 1,200 meters, can play an important dynamical role. In particular,
the effect of northward LCE propagation during its interaction with the western shelf was linked
to the existence of the intermediate layer. According to our analysis, the primary dynamical role
of the intermediate layer is to allow cross-slope motions below the thermocline. The cross-slope
currents below the main thermocline are likely to have important biological implications, i.e. they
bring nutrients from deeper regions of the GOM to the surface. Our analysis of the intermediate
layer physics in the framework of the current program was somewhat limited due to the time con-
strains of the program; it was mostly focused on the dynamical role of the intermediate layer in
the LCE-topography interaction process. We feel that further investigation will bring much better
understanding of the processes that occur in the intermediate layer and its larger role in the GOM
circulation.

Cyclone Formation Processes

Our investigation revealed that LCE-topography interactions are frequently associated with
generation of small to intermediate scale cyclones via the mechanism of off-shelf advection by
LCE currents penetrating onto the shelf. Due to the relatively high frequency of LCE-shelf interac-
tion events the mechanism of cyclone formation via off-shelf advection appears to be an important
source of cyclonic activity in the GOM. Consequently, this mechanism must be adequately repre-
sented by GCM-type numerical models attempting to simulate the circulation in the GOM in order
to produce an adequate amount of upper ocean cyclonic energy. The latter, in turn, is important for
accurate predictions of oil spills and other environmental analysis conducted by MMS.

Our investigation during this program was focused on the effects of off-shelf advected cyclones
on LCE’s, however the large-scale implications of the phenomenon were not addressed. We be-
lieve that additional process-oriented studies are needed to investigate the detailed force balance
involved in the important process of off-shelf advection and to determine those parameters and
conditions that control the amount of cyclonic energy produced. This will allow making more
definitive conclusions about the significance of off-shelf advection as a source of surface cyclonic
energy in the GOM. Furthermore, it is necessary to investigate the ability of various numerical
models currently used for simulating GOM circulation to represent this process.
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Non-hydrostatic Physics

Rapidly evolving computer technologies permit numerical ocean models with higher and higher
resolution, increasing the realism of the simulations. Horizontal resolution on the order of hun-
dreds of meters or better is already quite feasible for regional simulations. We can expect in the
nearest future that the same fine resolution will become possible in large-scale, long-term simula-
tions. Thus, numerical models will soon routinely resolve horizontal scales of 100 meters or less.
Unfortunately, the hydrostatic approximation, which is assumed in the majority of numerical mod-
els that are currently in use today, is, generally speaking, no longer valid at those scales. Recent
depth surveys revealed bathymetric features with horizontal scales less than 1 km. Strong cur-
rents associated with LCE’s, Loop Current Frontal Eddies, etc. interacting with those bathymetric
features are expected to produce rapidly evolving vertical velocities violating the hydrostatic ap-
proximation. Investigation of the role of non-hydrostatic physics is thus no longer a curiosity but
rather a necessity in order that we better understand relatively high-frequency energetic events in
the GOM.

LCE’s Over the Northern Slope

Our numerical experiments indicate the possibility that modon-like features exist over the
southern edge of the northwestern continental slope. LCE’s moving westward along the slope
can create a deep cyclone that is permanently coupled to it over flat topography areas adjacent to
the slope. We were able to simulate these features in our numerical experiments. The character-
istic property of these features is a rapid (twice the speed of the beta-drift) westward propagation.
The biological impact of these features (associated upwelling/downwelling) could be important
and needs to be further investigated. Also, high intensity currents can be created underneath the
southern portion of the LCE (due to the underlying deep cyclone); it is necessary to understand the
potential magnitude of these currents and their interaction with the finer-scale topography of the
northern slope.
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2. INVESTIGATION METHODOLOGY

The overall methodology adopted for this study is based upon a numerical experiment strat-
egy of building model configurations with gradually increasing realism: start with relatively less
complex models, which we hypothesize to represent the essential physics of the phenomenon, then
gradually transition into a more complete set of physics while still retaining the simplified set-
ting of the problem as much as possible. This methodology enables a clear dynamical analysis of
the experiment results and an in-depth understanding of the physics, which is an essential part of
this process-oriented study. The final step in this approach is a transition to fully realistic settings
capable of reproducing the observed events in significant detail. This dynamical, "bottom-up,"
process-oriented methodology is markedly different from a "top-down" methodology in which
very complex numerical ocean circulation models are run and then diagnosed a-posteriori, with
little dynamical guidance and/or understanding. Our "bottom-up" methodology builds dynami-
cal intuition at each step that we believe to be the more appropriate methodology when trying to
understand the fundamental dynamics of a particular process.

The approach that was used for designing the numerical experiments at each step of the bottom-
up methodology is sometimes called "feature" modeling. The main idea of this approach is to
represent the overall ocean circulation as a set of patterns or features that can be initialized within
a numerical model using our prior knowledge about the density and velocity structure of these
features. This approach works particularly well when the ocean circulation is dominated by strong
well-organized patterns like eddies and fronts. An important advantage of this approach is its
ability to filter out nonessential components of the circulation that may significantly complicate
the experiment analysis.

Following this methodology, a hierarchy of numerical experiments was constructed. The hier-
archy is based upon the level of approximation used to derive the differential equations describing
the fluid motion in each experiment and upon the degree of realism involved in the experiment
design. The hierarchy consisted of four classes of experiments: intermediate equations (IE) ex-
periments, extended intermediate equations experiments (IE+), idealized primitive equations (PE)
experiments, and realistic PE experiments. The intermediate equations are a class of approxima-
tions to the system of primitive equations, which is similar but generally more accurate than the
traditional quasi-geostrophic approximation and remains valid for moderate Rossby and Froude
numbers. The particular intermediate approximation that we used in our experiments is called the
General Vorticity approximation according to the classification of Allen et al. (1990) who has
shown it to be one of the most accurate among its class.

The principal goal of the IE experiments was to develop an initial understanding and intuition
of the system’s principal dynamics. The computational efficiency and the clarity of the dynamical
analysis characteristic of an IE model make it an ideal tool for achieving this goal. Another impor-
tant goal of IE experiments was the development of initialization techniques for more sophisticated
primitive equations models. An initialization technique capable of creating a well-balanced initial
state that can be integrated in time without generating strong transient components is crucial for the
success of the feature modeling approach. IE models are capable of isolating the balanced com-
ponent of the flow providing a very useful tool for initialization. IE experiments were conducted
with the numerical model of Sutyrin and Yushina (1989).

The goal of the extended intermediate equations experiments was to extend the results of the
IE experiments into domain configurations with bottom topography that penetrates the lower layer
density interface. A serious limitation of the IE model comes from the requirement for finite isopy-
cnal layer thickness. This requirement does not permit the bottom topography to outcrop into the
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upper layer since it would lead to zero lower layer thickness in regions of the outcropping. Conse-
quently, the model is incapable of representing flow interactions with realistic shelf topography. In
many cases this limitation can be eliminated by employing another IE model based on the extended
set of intermediate equations (Sutyrin, personal communications); we will refer to this model as
IE+. The extended intermediate equations include a more realistic representation of the bottom
friction and the vertical friction allowing the IE+ model to contain a lower layer with zero thick-
ness under certain conditions. Thus, in many cases the IE+ model allows a significant increase in
the realism of numerical experiments, e.g. by including realistic coastal topography, while at the
same time retaining the computational efficiency and the clarity of the dynamical analysis of the
IE model.

The idealized PE experiments further increase the realism of the numerical simulations by in-
cluding a realistic continuous stratification and a more complete set physics. Even though the IE+
model significantly increases the realism of the IE model, it does limit the number of isopycnal lay-
ers to only two. Also, the intermediate equations approximation used by the model limits the flow
parameters to moderate Rossby and Froude numbers that can be violated in strong flows especially
during interaction with bottom topography. Both of these limitations are lifted by introduction
of a continuously stratified PE model. The PE model used in this class of experiments was the
Princeton Ocean Model (POM) configured with high (better than 5 km) horizontal and vertical
(50 levels) resolutions. The bottom-following �-coordinate system employed by this model is per-
fectly suited for studying the flow interactions with coastal topography. One of the goals of the
idealized PE experiment class was to verify the results of the IE and IE+ experiments with the more
accurate primitive equations approximation. Consequently, the idealized PE model configurations
were selected to be very similar to those of the IE and IE+ experiments.

The final step in the hierarchy of numerical experiments is running the fully realistic PE model
simulations. These simulations were designed primarily to verify the results of previous ideal-
ized experiments by enabling a direct comparison with observations. The realistic simulations
were conducted by initializing the ocean conditions observed prior to the simulated events with a
high degree of detail. The POM was configured with a fully realistic topography and background
stratification. Another important goal of these simulations was to provide a better dynamical in-
terpretation for some of the observed ocean current events and to improve our understanding of
ocean circulation in particular regions of the GOM. This is the ultimate goal of the investigation
and it can only be achieved after sufficient intuition and understanding of the dynamics involved
has been developed as the result of previous idealized experiments.
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3. NUMERICAL TOOLS

3.1 IE Model Formulation

The description of the IE model begins with a scaling analysis that demonstrates the applicabil-
ity of the intermediate approximation. Then, the derivation of the intermediate equations used in
this study is presented. For clarity, the derivation is done for a two-layer system; however, it can be
easily expanded to a multi-layer system with an arbitrary number of isopycnal layers. The deriva-
tion of the intermediate equations is accompanied by a discussion of the limits of its applicability.
Finally, the numerical implementation of the model is described.

3.1.1 Scaling Analysis

Since LCE’s represent a typical circulation pattern in the GOM, the scaling analysis presented
below is based upon the flow parameters associated with a typical LCE. A typical LCE has maxi-
mum velocity � � ����, and radius 	 � ���� ��� �. Choosing 
� � �� ����, we find that the
Rossby number, ��, which characterizes eddy strength relative to the planetary vorticity, is

�� �
�


�	
� ���� (3.1)

Given a typical reduced gravity in the GOM � � � ��������, a typical upper layer depth � �
����, a typical topographic slope ���� � ����, and assuming the eddies are in geostrophic
balance at leading order, we find that the ratio of the interface displacement to the upper layer
depth,


�� 	

���

� �� (3.2)

and that the ratio of interface slope to bottom slope,


��

������
� ���� (3.3)

These non-dimensional parameters indicate that the flow is essentially in geostrophic balance,
and that depth variations in both layers cannot be assumed small. This combination suggests
an “intermediate” simplification of the primitive equations, i.e. between quasi-geostrophic and
primitive equations.

For this study we choose a specific form of the intermediate equations derived by Sutyrin
(1994). This form of the intermediate approximation is also called the General Vorticity approx-
imation according to classification of Allen et al. (1990) who has shown it to be one of the most
accurate among its class. Since this approximation is not widely used by the numerical modeling
community a quick derivation for the example of a two-layer system is presented below.

3.1.2 Intermediate Equations

We consider a stratified, rotating, hydrostatic, Boussinesq fluid with a rigid-lid on the �-plane.
For a two-layer inviscid flow, the momentum and continuity equations are:

��v� 	 

 	 ���k� v� � ��
�� 	
v��
�
�� (3.4)

���� 	� � 
��v�� � �� (3.5)
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where the subscript � � �
�� denotes the upper (lower) layer, v � 
�� �� is the horizontal velocity
vector (� is the zonal velocity in the �-direction, � is the meridional velocity in the �-direction),
� � k � � � v is the relative vorticity, 
 � 
� 	 �� is the Coriolis parameter, � is the horizontal
gradient operator, and k is the vertical unit vector. The layer depths are

�� � � 	 �� �� � �
�� ��� �� (3.6)

where � is the average depth of the upper layer, �
�� �� is the depth of the lower layer including
topography, and � is the interface displacement. The reduced pressure (��, the pressure divided by
density) and the interface displacement (��) are related by the hydrostatic equation:

���� � �
�� � ���� (3.7)

where �� � �
�� � ������ is the reduced gravity.
The potential vorticity, ��, of fluid parcels is conserved in each layer - i.e.,


�� 	 v���� � � (3.8)

�� �

 	 ��

��
� (3.9)

Under the intermediate approximation we assume that the leading order flow is geostrophic,

�� �
�


�
k���� (3.10)

and the next order flow is expressed as

v �
�


 	 ��

�
k����

�


�
����

�
� (3.11)

where �� � �

��
��� is the geostrophic vorticity and � � � 	 �

�
��� is the geostrophic Bernoulli

function. Inserting the expression (3.11) into the continuity equation (3.5) yields a predictive
system of equations for � that involves only the pressure field,


������
�� � ��� 	 ��� � 

���


�
������ � ���
��� ����� (3.12)

where �� � ��

	��� is the potential thickness (inverse potential vorticity) that is also conserved
by fluid parcels of the system.

The above derivation indicates the limits of applicability of the intermediate approximation.
The Rossby number of the flow has to be “moderate”. Since the higher order terms (�
���) are
included into the balance equations, the Rossby number does not have to be small (�� � �) like in
the more traditional quasi-geostrophic approximation. However, it does have to be less than � ���
for ��

�
� � to be valid. Thus, we expect this approximation to fail for small-scale intense flows.

Another important limitation on the applicability of the above equations comes from the re-
quirement of ellipticity of 3.12. The ellipticity of 3.12 requires the potential layer thickness ��
to be positive everywhere. This latter condition is violated if the relative vorticity of the flow � is
negative and greater than the planetary vorticity 
 . If one assumes that the initial conditions are
such that � is small and there is no external forcing, then the relative vorticity of the flow in an
isopycnal layer can exceed the planetary vorticity only if variations of the layer interface exceed
half of its thickness (from conservation of potential thickness). Thus, to ensure the solvability of
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3.12, we have to require that the layer thickness was at least twice the magnitude of the maximum
interface elevation. An important implication of this is the requirement for the bottom topography
to be confined to the lower layer. The bottom topography cannot intersect the lower layer inter-
face since the lower layer thickness has to remain remain larger than the interface elevations. This
condition significantly limits the applicability of the IE model.

3.1.3 IE Numerical Model

The core of the IE model consists of a custom designed multi-grid elliptic solver capable of
solving equations 3.11 and 3.12. The solver is designed for parallel execution on multiple proces-
sors with distributed memory architecture. The multi-grid technique allows for fast execution times
which scale as � !�
�� with the number of grid points allowing the model to run efficiently even
for multi-layer very high resolution configurations. Other notable features of the model include
a conservative Arakawa spatial approximation for the Jacobian on the right hand side of equation
(3.12), and a second-order Adams-Bashforth approximation for each time step. The model is im-
plemented on a uniform rectangular grid and is configurable with an arbitrary number of isopycnal
layers.

3.2 IE+ Model Formulation

The IE+ model is a modified version of the IE mode that extends its applicability to configu-
rations with a bottom topography that intersects the lower layer interface. These configurations,
however, are still limited to the cases where the topography is sufficiently steep at the point of in-
tersection with the lower layer interface. The modifications to the IE model include a new extended
set of intermediate equations and a new elliptic solver.

3.2.1 Extended Intermediate Equations

To leading order in the Rossby number, the flow is geostrophic,

�� �
�


�
k���� (3.13)

and the next order flow is expressed as

v �
�


 	 ��

�
k� 
���

F
�
��

�


�
����

�
� (3.14)

where �� � �

��
��� is the geostrophic vorticity and � � � 	 �

�
��� is the geostrophic Bernoulli

function, and F is the frictional momentum flux. Inserting the expression (3.14) into the continuity
equation (3.5) yields a predictive system of equations for � that involves only the pressure field
(Sutyrin 1994),


����

��
��
�� � ��� 	� � 


���


�
������ � �
��� ���� 	 "� 	 #�� (3.15)

where �� � ��

 	 ��� is the potential thickness (inverse potential vorticity) that is conserved in
fluid parcels if F � � and " � �, and
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This expression suggest a simplified form for the effect of momentum diffusion

#� �
$�


�
��
����

�����

where $� are horizontal friction coefficients in different layers. The version of the model used in
this study employs the latter form of the momentum diffusion equation. The diapycnal mass flux
is modeled by the Ekman boundary layer either in the lower layer: "� � ���

���, or in the upper
layer: "� � ���

���, over the shelf where �� � �.
These modified intermediate equations (IE+) are uniformly valid for arbitrary layer depth per-

turbations, including diabatic processes, and permit the interface to intersect the bathymetry. How-
ever, an important restriction on the form of the bathymetry applies: the point of the intersection
of the bathymetry and the layer interface has to be restricted to a single grid point during the entire
integration.

3.2.2 IE+ Numerical Model

Instead of the multi-grid elliptic solver used in the implementation of the IE model an over-
relaxation iterative solver is applied for solving the extended intermediate equations 3.14 and 3.15.
The solver is capable of restricting the area where the solution is calculated to the grid points
with finite layer thickness. This feature allows the solver to deal with situations where the lower
layer thickness vanishes due to the topography penetrating through the layer interface. This solver,
however, is less efficient and currently limits the model to only two isopycnal layers.

3.3 Primitive Equations Model

The primitive equations model used in this study is the Princeton Ocean Model (POM). Orig-
inally developed by Blumberg and Mellor (1987) the POM is widely distributed to the academic
community and industry and is run operationally as a part of the Coastal Ocean Forecast System
(COFS) at the National Center for Environmental Predictions. The latest version of the model is
described in detail by Mellor (1998). The POM is a fully three-dimensional, primitive equation
model with complete thermohaline dynamics. The model equations are solved in a curvilinear
coordinate system. In this study the model is configured with a spherical coordinate system in the
horizontal and with a �-coordinate system, i.e., following the ocean bottom and the free surface,
in the vertical. The bottom following coordinate system allows for better representation of the
current-topography interactions. A second order turbulence closure scheme (Mellor and Yamada
1982) is embedded in the model to provide vertical mixing parameters. The horizontal diffusion
terms are calculated using the scales of motion resolved by the model and the local deformation
field (Smagorinsky 1963). The density is calculated using the modified UNESCO equation of state
(Mellor 1998).

For this study the model was configured with horizontal resolution of at least 5 km. Primarily
the minimum viscosity necessary to maintain the numerical stability of the model dictates the
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requirement for the high resolution. The viscosity levels necessary to maintain the numerical
stability at coarser resolutions lead to excessive eddy dissipation rates.

The model was configured with 50 �-levels distributed so as to provide a vertical resolution
reaching a maximum of 35 meters in the thermocline and a minimum of 180 meters near the
bottom at 3,500 meters. The vertical resolution is uniform in the upper 500 meters and decreases
linearly below that point. This configuration was carefully selected to minimize the well-known
pressure gradient error associated with the �-coordinate system. Removing the basin-averaged
density distribution from the time-dependent density field before evaluating the pressure gradient
terms further reduces the pressure gradient error in the model.
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4. LCE INTERACTIONS WITH TOPOGRAPHY

4.1 Introduction

Large, baroclinic, anti-cyclonic eddies (LCE’s) formed in the eastern GOM typically propa-
gate south-westward from their formation region until reaching the western boundary where their
continued evolution and motion are strongly influenced by interactions with the continental slope
and shelf. Observations of LCE interactions with the slope and shelf do not lend themselves to a
canonical description of either the interaction process or its results. LCE’s may remain near the
slope or move offshore; they may move north or south; and there may be significant modification
of the shelf water mass. The only consistently observed characteristic of LCE interactions with
the slope and shelf are weakening of the LCE and formation of other (smaller) eddy-like features
(Vukovich and Crissman 1986; Kirwan et al. 1988; Lewis et al. 1989; Vukovich and Waddel 1991;
Vidal et al. 1992; Hamilton et al. 1999).

This variability in outcomes of LCE interaction with the slope and shelf indicates that there
must be a number of variables that govern these interactions, and a number of authors have con-
tributed theoretical insight likely to be relevant in explaining the myriad observed behaviors. Some
of the earliest studies of eddy-topography interaction were those of Smith and O’Brien (1983)
and Smith (1986). In a series of numerical experiments in a primitive equation two layer model,
they showed that � (both planetary and topographic) induced dispersion leads to asymmetric eddy
structure which then gives the eddy a nonlinear self-advective tendency, and that eddies with weak
lower layer expression evolve quickly to upper layer features in the presence of topography due
to dispersion of the lower layer feature by TRW’s. These eddies then propagate independently of
topography. Grimshaw et al. (1994) also showed that eddies in contact with the bottom rapidly
disperse under the influence of TRW’s when they encounter strongly sloped topography. In con-
trast to the above authors, who focus on eddy interactions with sloping topography, Shi and Nof
(1994) discuss the dynamics of eddy interactions with boundaries. They show that the propaga-
tion and evolution of eddies encountering walls is dominated by the “image” effect which drives
anti-cyclones rapidly northward along a western boundary.

In this study, we conduct a series of numerical experiments to identify physical mechanisms
controlling LCE interaction with topography representative of the northern and western regions of
the GOM. A typical experiment consists of an isolated anticyclonic eddy representative of an LCE
that is initialized in the upper ocean away from the coast, the lower layer is initially at rest. The
eddy is allowed to evolve freely driven primarily by �-effect which generally tends to push the
eddy against the continental shelf.

Following the investigation methodology described in Section 2 a hierarchy of numerical ex-
periments was constructed. The hierarchy is based upon the level of approximation used to derive
the differential equations describing the fluid motion in each experiment and upon the degree of
realism involved in the experiment design. The hierarchy consisted of four classes of experiments:
intermediate equations (IE) experiments, extended intermediate equations experiments, idealized
primitive equations experiments, and realistic primitive equations experiments.

The principal goal of the IE experiments was to develop an initial understanding and intuition of
the system principal dynamics. The computational efficiency and the clarity of the dynamical anal-
ysis characteristic to an IE model make it an ideal tool for achieving this goal. Another important
goal of the IE experiments was the development of initialization techniques for more sophisticated
primitive equations models. An initialization technique capable of creating a well-balanced initial
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state, which can be integrated in time without generating strong transient components, is crucial
for the success of the feature modeling approach. IE models are capable of isolating the balanced
component of the flow providing a very useful tool for initialization.

The goal of the extended intermediate equations experiments was to extend the results of the IE
experiments into domain configurations with bottom topography penetrating the lower layer den-
sity interface. A serious limitation of this IE model comes from the requirement for finite isopycnal
later thickness. This requirement does not permit the bottom topography to outcrop into the upper
layer since it would lead to zero lower layer thickness in regions of the outcropping. Consequently,
the model is incapable of representing flow interactions with realistic shelf topography. In many
cases this limitation can be eliminated by employing another IE model (IE+ model) based on the
extended set of intermediate equations (see Section 3.2). The extended intermediate equations in-
clude more realistic representation of the bottom friction and the vertical friction allowing the IE+
model to permit lower layer with zero thickness under certain conditions. Thus, in many cases
IE+ model allows to significantly increase the realism of numerical experiments (i.e. by includ-
ing realistic coastal topography) while retaining the computational efficiency and the clarity of the
dynamical analysis of the IE model.

The idealized PE experiments further increase the realism of the numerical simulations by
including a realistic continuous stratification and a more accurate set of equations. Even though
the IE+ model significantly increases the realism of the IE model, it does limit the number of
isopycnal layers to only two. Also, the intermediate equations used by this model limit the flow
parameters to moderate Rossby and Froude numbers, a condition that can be violated in strong
flows especially during interactions with bottom topography. Both of these limitations are lifted
by introducing a continuously stratified PE model.

The final step in the hierarchy of numerical experiments is a sequence of fully realistic PE
model simulations. These simulations were designed primarily to verify the results of previous
idealized experiments by enabling a direct comparison with observations. The realistic simula-
tions were conducted by initializing the ocean conditions observed prior to the simulated events
with a high degree of detail. Another important goal of these simulations was to provide a better
dynamical interpretation for some of the observed ocean current events and to improve our un-
derstanding of ocean circulation in particular regions of the GOM. This is the ultimate goal of
the investigation and it can only be achieved after sufficient intuition and understanding of the
dynamics involved has been developed as the result of previous idealized experiments.

4.2 Intermediate Equations Experiments

The principal goal of the IE experiments was to develop an initial understanding and intuition
of the LCE principal dynamics. Due to finite layer thickness limitation of the IE model these initial
experiments are restricted to the areas of the GOM where the bottom topography does not penetrate
into the main thermocline, i.e., the abyssal plane in the central GOM and the western and northern
continental slopes. We initialize an anticyclone resembling a LCE over either the abyssal plane
away from the topography or over the northern continental slope and simulate its evolution on the
�-plane.

The majority of the experiments are performed with the 2-layer IE model (see Section 3.1).
In the 2-layer configuration the upper layer represents the main thermocline and the lower layer
represents the deep weakly stratified ocean. The anticyclone is initialized in the upper layer while
the lower layer is initially at rest. Then, 7-layer IE experiments are conducted as an intermediate
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step between 2-layer IE and the �-coordinate PE model. In the 7-layer formulation the density
variation between isopycnal layers is limited to ���� (versus ��� in the 2-layer case). This allows
fitting of a linear density profile without significant potential thickness distortions (see PE model
initialization section below). Conveniently, the 7-layer formulation can be easily converted back
to two layers as we will demonstrate below. Intercomparison experiments between 2-layer and
7-layer versions of the IE model are conducted. Some preliminary conclusions about the effect of
the finer vertical resolution are made.

4.2.1 2-Layer Experiments

4.2.1.1 Model Configuration and Initialization

The IE model was configured for a rectangular domain of 1,600�1,280 km with a 10 km grid
resolution. No flux boundary conditions were prescribed on the western, eastern, and northern
boundaries; the southern boundary was left open to allow TRW’s and other waves to propagate out
of the domain.

Topography included a linearly sloping bottom at both northern and western boundaries, so
that the resulting lower layer thickness was prescribed as

� � ���	 	 min
����� 
� � 	������ ��
� ����	� (4.1)

where the shallowest lower layer depth, ���	 � ��� m, the slope, ��� � ���� � ����, and
the deepest lower layer depth, ��
� �3,200 m. With the upper layer thickness � �300 m, the
maximum ocean depth was 3,500 m. 	� is the meridional width of the domain. This topography
is an idealized representation of the northern and western continental slopes in the GOM. Vertical
walls along the western and the northern boundaries represent the shelf break. The shelf itself
cannot be realistically represented due to the limitation of the model on the thickness of the lower
layer.

The vortex was initialized with a circular potential vorticity perturbation in the upper layer,
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where the vortex core parameters: %� �900 m and 	� �80 km were chosen to initialize the upper
layer eddy with maximum velocity of 1 m/s and maximum interface slope of 0.003 at 100 km
radius. This corresponds to an eddy diameter of about 400 km as shown in Figure 4.1. The lower
layer was initially at rest.

This approach to initialization is sometimes called “feature modeling.” The main idea is to
construct a circulation feature by prescribing its shape and velocity with an analytical function.
The free parameters of the analytical function are specified to produce a feature of the required
size and intensity. In this case, instead of prescribing the density and velocity structure of the
feature, we prescribe its potential vorticity signature.
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Figure 4.1. Initial meridional section of zonal velocity and interface displacement across the eddy
center.
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Figure 4.2. Eddy trajectory (dots mark the eddy center each day) and eddy shape (interface dis-
placement; contour interval is 50 m) superimposed upon topography.

4.2.1.2 Numerical Experiments

Two experiments were conducted with the model configured as described in the previous sec-
tion. Experiment 1 depicts the evolution of an LCE-like eddy and the associated lower layer flow
when the eddy is initialized over a flat bottom and interacts with a western continental slope and
boundary (Figure 4.2). This experiment shows four distinct phases of evolution that are funda-
mental to eddy propagation and development. First, over the flat bottom, the eddy drifts south-
westward until it encounters the western continental slope. Second, over the slope, the eddy’s
southward speed decreases as the eddy continues its westward drift towards the shelf break. Third,
the eddy’s meridional speed changes sign when the eddy approaches the boundary. Finally, the
eddy moves rapidly northward along the boundary and develops an elongated shape.

During the first stage, the eddy’s westward drift remains about 3 km/day which is only slightly
less than in a reduced-gravity model (Nof 1983; Nycander and Sutyrin 1992). The most dramatic
effect that inclusion of dynamics in the lower layer produces is a substantial southward translation,
not present in reduced-gravity models of similar eddies, that reaches �3.5 km/day, which is in
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Figure 4.3. Lower layer pressure (shaded) superimposed by interface displacement (contour inter-
val is 50m) and topography at day 30.

qualitative agreement with previous numerical simulations over a flat bottom (e.g., Chassignet
and Cushman-Roisin (1991)). The physical mechanism of the southward drift is related to the
development of a cyclonic circulation in the lower layer slightly to the east of the vortex center
as shown in Figure 4.3. This cyclonic circulation penetrates the upper layer due to the hydrostatic
relation and advects the eddy center southward - providing a southward motion in addition to the
westward drift which is mostly due to the beta-effect.

The vortex begins to feel the image vortex effect at about 160 km from the western boundary
where the meridional eddy motion turns northward. The eddy center continues to approach the
western boundary with decreasing zonal speed as it accelerates to the north. The eddy shape
becomes elongated as seen at day 150 in Figure 4.2. Such a “wodon”-like eddy structure was
described by Shi and Nof (1994) who considered vortex interaction with a vertical wall.

Experiment 2 is configured identically to Experiment 1 with the single exception that the eddy
is initialized over the northern continental slope instead of the flat abyssal plane. In this case,
three stages of evolution are present: an initial westward drift, a movement towards the northern
boundary, and an eastward zonal drift along the northern boundary (Figure 4.4).

During the first stage, TRW dispersion in the lower layer prevents the development of the deep
cyclone found in the flat bottom region, and the eddy consequently propagates almost due west in
qualitative agreement with the quasi-geostrophic simulations of Theirry and Morel (1999) and the
theoretical analysis of Sutyrin (2001). The southward drift speed remains below 0.2 km/day, and
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Figure 4.4. Same as Figure 4.2 except for experiment two.

the westward speed of 3 km/day is slightly smaller than in the reduced-gravity model. The TRW’s
generated in the lower layer have maximum velocity of about 5 cm/s near the northern boundary.

4.2.1.3 Discussion

Large upper-ocean eddies, of which LCE’s are examples, drive characteristic deep flow as
the �-effect pushes them westward. This deep flow then adds a significant southerly component
to the upper-ocean eddy’s propagation. The actual magnitude of this deep-flow-induced southerly
propagation is dependent upon the depth of the underlying water; lower layer flow in deeper oceans
induces weaker southerly propagation.

The fact that the �-induced westward drift of upper-ocean eddies like LCE’s drives charac-
teristic deep circulation deserves special commentary for at least three reasons. First, the myth
that LCE’s are only upper-ocean features needs to be dispelled. All observational descriptions of
LCE’s (e.g., Kirwan et al. (1988), Lewis et al. (1989), Vukovich and Waddel (1991), Vidal et al.
(1992), and Glenn and Ebbesmeyer (1993)) have focused on the vigorous upper-ocean circulation
associated with LCE’s as they propagate in the GOM and interact with the continental slope and
shelf. While these studies have contributed mightily to our understanding of these eddy features,
our work and that of others (Welsh and Inoue 2000) makes it clear that there are characteristic deep
flows associated with LCE’s. Second, the propagation of upper-ocean LCE’s is significantly im-
pacted by the accompanying deep circulation. Comparison of the propagation of LCE-like eddies
in numerical experiments with and without deep circulation (full versus reduced-gravity models)
shows that the inclusion of the deep circulation adds a southerly component to the LCE’s propaga-
tion in excess of 3 km/day over the abyssal interior – a speed that is approximately equivalent to the
LCE’s �-induced westward drift. The importance of the lower layer circulation is magnified during
LCE-topography interactions involving wide shelves such as those found in the northwestern and
northern GOM. During these LCE-topography interactions, the strength of the lower layer circula-
tion is enhanced because the lower layer vortex tube stretching associated with LCE propagation
is a larger fraction of the total water column height. This more vigorous lower layer circulation
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leads to rapid – as much as 10 km/day in our experiments – southward translation along the shelf-
break. Finally, the interaction of the deep circulation driven by LCE’s with the continental slope is
a significant source of TRW energy in our simulations. It seems plausible to suggest that bursts of
TRW energy are likely to be generated as the deep eddies which develop in the abyss as the LCE
propagates disperse into TRW’s as the LCE approaches the continental slope.

When an eddy is initialized over the northern shelf, TRW dispersion prevents development
of significant lower layer flows. This implies that the only source of cross-isobath (southerly)
movement is self-advection of the surface eddy through nonlinear steepening. In our experiments,
southward propagation of the surface eddy never exceeds 0.2 km/day in these circumstances, and
the upper-layer eddy propagates essentially zonally until it encounters the bathymetry in the north-
west corner.

4.2.2 7-Layer vs. 2-Layer IE Model Intercomparison Experiments

4.2.2.1 Experiment Design

The 7-layer model subdivides the upper layer of the 2-layer model into 6 layers. The layer sub-
division was chosen to represent the realistic stratification of the GOM. The typical density profile
in the GOM was modified slightly to have the same average density that was used in our previous
2-layer IE experiments. This permits direct comparison of PE and multi-layer IE experiments with
our previous results.

The vortex is initialized with a circular PV perturbation specified separately for each layer
except the lower layer which is initially assumed motionless. The form of the PV perturbation
in �-th layer (PV-based feature model of an LCE) is the same that was used in the 2-layer IE
experiments:
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the amplitude of the disturbance %'� varies from layer to layer while the radius and the width of
the transition zone 	� remain the same. This is done to allow a straightforward intercomparison
between 2-layer and 7-layer IE model experiments. Amplitudes of PV disturbances in each layer
are chosen to produce the stratification in the center of the vortex similar to what is observed in
LCE’s. The resulting vortex density, i.e., interface elevations, and velocity structure is shown on
Figure 4.5.

The experiment design is similar to the one that was used in our previous 2-layer IE model. The
domain is a rectangular 1,600�1,300 km with 3,500 m depth everywhere except near the northern
and western boundaries where it is sloping outwards at 0.01 rate representing the continental rise
in GOM. The slope is smoothed in the northwest corner to allow for free propagation of TRW’s.
Sponge BCs are applied along southern and eastern boundaries to allow energy propagation out of
the domain. The exact form of the bottom topography is shown on Figure 4.6. A uniform 10 km
resolution is used.

The 2-layer IE model was initialized by transferring the initial balance solution from 7-layer
model:
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i.e., the unperturbed depth of the upper layer in 2-layer model is taken to be the sum of depths
of the upper 6 layers in 7-layer model, the density of the upper layer is taken to be the average
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density of the upper 6 layers, and the potential thickness anomaly associated with the vortex is
taken to be the sum of anomalies in the 6 upper layers. Note that the resulting eddy structure, as it
is prescribed by the potential thickness anomaly, is different from the structure used in our previous
experiments.

4.2.2.2 Results

Figure 4.6 shows the vortex propagation over flat bottom and shallow slope in 7-layer (left
panel) and 2-layer (right panel) experiments. Thick contours indicate the bottom topography, thin
contours indicate lower interface displacements caused by the vortex every 70 days of model in-
tegration, blue line indicate continuous vortex trajectory. The general pattern of vortex evolution
is very similar in both models and essentially repeats what was previously reported. Initially the
vortex propagates south-west over flat bottom region with average speed of 3 km/day being pro-
pelled by �-effect and deep cyclonic circulation penetrating to the upper layer. Once it encounters
the sloping region the southward component of its propagation speed rapidly decreases due to dis-
persion of the deep circulation over the topographic slope. The vortex then moves westward until
it encounters the boundary wall after which it starts moving rapidly northward due to the image
effect with the wall.

The most significant difference between the two experiments is the direction of the vortex prop-
agation. The propagation speed of the vortex simulated in 7-layer model has substantially greater
southward component than the propagation speed of the vortex in 2-layer case. The point where
the vortex center reaches 2,500 meters isobath, which is approximately the point where it starts
turning north, is about 200 km further south in 7-layer case. Since the southward component of
the vortex propagation speed is largely due to its advection by deep cyclonic circulation, the ac-
celerated southward motion of the vortex in 7-layer case implies stronger interaction between the
vortex and the deep cyclones. However, differences in amplitude of the deep cyclonic circula-
tion between 2-layer and 7-later cases cannot account for the observed differences in the vortex
southward propagation speed. This seems to suggest that in the case of well resolved thermocline
structure the interaction of the vortex with deep cyclones can lead to distortion of vortex vertical
structure, which produces additional vortex advection.

4.3 IE+ Model Experiments

The IE+ model was used to conduct several idealized experiments simulating interaction of
LCE’s with western GOM topography. These simulations provided the first insight into the mech-
anism of LCE interaction with thermocline-penetrating topography. An important finding of the
2-layer IE+ experiments was that the eddy-shelf interaction produces off-shore advection of high
PV water from shallow regions over the shelf. The subsequent formation of surface-intensified
cyclones associated with positive PV anomalies advected off the shelf was identified as one of
the key physical mechanisms controlling the behavior of LCE’s. The interaction of a LCE with
off-shelf advected cyclones results in a looping southward motion of the eddy.

We also have found that a LCE interacting with the continental shelf can generate bottom-
intensified eddies beneath the main thermocline over regions of flat topography. The net effect of
these eddies is to amplify the cyclic motions of the LCE. Moreover, it was established that the
effect of bottom-intensified eddies on the trajectory of the LCE is substantially stronger than the
effect of the surface-intensified cyclonic eddies; this effect is responsible for the large amplitude
cyclic motion of LCE’s during their interaction with the GOM western shelf at ���N.
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Figure 4.6. LCE propagation over flat bottom and shallow slope in 7-layer (left panel) and 2-layer
(right panel) IE model experiments. Thick contours indicate the bottom topography,
thin contours indicate lower interface displacements caused by the vortex every 70 days
of model integration, blue line indicate continuous vortex trajectory.
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Figure 4.7. Zonal sections of bathymetry and initial interface displacement for the two IE+ model
experiments. The wide shelf bathymetry is from ���N, and the narrow shelf bathymetry
is from ���N. The initial interface displacement is shown with the dotted line.

4.3.1 Experiment Design

The model was configured for a rectangular, ��� � �� ��� km, basin with a uniform 10 km
horizontal resolution. No flux boundary conditions were assigned on the western, eastern, and
northern boundaries; open boundary conditions were assigned on the southern boundary to allow
TRW’s to propagate out of the domain. The bottom topography in the eastern part of the domain
is flat (3,500 m) representing the bathymetry of the central GOM. A meridionally uniform slope is
introduced along the western boundary representing the western shelf.

Two types of shelf configuration were simulated. In the first configuration, which corresponds
to the GOM coastal topography profile at ���N, the shelf is relatively wide while the continental
slope is relatively narrow. In the second configuration, which corresponds to the GOM topography
profile at ���N, the shelf is relatively narrow while the continental slope is relatively wide. The
prescribed basin margin bathymetry included vertical walls on the northern and eastern boundaries.
The exact bottom topography profiles were prescribed as specific cross-sections from the ETOPO5
bathymetric database and are shown in Figure 4.7.

The vortex was initialized with the same circular PV perturbation in the upper layer as in
our previous IE experiments (Section 4.2.1): where the vortex core parameters: %� �900 m and
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	� �80 km are chosen to initialize the upper layer eddy with maximum velocity 1 m/s and max-
imum interface slope ����� at 100 km radius. This corresponds to an eddy diameter of about
400 km. The lower layer is initially at rest. The initial distribution of the interface is shown in
Figure 4.7.

4.3.2 Results

Both the narrow (���N) and wide (���N) shelf experiments exhibit the same qualitative evolu-
tion of the LCE and the associated eddy features during interactions with the bathymetry. We will
focus on the wide shelf case in exploring the qualitative behavior of the system. The analysis of
important differences between the two experiments is presented in Section 4.3.3.

Figure 4.8 shows the simulated interface displacement at 5, 25, 60, and 300 days of integration
for the wide shelf experiment. After the LCE encounters the shelf, water masses are exchanged
across the shelf break. On the northern side of the LCE, water is advected from the shelf onto
the slope; water is advected from the slope to the shelf on the LCE’s southern side. As the shelf
water is advected eastward into deeper regions, the water column stretches and acquires cyclonic
relative vorticity. This forms a "lopsided" dipole in which the LCE is the much stronger member
(day 25). The dipole moves slightly out to sea, leading to the "loopy" character of the LCE track,
until the cyclone is swept around the LCE’s periphery into the shelf where it dissipates as a packet
of topographic Rossby waves (day 60). After this time, the LCE moves back into the slope, and
the entire process begins again. This process continues until the LCE weakens so that the cyclone
and LCE are of comparable strength (day 300). This more stable dipole structure self advects away
from the shelf and to the north.

As indicated above, the behavior in the narrow shelf case is qualitatively similar to the wide
shelf case discussed above, but the LCE track resulting from the interaction with the basin margin
bathymetry is different (Figure 4.9). In particular, the "loopiness" of the narrow shelf track is less
than that of the wide shelf case, and the southward propagation is also substantially reduced.

4.3.3 Experiment Analysis

The numerical simulations indicated that two different shelf configurations produce two types
of LCE behavior. In the first configuration, which corresponds to the GOM coastal topography
profile at ���N, the LCE propagates southward following a cyclic trajectory with large (�100 km)
cycles. In the second configuration, which corresponds to the GOM topography profile at ���N,
the LCE also propagates southward along a cyclic trajectory, but the amplitude of the cycles is
substantially smaller (�20 km) and the resulting southward propagation speed is slower. The
analysis presented below indicates that an additional dynamical process is present in the system
controlling LCE interaction with coastal topography. This process is associated with formation of
bottom-intensified eddies beneath the LCE via the mechanism of vortex tube stretching/squashing
in the lower layer. Furthermore, by conducting additional experiments with modified topography
we were able to demonstrate conclusively that this process is responsible for differences in LCE
behavior in the ���N and ���N topography configurations.

A closer look at the results of the experiment reveals that in some cases bottom-intensified
cyclones and anticyclones can form beneath the LCE. An example of bottom-intensified eddy
formation beneath an LCE can be seen in Figure 4.10. Shown in the figure is day 40 of the
integration in the wide shelf topography configuration. The thick contours indicate the interface
displacement and the vectors indicate the velocity in the lower layer. By day 40 the LCE has
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Figure 4.8. Upper layer interface displacement at 5, 25, 60, and 300 days of integration for the wide
shelf experiment. Positive displacement is shown with thick solid contours; negative
displacement is shown with dashed contours. The gray line indicates the LCE track.
Bathymetry is contoured with thin lines.
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Figure 4.9. Comparison of the LCE tracks from the narrow and wide shelf experiments. Zonal
oscillatory motion of the eddy as well as the southward propagation are substantially
reduced in the narrow shelf case.
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already generated a surface-intensified cyclone via the process of off-shelf PV advection. As a
result of cyclone-anticyclone interaction, both the LCE and the cyclone have become elliptic and
the pair is rotating clockwise.

A rotating elliptic eddy causes compression of the lower layer water columns in front (in the
rotational sense) of the eddy and stretching behind the eddy. The process of water column squash-
ing (stretching) in the lower layer generates anticyclonic (cyclonic) relative vorticity. The bottom
slope west of the LCE leads to radiation of the lower layer relative vorticity in the form of topo-
graphic Rossby waves. On the other hand, the eastern part of the LCE is located over a flat bottom,
allowing the relative vorticity generated in the lower layer to form a bottom-intensified cyclone-
anticyclone pair. As one can see from the figure, the net effect of the bottom-intensified pair on the
LCE is to push it eastward - i.e., away from the shelf.

The mechanism of bottom-intensified eddy generation described above can only work when a
substantial portion of the surface eddy is located over flat topography. Figure 4.11 shows the same
IE+ simulation of eddy-shelf interaction but for the ���N topography configuration. As one can
see the LCE is located almost entirely over the sloping bottom which prevents the formation of
bottom-intensified eddies.

To demonstrate that the bottom-intensified eddy mechanism is responsible for the different
LCE behavior in the ���N and ���N topography configurations, a hybrid topography IE+ exper-
iment similar to those described in the previous section was conducted. The coastal topography
profile from ���N was combined with the profile from ���N. The hybrid profile (Figure 4.12) was
constructed to contain the shallow part (shallower that 1000 m) from ���N (narrow shelf) and
the deep part from ���N (narrow continental slope). The resulting topography has the same con-
figuration in the upper layer as in the narrow shelf experiment, however the narrow continental
slope in the lower layer allows the generation of bottom-intensified eddies similar to the wide shelf
experiment.

The resulting LCE trajectory in this hybrid experiment was found to be very similar to the
trajectory in the ���N (wide shelf, narrow slope) experiment (see Figure 4.13) - i.e., it had amplified
cyclic motion - proving that the large amplitude cyclic motion of the LCE at ���N is related to
the bottom-intensified eddies. The resulting LCE behavior indicates that the effect of bottom-
intensified eddies (when they can be generated) on the LCE trajectory is substantially stronger
than the effect of the off-shelf-advected surface-intensified eddies.

Observational evidence was found to demonstrate that the anticyclonic eddy behavior seen in
the ���N (wide shelf, narrow slope) experiment can be seen in the western GOM. Figure 4.14 taken
from Lewis et al. (1989) shows a drifter trajectory observed in 1985-86. The drifter was seeded in
the so-called “Fast Eddy” on July 18, 1985 and tracked the eddy until June 26, 1986 throughout the
process of eddy interaction with the western shelf. The eddy was observed to reflect back (move
eastward) from the shelf and propagate southward following the same cyclic motion that we see in
our experiments.

4.4 PE Experiments

The class of PE experiments is the next step in the hierarchy of numerical experiments with
increasing realism. In these experiments the level of realism is increased by introducing a realistic
continuous stratification, realistic bottom topography, and more accurate primitive equations into
numerical simulations. In following the overall methodology of a gradual increase of realism,
the entire set of PE experiments was subdivided into several sets of experiments with gradually
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Figure 4.10. Wide shelf topography configuration experiment, day 40 of model integration. Thick
contours indicate pressure in the upper layer; and vectors show the velocity in the
lower layer. A bottom-intensified cyclone-anticyclone pair is formed underneath the
surface eddy over flat topography. The net effect of the deep circulation is to push the
surface eddy away from the shelf.
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Figure 4.11. Same as in Figure 4.10 but for narrow shelf experiment. The wide continental slope
prevents the formation of a bottom-intensified cyclone-anticyclone pair underneath
the surface eddy.
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Figure 4.13. Hybrid topography experiment (right panel) compared to the wide shelf experiment
(left panel). Trajectory of the anticyclonic eddy is very similar to the trajectory in the
wide shelf (���N) configuration.

34



Figure 4.14. Example of observed cyclic eddy behavior during its interaction with the GOM west-
ern boundary.
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increasing complexity to provide a smooth transition from IE and IE+ experiments to real event
simulations.

We start with developing an initialization procedure which allows for creating a balanced initial
conditions in the PE model and enables direct comparison between the PE model and the IE model
experiments. Then, the PE model is compared against the IE model in simple configurations to
ensure the correctness of the initialization procedure and to verify the IE model results with the
more trustworthy primitive equations. Once the confidence in the initialization technique and
in previous IE results is reached we proceed with increasing the realism of the PE simulations.
The first incremental step is introduction of realistic continuous stratification. The next step is
introduction of fully realistic topography. As the result of this incremental process a new dynamical
mechanism affecting LCE behavior is revealed. Finally, we simulate several potential scenarios of
an isolated LCE evolution during its interaction with coastal topography in the western and the
northern GOM and in the northwest corner.

4.4.1 Initialization Procedure

The PE model was initialized by transferring the initial balanced solution from the IE model.
The first step in transferring the initial solution from isopycnal layers into the �-coordinate sys-
tem is to form a continuous vertical density profile from a set of discrete densities. In order to
accomplish this task while preserving the initial balance, the continuous profile is calculated by in-
terpolating linearly between the density layers, i.e. the density in each layer is assumed to change
linearly with depth instead of being constant. Note that the assumption of linear density variation
is crucial because it allows for an exact correspondence between fully 3-dimensional PE equa-
tions and isopycnal layer shallow water equations which are the basis for the IE model (this can
be demonstrated by averaging PE equations vertically within layers). The linear profiles in each
layer are fixed according to two criteria: density values at the layer interfaces have to match, so that
the individual profiles form a continuous vertical profile throughout the entire water column (con-
tinuity requirement), and the mean density in each layer has to be equal to the density assigned to
that particular layer. The second requirement guarantees that the initial balanced solution remains
exact after the process of interpolation. Since there is no continuity requirement at the bottom and
at the surface, these two criteria are insufficient to uniquely determine the vertical density profile.
An additional requirement of constant density in the lower layer is used to eliminate the remain-
ing degree of freedom. This additional requirement has proven to produce the most realistically
looking density profiles.

Once a continuous vertical density profile is constructed it is interpolated into the �-coordinate
system. The next step is to convert the obtained density field into three dimensional temperature
and salinity fields. This is accomplished using typical salinity profiles in the greater GOM and in
LCE’s. The salinity is calculated as a mixture of these two profiles. The mixture ratio is chosen to
be proportional to the normalized dynamic pressure field in each layer. The mixture ratio is one,
i.e., consisting only of the LCE salinity profile, at the center of the vortex. As the dynamic pressure
decreases in the radial direction, the mixture ratio decreases as well becoming zero, i.e., consisting
only of the GOM salinity profile, outside of the vortex. Thus, the salinity is determined for every
point, defining a unique mapping from the density field onto the temperature and salinity fields.

Unfortunately, the velocity field calculated in isopycnal layer coordinates cannot be transferred
directly into the PE model coordinate system in the same way as the density. The interpolation
process introduces errors into the velocity field that are large enough to bring the initial solution
out of balance, therefore, the velocity field has to be recalculated on the grid that is used in the PE
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model. In addition, the initial balance in the PE model has to be derived from the specific form
of primitive equations written for the coordinate system employed by this particular model, which
is different from the intermediate form of balance used in the IE model. It should be emphasized
here that switching to a different form of balance does not significantly affect the velocity structure
of the vortex; it merely introduces small changes to the velocity field to provide better balanced
initial conditions.

The specific procedure that was used to calculate the initial balance in the PE model consists
of two steps. First the initial geostrophic balance is calculated using the PE model equations. The
obtained geostrophic velocities are then used to calculate the nonlinear momentum advection terms
(centrifugal terms). The geostrophic balance is then recalculated taking into account those terms.
The procedure may be repeated to improve the balance, however, in practice, a single iteration has
proven to be sufficient.

4.4.1.1 2-Layer Initialization

Our initial attempts to initialize the PE model from the 2-layer IE initial balanced solution
failed to produce a stable vortex. Our analysis indicates that potential vorticity gradient inversions
generated during the transfer of the 2-layer IE solution into �-coordinates are responsible for the
instabilities in the vortex.

The easiest way to see this is to consider a thick isopycnal layer with monotonically varying
potential thickness corresponding to a typical stable vortex. During the transition to a �-coordinate
model the originally uniform density layer is represented as a linearly stratified water column.
Because of the linear stratification the velocity associated with the potential thickness gradient
also has linear vertical shear as follows from the thermal wind relationship. Consider the same
layer reverted back to isopycnal coordinates only now we evenly split the original layer into two
layers by introducing a new isopycnal surface with the density value equal to the mean density of
the original layer. This sequence of transformations is illustrated in Figure 4.15.

For the sake of argument we approximate potential thickness of a layer using quasi-geostrophic
approximation (QG):
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�� (4.6)

where � is the perturbation layer thickness and � is the later relative vorticity. The QG approxima-
tion is only used here for illustrative purposes; the same argument can be made for the full form
of the shallow water potential thickness. Even though the potential thickness of the original layer
is monotonic, the corresponding relative vorticity � can have local extrema. In fact, in a typical
LCE � has a local maximum and a minimum. The non-monotonic character of relative vorticity in
the LCE leads to a sharpening of the potential vorticity front associated with the eddy. The initial
perturbation layer thickness is split equally between two sub-layers as the result of the layer trans-
formation procedure, i.e., �� � �� � ���. Since relative vorticity is proportional to velocity (which
is 2 times larger in the upper sublayer), we also have �� � ���. This means that the non-monotonic
component of potential thickness associated with relative vorticity (see 4.6) doubles in the upper
sublayer, which, in turn, can lead to non-monotonic character of potential thickness of this layer.

As can be seen from the above illustration the process of transferring the initial idealized vortex
structure into �-coordinates can produce potential thickness gradient inversions leading to insta-
bility of the vortex initialized in primitive equations model. The inversion is more likely to occur
if the density difference between adjacent isopycnal layers is large leading to high vertical velocity
shear in those layers.
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4.4.1.2 7-Layer Initialization

The potential vorticity gradient inversion problem was resolved by using a 7-layer IE model as
an intermediate step between two-layer IE and the �-coordinate PE model. In the 7-layer formu-
lation the density variation between isopycnal layers is limited to ���� (versus ��� in the 2-layer
case). This allows fitting of a linear density profile without significant potential thickness distor-
tions. The initialization of an anticyclonic vortex in a 7-layer IE model was described in Section
4.2.2. The PE model is initialized by transferring the initial balanced solution from the 7-layer IE
model using the technique described above.

4.4.2 Intercomparison with the 7-Layer IE Model

4.4.2.1 Experiment Design

The experiment design is the same one that was used for the intercomparison between 2-layer
and 7-layer IE models. The domains are rectangular, 1,600�1,300 km in the case of IE model
and 1,500�1,100 km in the case of PE model. The depth is 3,500 m everywhere in the domain
except near the northern and western boundaries where it is sloping outwards at a rate of 0.01,
representing the continental rise in GOM. The slope is smoothed in the northwest corner to allow
for free propagation of TRW’s. Sponge BCs are applied along southern and eastern boundaries to
allow energy propagation out of the domain. The exact form of the bottom topography is shown in
Figure 4.16. The western wall in the PE model is represented by a steep (0.04) slope.

PE model was initialized by transferring the 7-layer IE initial balance solution into PE model
grid. The vortex in IE model is initialized 350 km off the western slope and 400 km off the northern
slope. In the PE model the vortex is initialized 250 km off the western slope and 200 km off the
northern slope, the differences are associated with the differences in domain size.

4.4.2.2 Results

The results of the intercomparison are shown in Figure 4.16. The left panel of the figure shows
the eddy evolution in the 7-layer IE model (identical to the right panel of Figure 4.6), the right
panel shows the eddy evolution in the PE model. Even though the details of the solutions differ the
direction and speed of the vortex propagation are almost identical in both models indicating that
the physical process controlling the vortex propagation seem to be adequately represented in the IE
context. One of the most notable differences is the rate of the vortex decay. The vortex intensity, as
judged by the magnitude of vertical displacement of the thermocline, is substantially weaker in the
PE model by the time the vortex reaches the slope (approximately day 140 of model integration).
This result is not very surprising since PE models are notorious for requiring high friction in order
to remain computationally stable.

Significant differences occur when the vortex is approaching the western wall. In the 7-layer
IE solution the vortex starts rapidly propagating north as soon as its center reaches the 2,000-
m isobath. In the PE solution the vortex is gradually turning north after crossing the 2,000-m
isobath and soon stalls. The differences are most likely to be associated with the way each model
treats the closed western boundary. The IE model implements free-slip boundary conditions along
all closed boundaries which naturally facilitate the image effect when the vortex approaches the
western wall. The PE model does not provide an option for free-slip closed BCs. The free-slip
boundary conditions at the western wall are emulated using steep slope that, combined with a �-
coordinates system, allows one to replace high horizontal friction with a relatively small vertical
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Figure 4.16. Same as Figure 4.6 but for 7-layer IE and PE models. Left panel shows the results of
7-layer IE model experiment and right panel shows the results of PE model experi-
ment.
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friction along the slope. The emulated free-slip BCs in PE model do create some image effect,
which accounts for the northward motion of the vortex, however the steep slope introduces regions
of high potential vorticity at the western boundary. High PV in the region over the steep slope is
being advected by the vortex off the boundary, leading to creation of cyclonic circulation north of
the vortex and stalling its northward motion. This process is similar to the one that occurs during
vortex interaction with the shelf that is described below.

4.4.3 Idealized Topography Experiments in the Western GOM

In this set of experiments the level of realism is further increased as compared to the previ-
ous set of PE experiments by updating the LCE initialization technique. The same initialization
method, i.e. the method of using a PV-based feature model of the LCE, is applied, however, the
vertical resolution of the PV feature model is increased to 8 layers and the parameters of the feature
model are calibrated to match real observations.

The experiments simulate the interaction of an isolated LCE with idealized topography repre-
sentative of the western GOM topography at ���N and ���N, similar to the IE+ experiments. Just
like in the IE+ experiments an LCE is initialized away from the coastal topography with no mo-
tion in the lower layer. The LCE starts moving westward driven by the �-effect and interacts with
topography. The main goal of these experiments is to establish the effect of realistic continuous
stratification on LCE-topography interaction.

4.4.3.1 Initialization of Realistic Eddy Structure and Background Stratification

A substantial effort has been made to increase the realism for representing the initial conditions
for both LCE’s and the background ocean stratification. An 8-layer PV-based LCE feature model
calibrated to be representative of a typical LCE in the western GOM was created. A procedure was
also developed to derive a background vertical density profile representative of the western GOM
from climatological data.

Section 4.2.2 describes an initialization procedure based on the multi-layer PV feature model
designed to initialize eddies representative of LCE’s in our numerical experiments. In the PV
feature model framework an LCE is represented by its PV anomalies in the upper layers; the
lower layer is assumed at rest and, therefore, the PV anomaly there is determined in the process
of calculating the eddy density structure. The �-th layer PV anomaly was prescribed with equation
(4.5). Following the procedure described in Section 4.2.2 an 8-layer PV-based LCE feature model
calibrated against observations was created. Free parameters 	� and %� in (4.5) were determined
by prescribing the depth of layer interfaces at the center and the periphery of the eddy, and the
velocity peak in each layer. The peak velocity in each layer is determined from the observed
vertical velocity profiles in two warm-core rings in the GOM (Cooper et al. 1990). The depth of
layer interfaces at the eddy center and periphery is taken to be representative of a typical LCE in
the western GOM and was derived from the Levitus 1994 atlas climatological data.

Gridded climatological fields are constructed via the process of horizontal and temporal aver-
aging. The non-selective averaging process mixes together the measurements taken within warm
and cold-core eddies as well as those outside of eddies. Therefore, the background stratification
extracted from gridded climatological data cannot be considered representative of the background
stratification of the GOM. For this reason, a special procedure was designed to construct a verti-
cal density profile representative of the western GOM density structure directly from individual
observed profiles.
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Historical hydrographic measurements from quadrants 7208 and 7209 of the Levitus 1994 atlas
were first filtered to select only profiles which have both temperature and salinity data and extend
deeper than 500 meters. These profiles were then converted into potential density profiles. Out
of the remaining profiles only those which have ���� temperatures shallower than 220 meters
were selected. The rest of the profiles were assumed to be observed within cold-core eddies and
discarded. The above criteria was derived from the analysis of hydrographic maps of eddies in
the western GOM (Vukovich and Crissman 1986). A typical vertical density profile for a resting
western GOM was derived by fitting a curve into the less-dense side of the envelope of the remain-
ing profiles. Correspondingly, the profile representative of the density structure at the center of a
typical warm-core eddy was derived by fitting a curve into the denser side of the envelope of the
remaining profiles.

Figure ?? illustrates this procedure. Density profiles from quadrants 7208 and 7209 of the
Levitus 1994 atlas which were assumed to be observed within cold-core rings are plotted with dark
lines. The rest of the profiles are plotted with light lines. The fitted 8-point curve (each point
represents a density layer interface) representing the stratification in the resting western GOM is
shown with a thick black line. The profile representative of the density structure at the center of a
typical warm-core eddy is shown with a thick gray line. The resulting layer configuration is shown
in the table below.

Layer # 1 2 3 4 5 6 7 8

Layer density, kg/m� 23.5 24.0 25.0 26.0 26.75 27.25 27.625 27.75
Layer thickness, m 20 20 30 100 180 350 800 2,000

4.4.3.2 ���N Topographic Configuration

Figure 4.17 shows day 120 of the new high resolution PE model integration with the ���N topo-
graphic configuration. Shading on the figure represents the PV1 in the main thermocline calculated
using the total depth of the thermocline and the velocity vertically averaged over this depth. The
initial anticyclonic eddy approaches the shelf moving in a south-west direction and turns rapidly to
the north. After a period of cyclic motion with decaying amplitude combined with slow northward
propagation, the eddy stalls. Further integration (not shown) predicts subsequent slow southward
eddy drift and dissipation.

The well-defined cyclic motion and the relatively slow dissipation rate are the features of the
eddy evolution consistent with the results of the 2-layer IE+ model experiments. This agreement
between IE+ and high resolution PE model results increases substantially the level of confidence in
the validity of both numerical simulations. The initial northward eddy propagation that can be seen
in Figure 4.17, however, is not predicted by the 2-layer IE+ model experiment. Thus, it appears to
be a unique feature of the continuously stratified primitive equation physics.

By conducting an in-depth analysis of the idealized PE experiments we were able to identify
the physical mechanism responsible for this northward LCE propagation during its interaction
with the western shelf. This new mechanism is associated with vortex tubes stretching/squashing

1Potential vorticity (PV) and velocity in all of our primitive equations model results is defined in the two-layer
sense. The two-layer PV and velocity are calculated by first finding the ������ � isopycnal surface in the continuously
stratified density field. This isopycnal surface roughly corresponds to the bottom of the main thermocline. The velocity
is then averaged vertically over the upper and the lower layers, i.e., in the thermocline and below the thermocline. This
vertically averaged velocity combined with layer thickness is used to calculate layer PV. Even though the layer PV
defined above is not strictly conserved in the PE framework, it provides a very good dynamical tracer and allows for
direct comparisons with two-layer IE experiments.
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Figure 4.17. ���N topography configuration experiment, day 120 of integration. Color coded is
PV in the main thermocline; white contours indicate the thermocline displacement;
and black contours indicate topography. Eddy trajectory is shown with a thick black
line. Vectors show the velocity vertically averaged below the thermocline.
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Figure 4.18. Same experiment as in Figure 4.17, but day 40. Thick solid contours indicate a
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in the midwater column and is described in detail below. The rest of this section is organized as
follows: first we describe the mechanism of northward LCE propagation, then we illustrate it in
a simpler physical framework, and finally we verify it by comparing appropriately configured PE
experiments.

Mechanism of northward LCE propagation near the western shelf

The source of the northward LCE propagation seen in PE model experiments can be identified
in Figure 4.18 which shows day 40 of the same experiment shown in Figure 4.17. At the time
shown the eddy trajectory has just started curving northward. There is a strong northward current
beneath the western part of the eddy which intensifies significantly near the shelf reaching about
30 cm/s magnitude. The along-shelf northward current below the thermocline recirculates as a
broad southward current away from the shelf thus forming a co-rotating (anticyclonic) circulation
beneath the eddy. This circulation is intensified below the thermocline and is decaying toward the
bottom, and we will refer to it as midwater-column circulation. These midwater-column currents
are identified to be responsible for the northward eddy propagation.

The existence of the midwater-column currents beneath the eddy and associated eddy north-
ward propagation are related to the stratification below the main thermocline. As the eddy moves
onto the topographic slope the water columns underneath it are being squashed. Squashing of
water columns leads to relative vorticity generation below the main thermocline. If there is no
stratification below the thermocline, as in 2-layer case, the deep flow is locked by topography, and
the relative vorticity that is generated radiates away in the form of topographic Rossby waves. If
realistic stratification is present, however, cross-topographic flow underneath the thermocline be-
comes possible due to the well known JEBAR effect (Mertz and Wright 1992). Consequently, the
deep relative vorticity generated by on-slope eddy motion can form a quasi-stationary circulation.

Three-layer illustration of the midwater-column current generation mechanism

The mechanism of midwater-column current generation is illustrated in Figure 4.19. For this
illustration a truncated three-layer IE model was used. The third layer is designed to represent the
stratification below the main thermocline. The coastal topography is simulated with a linear slope
for simplicity. Initially the eddy is located away from the coast in the deep water. The eddy is
characterized by its potential vorticity anomaly in the upper layer (shown with color on the right
panel), the structure of the PV anomaly is taken from our two-layer IE experiments. There is no
PV anomaly associated with the eddy in the intermediate layer (below the thermocline). The eddy
density structure, i.e., interface displacement, and velocity structure are calculated by inverting the
specified PV anomaly. The interface displacement corresponding to the off-shore eddy location is
shown on the left panel with light blue lines.

We further assume (analysis of the intermediate-layer PV in our PE model experiments sup-
ports this assumption) that as the eddy advances on-shore, the associated PV anomaly in the upper
layer moves with it while the PV in the intermediate and the lower layers remains unchanged. The
interface displacements corresponding to the on-shore and the off-shore eddy locations are shown
in the left panel of Figure 4.19 with dark and light dotted lines respectively. Overlaying the in-
terface displacements for two eddy locations clearly indicates the compression of the intermediate
layer in front of the eddy. Since the PV is assumed to be constant, the layer thickness changes are
compensated with generation of relative vorticity.

To illustrate the structure of the circulation corresponding to the generated relative vorticity
we calculate the velocity anomaly in the intermediate layer produced by the eddy shift. Since
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Figure 4.19. Illustration of the mechanism generating the westward-intensified midwater-column
circulation. The left panel shows interface displacements associated with two subse-
quent eddy positions (away from the bottom slope and on the slope). The right panel
shows the PV field in the upper layer (shading) and velocity anomaly in the interme-
diate layer for the on-slope eddy position. White contours indicate the upper layer
interface displacement.
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the velocity field associated with the eddy itself shifts as the eddy position changes, we shift the
velocity calculated for the off-shore eddy location by the distance of the eddy translation prior to
the anomaly calculation. The resulting velocity anomaly is shown on the right panel of Figure
4.19. As one can see the circulation generated by the on-shore eddy translation in this simple
illustration has the form of an along-shore northward current very similar to the one seen in the
PE experiments (Figure 4.18). This circulation is absent in the lower layer corresponding to the
downward decay of the midwater-column currents seen in PE model simulations.

Modified Experiment

To demonstrate conclusively that the midwater-column current generation and the associated
northward eddy propagation are related to the stratification below the main thermocline, we re-
peated the same experiment with the deep stratification removed. The result of this modified
experiment is shown in Figure 4.20. As one can see, there is no co-rotating circulation beneath the
eddy in this case and the northward eddy propagation is very small. In fact, the eddy behavior in
this case is very similar to the behavior seen in our 2-layer IE+ model experiment indicating that
the key addition to the system in the PE experiments is realistic vertical stratification extending
below the main thermocline.

It is interesting to note another effect of the deep stratification revealed by the above experiment
inter-comparison. As one can see in Figure 4.18, the off-shelf advected high PV water tends to form
relatively strong small-scale cyclones north of the main eddy in the fully stratified case. Another
cyclonic eddy is being formed south of the main eddy (Figure 4.17) after the high PV water wraps
around and encounters the shelf. In the experiment without the deep stratification the small-scale
cyclonic eddies are either weak or do not form at all (see Figure 4.20). Thus, the presence of
stratification below the main thermocline seems to facilitate smaller scale eddy formation over the
topographic slope. This is most likely due to the fact that the small-scale cyclonic eddies have a
significant part of their energy in high wave-number vertical modes which are suppressed when
the deep stratification is removed.
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Figure 4.20. Same as Figure 4.17 but without stratification below the thermocline.
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Figure 4.21. ���N topography configuration experiment, day 100 of integration. Color indicates
PV in the main thermocline; white contours indicate the thermocline displacement;
and black contours indicate topography. The eddy trajectory is shown with a thick
black line. Vectors show the velocity vertically averaged below the thermocline.
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4.4.3.3 ���N Topographic Configuration

The mechanism of northward eddy propagation via interaction with midwater-column currents
identified in the previous section plays a similar role in the ���N coastal topographic configuration.
Figure 4.21 shows day 100 of model integration with the ���N (wide shelf, narrow continental
slope) configuration. Similar to the ���N (narrow shelf, wide continental slope) configuration the
anticyclonic eddy moves north after encountering the shelf and then follows a cyclic trajectory. In
contrast to the ���N case, however, the amplitude of the cyclic motion is higher and the northward
propagation associated with it is smaller (compare Figure 4.17 and Figure 4.21). Zonal amplitudes
of the LCE trajectory cycles starting from the first sharp westward turn are �75 km, 50 km, 30 km
compared to�50 km, 35 km, 20 km in ���N case. The resulting northward propagation associated
with these cycles is only �40 km compare to �75 km in ���N case.

The higher amplitude of the cyclic motion and the reduced northward propagation of the LCE
in the ���N topographic configuration compared to the ���N case is related to the LCE’s interaction
with bottom-intensified eddies (similar to the 2-layer IE+ model experiment discussed in Section
4.3). The characteristic deep cyclone-anticyclone pair can be identified over the flat topographic
region east of the main eddy in Figure 4.21, which is very similar to the deep cyclone-anticyclone
pair in Figure 4.10. Similar to the 2-layer IE+ model experiment, the interaction with deep ed-
dies also produces southward motion of the LCE; however, in the PE experiment this motion is
countered by the effect of the midwater-column currents that push the LCE northward.

The effect of bottom-intensified eddies on the LCE is noticeably weaker in the PE model ex-
periment compared to the IE+ experiment. This can be seen from the relatively weak amplitude
of the cyclic motion. It can be demonstrated that the weakness of LCE interaction with bottom-
intensified eddies in the PE experiment is related to the stratification below the main thermocline.
Similar to the ���N case, we repeat the fully stratified experiment with the stratification below the
main thermocline removed. The result of this experiment is shown in Figure 4.22. The eddy trajec-
tory simulated in this case is similar to the one in the IE+ experiment and is characterized with high
amplitude southward cyclic motion. Thus, the effect of the deep stratification in the ���N case is
to shield the LCE from interaction with bottom-intensified eddies. The exact physical mechanism
of this effect is not yet understood.

4.4.4 Idealized Topography Experiments in the Northern GOM

A series of PE numerical experiments similar to those in the western GOM was designed to
simulate LCE interaction with coastal topography in the northern GOM. Since a good correspon-
dence was established between IE+ and idealized PE experiments (see Section 4.4.3), we bypass
the IE+ modeling step for the northern GOM and proceed directly from our previous 2-layer IE
model experiments (Section 4.2.1) to PE experiments. The experiments were conducted using
the high resolution PE model with improved eddy initialization applied previously for the western
GOM.

The idealized topography is designed to represent the essential features of the coastal topog-
raphy in the northern GOM while eliminating nonessential complexities introduced by the real
topography. The idealized topography experiments simplify the analysis of the model results and
allow efficient isolation of different physical mechanisms. This allows one to develop the knowl-
edge and intuition necessary to proceed with understanding the realistic topography experiments.
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Figure 4.22. Same as Figure 4.21 but without stratification below the thermocline.
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Figure 4.23. Domain configuration for simulation of LCE interaction with the GOM northern shelf.

4.4.4.1 Experiment Setup

The PE model that we used for western GOM experiments described in Section 4.4.3 was
reconfigured for the domain shown in Figure 4.23. Closed boundary conditions were applied along
the western, northern, and eastern boundaries. Open boundary conditions combined with a sponge
layer were applied along the southern boundary.

The model was outfitted with a curvilinear horizontal grid following the northern shelf-break
line. This configuration allowed us to increase the resolution in the direction of the strongest topo-
graphic gradient - i.e., normal to the shelf break - alleviating the notorious �-coordinate pressure
gradient error. The resolution of the grid varies from �7 km resolution in the south-eastern part of
the domain to�3 km in the northeastern part with typical resolution of 5 km. Along the shelf-break
line the resolution in the direction of the strongest topographic gradient increases to �2 km.

In order to exclude the complex flow variability introduced by realistic topography and illu-
minate the effects of separate physical processes, the coastal topography in the northern GOM
was represented as a meridional slope uniform along the shelf-break line. For this purpose the
shelf-break line was smoothed by fitting a 7-th order polynomial. The slope profile was chosen
to represent the real topographic profile at ���W (a similar approach to that used in the ���N
and ���N idealized topographic configurations described in Section 4.4.3). The fact that the to-
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pographic slope turns north from a nearly zonal direction at approximately ���W is crucial for
facilitating eddy-shelf interactions as will be shown below.

The technology of realistic eddy initialization in high resolution PE models that we previously
developed for the western GOM experiments was applied in these experiments for initializing a
circular anticyclonic eddy representative of LCE’s in the eastern part of the domain. In a typical
experiment the eddy is allowed to propagate westward over the topographic slope driven by the
�-drift until it encounters the shelf around ���W.

4.4.4.2 Results

The same fundamental physical mechanisms that control the eddy interaction with coastal to-
pography in the western GOM were shown to work, although in a different fashion, over the
northern topography. The off-shelf PV advection mechanism in the northern shelf setting produces
small-scale cyclones behind the main eddy similar to the western shelf setting; however, the net
effect of these cyclones is to push the main eddy trajectory southward instead of introducing a
cyclic motion as we demonstrated for the western shelf. The intensity of the off-shelf advected
cyclones and their influence on the LCE trajectory depends upon the distance of the LCE from
the northern shelf. LCE’s that start far south move westward over the northern continental slope
almost unaffected by the presence of the shelf. On the other hand, LCE’s that start further north
are deflected as far as ���N after interacting with the off-shelf advected cyclone.

Figure 4.24 shows the result of one of the idealized topography experiments after 250 days
of integration. In this particular experiment the eddy was initialized at �����W, �����N, which
is relatively far south from the northern shelf. The same analysis that we used in the western
GOM experiments has been applied to the model output, converting the 3-d fields on 50 vertical
levels into 2 isopycnal layers. The shading in the figure shows the PV in the upper layer (main
thermocline) and the vectors show the velocity in the lower layer (vertically averaged below the
main thermocline). Contours indicate the bottom topography.

In this experiment the eddy propagation is almost unaffected by the presence of the northern
shelf. The eddy trajectory is close to zonal and the propagation speed is �3 km/day, the speed of
the �-drift. This is in accord with the results of our previous 2-layer IE model experiments (see
Section 4.2.1). In those experiments the northern GOM coastal topography was represented as a
linear slope constant in the zonal direction and restricted to the lower layer. An anticyclonic eddy
was initialized over the slope in the eastern side of the domain. In this configuration the eddy was
shown to propagate westward driven by the �-drift. The lower layer circulation was restricted by
the bottom topography and, therefore, had little influence on the eddy propagation.

The presence of a thermocline intersecting the northern shelf in this new experiment does
introduce some modifications. The eddy comes close enough to the shelf to generate significant
off-shelf advection leading to the formation of a small-scale cyclone. The high PV anomaly created
by the off-shelf advection and associated cyclonic eddy can be seen in Figure 4.24 at approximately
�����W. Due to the fast westward propagation of the main eddy the off-shelf advected cyclonic
eddy is left behind and its influence on the main eddy trajectory is minimal.

Figure 4.25 shows the output of another idealized topography experiment after 120 days of
integration. The initial eddy position in this case is �����W, �����N. The off-shelf advection pro-
duced by the eddy is substantially stronger than in the previous case, correspondingly, the cyclonic
eddy formation is quicker and its intensity is higher. In addition, the westward eddy propagation
speed is reduced by half at the point where the eddy encounters the shelf. These two factors lead
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Figure 4.24. Interaction of an LCE initialized at �����W, �����N with idealized northern shelf to-
pography. Day 250 of integration is shown. Color shows PV in the main thermocline;
and black contours indicate topography. The eddy trajectory is shown with a thick
black line. Vectors show the velocity vertically averaged within the thermocline (up-
per layer).
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Figure 4.25. Same as in Figure 4.24 but LCE initialized at �����W, ���N, day 120 of integration.

to much stronger interaction of the off-shelf advected cyclone and the main eddy, which lead to the
sharp deflection of the main eddy southward.

Figure 4.26 shows the summary of idealized topography experiments with different initial eddy
positions. The obvious general tendency is for the eddy trajectory to deflect more southward as it
comes closer to the northern shelf. Another interesting phenomenon can be noticed by following
the northernmost trajectory. The initial eddy position in this case is �����W, �����N. After the
anticyclone encounters the shelf, its trajectory turns ���� and the eddy moves eastward for a short
period of time before turning back westward. This effect has the same origin as the effect of
northward eddy propagation that we have seen in the western GOM experiments. As the eddy
approaches the shelf, the midwater-column anticyclonic circulation is generated by the mechanism
that we identified in Section 4.4.3.2. However, since the shelf is oriented almost zonally in this
case, the on-shore intensified along-shelf deep current is directed eastward producing eastward
eddy motion.

4.4.4.3 Accelerated Westward Eddy Propagation Mode

Similar to the western GOM, bottom-intensified eddies were shown to form beneath the main
eddy on the southern edge of the northern continental slope. However, over the northern GOM
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Figure 4.26. Summary plot of LCE interaction with idealized northern shelf topography. Eddy
trajectories 250 days long from experiments with different initial LCE locations are
shown with thick black lines. Black contours indicate topography.
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the effect of these eddies on the surface anticyclone was to accelerate its westward propagation.
In the northern GOM setting the preferential direction of deep eddy propagation coincides with
the preferential direction of LCE propagation. As a result, LCE’s moving along the southern edge
of the northern continental slope can form solitary quasi-stationary configurations with bottom-
intensified anticyclones. These configurations propagate westward with about twice the speed of
the �-drift.

Figure 4.27 shows day 120 of the idealized topography experiment in which a LCE was ini-
tialized at �����W, �����N. By the time shown the eddy trajectory has already deflected south after
the LCE interaction with the northern shelf. The vectors in the figure indicate velocities in the
lower layer (vertically averaged below the thermocline). As one can see, a large bottom-intensified
anticyclonic eddy has formed south of the main eddy over the flat topography region. The bottom-
intensified anticyclone couples to the surface anticyclone and the pair propagates westward with
twice the speed of the �-drift until it reaches the western boundary. This phenomenon appears
to be very robust. The simulated LCE track summary shown in Figure 4.26 shows that the eddy
westward propagation speed almost doubles as it approaches the southern edge of the continental
slope (marks on the eddy trajectories indicate 10 day intervals).

The zonal orientation of the northern slope is the key feature allowing the above effect to exist.
The preferential direction of deep eddy propagation created by the bottom slope coincides with
the preferential direction of LCE propagation allowing bottom-intensified and surface eddies to
interact on a longer time scale. The moving surface eddy causes water column squashing in the
lower layer pumping anticyclonic relative vorticity into the deep eddy. In turn, the net effect of the
deep anticyclone is to propel the surface eddy westward thus increasing its westward propagation
speed.

4.4.5 Realistic Topography Experiments

This set of experiments further increases the level of realism by introducing fully realistic
topography of the GOM. The experiment design is very similar to that of the previous set of exper-
iments. An isolated LCE is initialized away from the coast and allowed to propagate freely driven
by the �-effect eventually interacting with the coastal topography. The goal of these experiments
is to reveal the effects that can potentially be introduced by the realistic topography and that were
missed in the previous experiments due to topographic idealizations. Three different regions in the
GOM were considered: the western GOM around ���N, the northern GOM with the focus on the
continental shelf and slope west of Mississippi Canyon, and the northwest corner of the GOM.

4.4.5.1 Western GOM

The simulation was performed using the same PE model used before but configured for the real
GOM domain shown in Figure 4.28. The model was configured with a uniform 5 km horizontal
resolution and 50 vertical levels. All the boundaries were closed and a sponge layer was intro-
duced along the eastern boundary. The model is initialized with horizontally uniform background
stratification and a circular anticyclonic eddy just off the western coast. The eddy structure and the
background stratification are the same as in the idealized experiments.

The simulated eddy trajectory is shown in Figure 4.29 (only a portion of the domain is shown
here). The behavior of the eddy is very similar to that in the idealized ���N experiment. As the
eddy approaches the shelf the off-shelf flux of high PV water leads to formation of small-scale
cyclonic eddies. These small-scale cyclonic eddies produce cyclic motion of the main eddy via
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Figure 4.27. Accelerated mode of eddy propagation over the southern edge of the northern slope.
Vectors show the velocity averaged vertically below the main thermocline.
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Figure 4.28. Domain configuration for simulation of LCE interaction with the GOM western shelf.
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the dipole interaction process. At the same time an initially rapid northward eddy propagation is
created by midwater-column currents below the eddy. This northward propagation stalls after 120
days as the eddy stops moving on-shore. The eddy eventually begins slowly migrating southward.

4.4.5.2 Northern GOM

The model domain is shown in Figure 4.23. The simulation employs the same grid configura-
tion and numerical conditions that were used for the idealized experiments. Similar to the western
GOM realistic simulation, the model was initialized with horizontally uniform background stratifi-
cation and a circular anticyclonic eddy at �����W, �����N. The eddy structure and the background
stratification were the same as in the idealized experiments.

The results of the simulation is shown in Figure 4.30 after 250 days of integration. The results
are very similar to the idealized experiments. The eddy interacts with the northern shelf advecting
high PV water off the shelf. A smaller-scale cyclone is formed east of the main eddy that deflects
its trajectory southward. As the anticyclonic eddy leaves the off-shelf advected cyclone behind, it
resumes its westward zonal propagation. A bottom-intensified anticyclonic eddy south of the main
surface eddy, which is the signature of the accelerated westward propagation mode, can be seen in
the deep velocity field. This indicates that vertically coupled surface and bottom anticyclones can
form a fast propagating solitary solution even over real topography.

4.4.5.3 Northwest Corner of the GOM

In this experiment a LCE was initialized at ���W, �����N, which places it next to the northern
shelf and about 100 km away from the western shelf (see Figure 4.31). The eddy moved westward
with a speed typical for �-drift reaching the western shelf (northwest corner) after a month of
integration. Approximately at the same time a cyclone formed east of the main eddy adjacent
to the northern shelf. The cyclone amplified and started to move south and westward around
the eddy. Interaction of the LCE with the cyclone caused it to become elliptic with the minor
axis of the ellipse oriented toward the cyclone. The elliptic LCE coupled to the cyclone rotated
anticyclonically until the elongated southern part of the LCE encountered the western shelf in the
vicinity of Perdido Escarpment (� �����N). The cyclone continued to move around the center of
the LCE squeezing the southern tip of the elliptic LCE between itself and the shelf (Figure 4.32).

By the beginning of the third month of the simulation the portion of the LCE squeezed between
the cyclone and the shelf separated completely from the eddy and formed an anticyclonic circula-
tion along the shelf break. At this point the LCE became nearly circular and impinged against the
western shelf. The cyclone became nearly stationary and positioned immediately south of the LCE.
The pair proceeded to drift slowly southward along the western shelf. The process of squeezing of
the elongated portion of the LCE between the cyclone and the shelf created a very intense on-shelf
current. After another month of the simulation (day 100) another cyclone formed east of the LCE.
The LCE became elliptic again and another portion of it was chopped away squeezed between the
cyclone and the shelf. The second cyclone merged with the previous one south of the LCE. The
remaining LCE and the cyclone south of it continued to drift southward reaching �����N by the
end of the fourth month of simulation. At this point the amplitude of the LCE had decreased by
approximately a factor of 3 compared to its original amplitude and the integration was stopped.

Overall, in the absence of background circulation and external forcing, the evolution of an
LCE in the northwest corner seems to be characterized by a slow and steady southward drift along
the western shelf and a high dissipation rate produced mostly by an ejection of mass. This is
in contrast to the LCE evolution pattern identified during our previous experiments simulating
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Figure 4.29. Simulated interaction of a LCE with the GOM western shelf at ���N, day 120 of in-
tegration. Color coded is PV in the main thermocline; white contours indicate the
thermocline displacement; and black contours indicate topography. The eddy trajec-
tory is shown with the thick black line. Vectors show the velocity vertically averaged
above the thermocline.
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Figure 4.30. Simulated interaction of an LCE initialized at �����W, ���N with the GOM northern
shelf, day 250 of integration. Color coded is PV in the main thermocline, and black
contours indicate topography. The eddy trajectory is shown with the thick black line.
Vectors show the velocity vertically averaged below the thermocline.

62



−550

−500

−450

−400

−350

−300

−250

−200

−150

−97 −96 −95 −94 −93 −92 −91
21

22

23

24

25

26

27

28
Simulation of an LCE in the northwest corner, initial conditions 

−1
00

−100

−100

−1
00

−100

−−300
−3

00

−3
00

−5
00

−500
−500

−5
00

−500

−1
00

0

−

−1000

−1
00

0
−1

00
0

−1000

−2000
−

−2000

−2000

−2
00

0

−2000

−3000

−3000

−30−3000

−3000
−3000
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is the height of the 27 kg/m� density surface
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LCE interactions with the western slope at ���N and ���N, which predicted the LCE moving north
rapidly while approaching the shelf and then moving southward with unsteady speed along a cyclic
trajectory with decaying amplitude. The simulated LCE in the northwest corner dissipates about
twice as fast as those interacting with the western shelf.

We further analyze the dynamics controlling the LCE evolution pattern at the northwest corner
on the basis of the three dynamical mechanisms identified in our previous idealized experiments.
Three dynamical mechanisms were previously identified to be responsible for an LCE behavior
during interaction with the shelf: 1) off-shelf PV advection and associated cyclone generation; 2)
interaction with deep eddies generated by movements of an LCE over flat topography; 3) interac-
tion with mid-water column currents generated underneath an LCE as it moves onto a continental
slope.

The specifics of the topography configuration in the northwest corner create a situation where
the last two mechanisms do not have any significant effect on the LCE. The presence of both the
northern and the southern continental slopes isolates the LCE from the flat topography region in
the central Gulf, preventing deep eddies from forming underneath the LCE. The presence of the
northern shelf blocks the northward eddy propagation produced by the interaction with mid-water
column currents generated underneath an LCE. Thus, the off-shelf PV advection mechanism and
associated cyclone generation is the only remaining mechanism affecting the LCE behavior in
the northwest corner. The slow southward drift of the LCE that we see in the northwest corner
simulations is produced by its interaction with the cyclonic circulation created east of the eddy via
high PV water advection from the northern and western shelves.

The simulated high dissipation rates of the LCE at the northwest corner is associated with the
ejection of mass which occurs several times during the simulation. The mass ejection from the LCE
is associated with the shelf configuration specific to the Perdido Escarpment region (� �����N).
The shelf break line in this region forms a corner protruding into the Gulf interior. When LCE’s
located north of Perdido Escarpment interact with cyclones advected off the shelf by the LCE,
they become elliptic and form a cyclone-anticyclone pair rotating anticyclonically in a manner
very similar to our previous idealized simulations of LCE’s interacting with the western shelf. The
corner formed by the shelf break line cuts into the southern elongated end of the LCE causing
mass ejection. The effect is amplified by the fact that the LCE does not move eastward (off-shore)
while interacting with cyclones like it does at ���N and ���N. The off-shore LCE motion at ���N
and ���N is produced by its interaction with off-shelf advected cyclones north of the LCE. In the
northwest corner case the presence of the northern shelf prevents the cyclones from forming north
of the LCE. The process of mass ejection from LCE’s in the Perdido Escarpment region creates a
very strong on-shelf flow and a 10-20 cm/s southward current along the shelf that extends far south
of the LCE. The dynamics of this process is poorly understood and further investigation will be
needed.

The above simulation of an LCE interaction with the northwest corner of the GOM reveals
the natural tendency of the LCE to drift southward in the absence of a background circulation and
other mesoscale features. The southward drift produced by LCE interaction with cyclonic vorticity
is relatively weak. If a background circulation and/or other mesoscale features are present the
direction of LCE drift can be affected. In particular, an anticyclonic circulation along the perimeter
of the GOM, which has been frequently observed (Nowlin et al. 2001), would have a tendency to
counteract the natural southward LCE drift and keep it in the northwest corner. The presence of
other anticyclones east of the LCE in the northwest corner, which is also often the case, would
produce a similar effect.
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4.4.6 Fast Eddy Simulation

As the final step of the investigation an actual event of an LCE interacting with the western
shelf of the GOM was simulated. The event selected for the simulation was the interaction of Fast
Eddy with the western shelf at ���N which started during December 1985 and continued for several
months. To our knowledge this event is the best documented example of LCE interaction with the
western shelf, which makes it ideal for a numerical simulation. The simulation demonstrated con-
siderable skill in reproducing the observed evolution of Fast Eddy and the surrounding mesoscale
features. Results provided a more in-depth understanding of the dynamics associated with the ob-
served sequence of events and a better understanding of the fate of some smaller mesoscale features
that were involved.

4.4.6.1 Model Configuration and Initialization

The primitive equations model used in our previous experiments was configured for a rectan-
gular region in the western GOM (98-���W, 21-�����N) with uniform 4 km horizontal resolution.
The vertical distribution of �-levels was retained from the previous regional GOM configurations.
Closed boundary conditions with a 15 grid point sponge layer at the southern boundary and a 6
grid point sponge layer at the eastern boundary were applied. The topography was derived from
the ����� ETOPO5 database. No external forcing was specified.

The model was initialized using the in-house developed initialization technique. The structure
and location of Fast Eddy as well as key features of the background circulation in the northwestern
GOM on October 28, 1985 were determined from hydrographic surveys and drifter trajectory data.
Three mesoscale features were initialized. In addition to Fast Eddy itself, a mid-size cyclone
located west of the eddy near the western shelf, and a weak anticyclone located in the northwest
corner were initialized (see Figure 4.33). The structure of each feature was prescribed by adjusting
the free parameters of the PV-feature model (amplitude and the width of the PV front in each of 8
isopycnal layers) to match the observed feature characteristics.

The structure of Fast Eddy was derived from the hydrographic survey conducted aboard R/V
Pelican on October 22-27, 1985 combined with drifter trajectory data form buoy #3378 (SAIC
1988). A procedure has been designed to derive the values of the free parameters of the PV feature
model from scattered vertical density profiles. The procedure is based upon the assumptions that
the eddy structure does not change significantly during the time of the survey, and that the eddy
propagates as a rotating solid body along some trajectory. The position of the eddy at the time of
each CTD/XBT measurement is derived from drifter trajectory data. After this, we can calculate
the distance to the center of the eddy for each hydrographic measurement. The free parameters of
the PV feature model are then adjusted to fit, in a least squares sense, the resulting distribution of
density profiles.

The derivation of the eddy position from the drifter trajectory data was done by objectively
fitting (in the least square sense) a rotating ellipse solid body model. The model assumes that the
drifter is trapped at a constant radius in a translating and rotating elliptic eddy. The radius and
the ellipticity of the eddy are assumed to be constant while its speed is allowed to vary. The time
interval from October 7 to October 28 (1985) was used for fitting purposes. This interval was
selected because the radius of the drifter orbit remained constant during this time, as required by
our relatively simple model. The eddy propagation speed is assumed to change linearly within pre-
scribed time intervals; the time intervals are selected subjectively to match the apparent observed
variability in eddy motion.
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The cyclone over the northern slope was initialized using the PV feature model described in
Section 6.1.1. The model was calibrated to match the observed cyclone intensity and ellipticity,
which were estimated from the maps of ��� isotherm depth objectively derived on the basis of
hydrographic surveys (SAIC 1988). The position of the cyclone was also subjectively determined
from the the maps of ��� isotherm depth.

The weak anticyclone in the northwest corner was not detected during the R/V Pelican hydro-
graphic survey since the survey did not extend far enough to the north. However, the subsequent
AXBT survey on November 11-13, 1985 detected a weak anticyclone at roughly �����W, �����N.

Since weak anticyclonic circulation is frequently observed in the northwest corner of the GOM
(Berger et al. 1996), we hypothesized that the anticyclone originated there. In order to represent
this feature in the simulation, we initialized an anticyclonic feature at �����W, �����N using our
previously developed feature model of a circular anticyclone calibrated to match the observed
intensity.

4.4.6.2 Simulation Results and Comparison with Observations

The numerical simulation started on October 28, 1985, when Fast Eddy was approaching the
shelf and continued for 6 months. The beginning of the simulation corresponds to the date of the
R/V Pelican hydrographic survey, which was used to specify the initial density field in the model
as described in the previous section. The results of the simulation where evaluated subjectively by
comparing the simulated position and structure of the key mesoscale features with observations.
Even though some conclusions regarding the positions of the features can be made on the basis of
drifter tracks and satellite data (SAIC 1988), the temperature and salinity data collected during the
subsequent three hydrographic surveys present the most useful source of information for verifying
the model performance. Consequently, the results of the simulation were evaluated on the dates of
the hydrographic surveys: November 11-1, 1985; January 23- February 5, 1986; and April 27-May
14, 1986.

The simulated height of the 27 kg/m� isopycnal surface (average depth � ��� meters) after 15
days of integration (November 12) is shown on Figure 4.34. Comparison with the map of the depth
of the ���� temperature surface (average depth� ��� meters) constructed from the AXBT survey
on November 11-13, 1985 (Figure 4.35) demonstrates considerable model skill in reproducing the
observed evolution of Fast Eddy and the cyclone initially west of Fast Eddy. In 15 days Fast Eddy
moved westward to� ���W, while the cyclone was caught in its circulation and advected northeast
to � �����W, �����N.

Further integration shows Fast Eddy approaching the shelf as the cyclone continues to move
around it. By the beginning of December the drifter trajectory indicates that Fast Eddy was cen-
tered at � ���W, �����N, the ratio of its major to minor axes was � �, and its ellipse was oriented
in the northwest direction. This agrees well with the simulated location, ellipticity, and orientation
of Fast Eddy after 1 month of integration (beginning of December), demonstrating that at this time
the model still has a considerable skill.

Observations available from the beginning of December do not allow us to conclusively deter-
mine the location of the cyclone detected in the November hydrographic survey. It was hypothe-
sized that it moved westward together with Fast Eddy and that it was the same eddy detected to the
north of Fast Eddy in the January 23- February 5, 1986 (SAIC 1988). Our simulation indicates that
this is an unlikely scenario. By mid November the cyclone seems to be well captured within the
circulation of Fast Eddy, and only the presence of another strong anticyclonic feature to the north
could potentially force the cyclone to move westward. However, there were no traces of such a
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feature in observations which leads us to believe that the cyclone continued eastward and around
Fast Eddy just as depicted in the simulation. This cyclone can be seen around ���W, �����N in
Figure 4.36, which shows the 27 kg/m� isopycnal surface after 55 days of integration (December
22). One can also see another cyclone that formed north of Fast Eddy.

During the next month of the simulation (December 1985), Fast Eddy moved in a southwest
direction while its northwest portion interacted with the western shelf around ���N, generating
a cyclone around ���W, ���N in the process. After the main part of Fast Eddy approached the
western shelf (December 22), Fast Eddy moved northward while continuing interactions with the
shelf. During this process the cyclone north of Fast Eddy amplified. Immediately after that, Fast
Eddy moved eastward toward the deep Gulf and then southward. By the end of January it returned
to the shelf at approximately �����N.

The simulated sequence of events after the beginning of December described above closely
resembles the sequence reconstructed from observations (SAIC 1988), however, the timing is sub-
stantially different. According to the trajectory data of drifter #3378, Fast Eddy approached the
western shelf and moved northward as in the simulation; however, the actual time of this event was
the end of December, which is half a month later than simulated. Also, the simulated eddy en-
countered the shelf approximately a half of a degree further south than was observed. In January-
February 1986 Fast Eddy was interacting with the western shelf. During this time a cyclone of
increasing amplitude was observed north of the Eddy. The simulation also reproduced the cyclone
generation process but the duration of the eddy-shelf interaction was substantially shorter. In the
simulation Fast Eddy remained at the shelf for several days only, in contrast to 2.5 months in ob-
servations. Finally, by the end of February 1986, Fast Eddy was observed to move off-shore and
southward, returning back to the shelf around April. The same event, even though it occurred more
than two months earlier, was reproduced in the simulation.

The fact that the model was capable of qualitatively reproducing the actual sequence of events
during the interaction of Fast Eddy with the shelf demonstrates that the physical mechanisms con-
trolling the eddy-shelf interaction are well represented. This allows us to make conclusions about
the dynamics controlling the evolution of temperature and velocity fields during the event on the
basis of the model dynamics, which are well understood as the result of our previously conducted
idealized studies.

4.4.6.3 Discussion of Dynamical Mechanisms

The analysis of the simulated sequence of events provided more in-depth understanding of the
dynamics associated with the observed sequence of events during Fast Eddy interaction with the
western shelf. In particular, three elements of the observed (and simulated) event sequence were
considered. These elements are the northward shift of the eddy track as it approached the western
shelf, the development of a cyclone north of the eddy after its interaction with the shelf, and the
abrupt off-shore motion of the eddy after interacting with the shelf.

The northward shift of Fast Eddy as it approached the shelf can be attributed to the interaction
of the eddy with northward currents generated in the mid-water column underneath the eddy as the
result of its on-slope motion (see Section 4.4.3.2). The characteristic signature of this dynamical
mechanism is mid-water column currents underneath the eddy directed northward along the shelf
and intensifying in the on-shore direction. These currents can be seen underneath Fast Eddy as it
approaches the western shelf in the simulation (Figure 4.36).

The formation and further amplification of a cyclone north of Fast Eddy during its interaction
with the shelf is the result of off-shelf PV advection induced by Fast Eddy, similar to the idealized
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Figure 4.35. Figure 4.4-17b from SAIC, 1988: Topography of the ���� isotherm based on the
November 1985 AXBT survey.
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experiments in Section 4.4.3. It is interesting to note the role of the weak anticyclone that was
initialized in the northwest corner of the GOM in the beginning of the simulation. Our additional
numerical simulations initialized without this anticyclone indicate that the presence of an anticy-
clonic circulation in the northwest corner facilitates the generation of a more intense cyclone north
of Fast Eddy via the process of off-shelf PV advection. Without the anticyclonic circulation in the
northwest corner, the high PV water advected off the shelf tends to move around Fast Eddy into
the deep Gulf. The presence of the anticyclonic circulation north of the main eddy creates a weak
on-shore advection which keeps the high PV water at the shelf allowing it to form a more intense
cyclone.

The off-shore excursion of Fast Eddy and subsequent return back to the shelf is caused by
its interaction with a deep anticyclone which formed underneath the Eddy as it rotated over the
flat topography adjacent to the western continental slope. The deep anticyclone centered at the
south-eastern edge of the Eddy around �����W, �����N can be clearly seen in the deep velocity
field (Figure 4.37). This mechanism was analyzed in detail in Section 4.3.3 and is related to the
squashing and stretching of water columns underneath an LCE moving over a flat bottom. The fact
that the off-shore eddy motion in the simulation occurred over 2 months earlier than it was observed
is related to the premature formation of the deep anticyclone underneath the off-shore portion of
Fast Eddy. The simulated unrealistic southward Fast Eddy propagation in December seems to be
related to the same problem. Figure 4.36 shows that a large deep cyclone forms underneath the
surface cyclone as it is being advected over the flat topography by the Fast Eddy circulation. This
deep cyclone induces southward Fast Eddy propagation which was not observed in the drifter data.
Thus, the two biggest inaccuracies in the simulation seem to be related to the same problem of
overactive deep eddy formation.

We hypothesize that during the real events some deep circulation was present prior to October
28 which prevented deep eddies from forming. The presence of a strong deep circulation prior to
October 28 is supported by the observed abrupt motion of Fast Eddy. Drifter trajectory data indi-
cate that in the beginning of October 1985 Fast Eddy stalled around ���W and then rapidly moved
southwest. It was demonstrated in our LCE propagation experiments (Section 4.3) that this type
of behavior is associated with LCE interaction with deep eddies. Deep circulation, when present
has a tendency to disrupt the vertical coupling between surface and deep layers thus inhibiting
the growth of deep eddies. This is only a preliminary hypothesis and some further studies are
necessary to understand exactly how deep circulation disrupts the formation of new deep eddies.
Thus we attribute the differences between the simulation and observations to deficiencies of deep
circulation initialization in the model related to the lack of appropriate observations.
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5. DYNAMICAL EFFECTS OF DESOTO CANYON

5.1 Introduction

The DeSoto Canyon region is a site for a large number of oil and gas drilling operations.
The threat of a spill contacting land in the northeastern GOM is of great concern to the MMS.
Information and analysis which expands the understanding of physical oceanographic conditions
and processes in this region will support an enhanced basis for developing sound, rationally based
environmental assessments. The goal of this study was to improve understanding of physical
oceanographic conditions and processes within, and in the vicinity of, the DeSoto canyon through
using numerical models as a tool for dynamical reanalysis of available data. The principal source
of data for the reanalysis was the DeSoto Canyon Eddy Intrusion study (Hamilton et al. 2000)
funded by MMS to assemble the oceonographic climatological database for oil spill trajectory
calculations.

The DeSoto Canyon Eddy Intrusion study produced two complete years of field observations
that included moored current meter measurements collected from 13 locations, satellite tempera-
ture and altimeter data, and 9 hydrographic surveys. In the course of the field program a number
of strong current events were observed in the vicinity of the Canyon. The available data allowed
the investigators to identify the circulation patterns associated with several of these events and to
hypothesize dynamical mechanisms responsible for their existence. As a result several conceptual
models were formulated. The conceptual models consisted of schematic descriptions of observed
circulation patterns and physical processes hypothesized to be associated with them.

The data collected during the DeSoto Canyon Eddy Intrusion study were used in previous nu-
merical modeling studies for data assimilating simulations of the circulation in the DeSoto Canyon
region (Wang et al. 2003). These simulations were focused primarily on statistical characteristics
of the regional circulation. Two dominant models of low frequency fluctuations were identified in
both modeled and observed currents: a “single-eddy” mode, in which currents are concentrated at
the foot of the canyon, and an “eddy-pair” mode, in which one eddy is at the foot of the canyon
and the other, a counter-rotating eddy, is over the head of the canyon. The numerical model was
shown to reproduce well the observed means and variances of the circulation.

The present study focuses on specific events observed during the DeSoto Canyon Eddy In-
trusion study rather than the statistical characteristics of the flow. The “bottom-up” investigation
methodology applied previously to studying the LCE-topography interaction is used to identify
dynamical mechanisms responsible for the observed events. The investigation is structured upon
the conceptual models of circulation in the DeSoto Canyon proposed by Hamilton et al. (2000) on
the basis of their data analysis. A high resolution primitive equations model is used to simulated
the events described by the conceptual models in isolation from the surrounding circulation in the
GOM. The observational data is used to construct the initial conditions for each of the events and
to verify the results of the numerical simulations. This approach allows to rigorously test the dy-
namical hypotheses formulated in conceptual models and, in some cases, to formulate alternative
conceptual models.

In particular, three conceptual models are analyzed: direct interaction of an anticyclone with
the canyon, remotely generated eastward jets west of the canyon, and the interaction with Loop
Current frontal eddies. The first two models, i.e. direct interaction of an anticyclone with the
canyon, remotely generated eastward jets west of the canyon, involve dynamical mechanisms very
similar to those previously analyzed mechanisms which were associated with LCE-topography
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interactions. Because of this, we skip the IE and IE+ classes of experiments in our experiment
hierarchy proceeding right away with idealized PE experiments and realistic simulations. The third
conceptual model, however, involves a set of new dynamical processes associated with stability
properties of the Loop Current, which require developing of initial understanding and dynamical
intuition. Thus, the investigation of the DeSoto Canyon interaction with Loop Current frontal
eddies begins with idealized IE model experiments.

5.2 Direct Interaction with Anticyclones

Direct interaction of anticyclones with the DeSoto Canyon was identified by Hamilton et al.
(2000) as one of the conceptual models describing circulation patterns in the canyon. The investi-
gation of this conceptual model which consisted of three steps. During the first step we analyze the
available observational data with the main goal of identifying the structure of anticyclones typically
found at the mouth of the canyon. As the second step we investigate potential physical mechanisms
that can lead to propagation of anticyclones towards the mouth of the canyon where they directly
affect the circulation in the canyon. And finally, we study the circulation in the canyon induced
by the direct interaction with anticyclones and identified one of the principal physical mechanisms
involved in this interaction. We discuss these three steps in turn.

5.2.1 Structure of the Anticyclonic Circulation

As the first step in our investigation of direct interaction of anticyclones with the DeSoto
Canyon, we analyze the available observational data with the main goal of identifying the structure
of anticyclonic circulation typically found at the mouth of the canyon. The observed anticyclones
were classified by the depth of the PV anomaly associated with them. Three idealized PV-based
feature models, one for each of the observed eddy types, were created to represent .

The principal data source used in our analysis were nine high resolution hydrographic surveys
conducted as a part of the DeSoto Canyon Eddy Intrusion Study (1997-1999). The analysis re-
vealed a very high variability of anticyclonic circulation in the DeSoto Canyon region. The two
major types of anticyclonic circulation are 1) the warm streamers and 2) the remnant warm-core
rings. Currents associated with the warm streamers are typically confined to the upper 300 meters
and tend to have complex shapes, while the currents associated with the remnant warm-core rings
extend deeper than 500 meters and tend to be more circular. The remnant warm-core rings can be
further subdivided into two classes depending upon the amount of vertical shear in the circulation
of the ring. The rings with low vertical shear have their warm core confined to the lower thermo-
cline while the rings with high vertical shear have their warm core extending throughout the entire
depth of the thermocline. The horizontal size of the anticyclonic features found in the DeSoto
Canyon region is also highly variable, however, a 100 km horizontal scale is the most common.

The anticyclonic features identified in the hydrographic surveys were classified by the depth of
the PV anomaly associated with them. Since the anticyclones found in the vicinity of the DeSoto
Canyon are typically weak, the negative PV anomaly associated with them is dominated by the
isopycnal layer thickness anomaly. Thus, the depth of the PV anomaly is closely related to the
depth of the warm core of the anticyclones. For instance, the warm streamers are associated with
the warm water core in the upper 300 meters, consequently, their PV anomaly is also confined to
the upper 300 meters. In contrast, the low shear remnant rings have the warm water core confined
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between 300 and 500 meters, consequently, their PV anomaly is also confined to those depths.
According to this classification three types of warm-core eddies were found:


 Shallow eddies: the PV anomaly is localized to the upper thermocline.


 Deep eddies: the PV anomaly is localized to the lower thermocline.


 Full eddies: the PV anomaly is distributed throughout the entire depth of the
thermocline.

The PV-based eddy feature model used in our previous experiments was calibrated to represent
each anticyclonic eddy type. A detailed description of the feature model can be found in Section
4.2.2, here we only briefly outline its basic design. The model is formulated in isopycnal layers
and consists of a stack of slab-like PV anomalies in each layer. The PV anomaly in each layer
is defined by its radius, amplitude, and the width of the transition zone between the center of the
anomaly and the ambient PV in the layer; the form of the transition is prescribed by an analytic
function. Thus, the feature model has three free parameters per layer that can be adjusted.

The calibration procedure is the same that was used in our simulations of the Fast Eddy (Section
4.4.6.2). The basic idea behind the calibration is to find the free parameters of the feature model
that provide the best fit (in the least squares sense) to the density structure described by the set
of observed density profiles. In this particular case we selected three hydrographic surveys which
captured a warm-core eddy representative for each eddy type identified above. The feature model
was then calibrated to represent the warm-core eddies in those surveys. Since we want our feature
model to be representative of each anticyclonic eddy type found in the DeSoto Canyon region, the
three calibrations were scaled to produce 100 km diameter eddies, which is the most common eddy
size for each eddy type.

5.2.2 Eastward Propagation of Anticyclones

5.2.2.1 Introduction

According to observations (Hamilton et al. 2000) anticyclones are often advected towards
the mouth of the DeSoto Canyon by LC frontal cyclones which generally propagate westward,
captured in the circulation of the LC. However, anticyclones were observed to interact with the
canyon even with the LC in its southern position and no frontal cyclones present in the vicinity of
the canyon. It is not clear in this case how anticyclones can propagate eastward and remain at the
mouth of the canyon for the interaction to occur. The natural tendency for anticyclonic eddies with
no background currents and no topographic interaction is to propagate west-southwest due to the
�-effect. Thus, some mechanism must exist which is capable of overcoming the westward �-drift
and transporting warm eddies eastward to the mouth of the canyon in the absence of LC and its
frontal eddies.

We hypothesize that the interaction with the northern shelf break may be responsible for prop-
agating anticyclonic eddies eastward towards the mouth of the canyon in the absence of the LC. It
is well known that the interaction of a vortex with a free-slip horizontal boundary can be described
by the so-called image effect. One of the most relevant examples of this effect is the interaction
of an LCE with a western boundary represented by a vertical wall with a free-slip boundary con-
dition. It was demonstrated that in this case the image effect leads to northward eddy propagation
(Shi and Nof 1994). A similar image effect can control an eddy interaction with a sloping bottom.
It was demonstrated both analytically and numerically that the interaction of a baroclinic point
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vortex (a vortex associated with a PV anomaly described with a delta function) with a topographic
slope is identical to an interaction with another point vortex (its image) obtained by reflecting the
original vortex relative to the bottom (Pankratov 1994). For the configuration relevant to the DeS-
oto Canyon region, i.e., an anticyclonic vortex interacting with a northern zonal bottom slope, this
effect should produce an eastward eddy motion. Thus, the mechanism transporting warm eddies
eastward could be the “image effect” created by the eddy interaction with the northern shelf break.

5.2.2.2 Experiment Design

In order to verify this hypothesis we designed a series of numerical experiments simulating the
interaction of somewhat idealized anticyclonic eddies, representative of warm-core eddies near the
DeSoto Canyon (see Section 5.2.1), with an idealized representation of the northern topography.
The �-coordinate primitive equations model (Section 3.3) was configured for a rectangular domain
with 4 km uniform horizontal resolution and 50 �-levels in the vertical. The model domain was
rotated � ��� counterclockwise from the zonal direction. A uniform (along the model domain)
bottom slope was specified to represent the northern topography in the GOM west of the DeSoto
Canyon (see Figure 5.1). The slope profile was derived from the ETOPO5 bathymetry data set
by averaging the ocean depth along the shelf break around ���W. Closed boundary conditions
were specified with a 15 grid point damping layer along the western boundary. All three types of
anticyclonic eddies were initialized south of the slope and allowed to evolve.

5.2.2.3 Results

The experiments showed that all three types of warm-core eddies identified in Section 5.2.1
can propagate eastward as the result of interactions with the northern shelf under two conditions.
The first condition is the proximity of an eddy to the shelf break. The image effect overtakes the
westward �-drift and produces an eastward eddy propagation only when an eddy is forced close to
the shelf by some external forcing, a cyclonic eddy in this case (see below). The second condition
is the orientation of the shelf itself. The tilt of the shelf break line relative to the zonal direction
is crucial for maintaining the proximity of an eddy to the shelf after the initial external forcing is
gone.

Figure 5.1 illustrates the first type of experiment, where an isolated anticyclonic eddy is ini-
tialized south of the topographic slope. The thick contours on the plot indicate the eddy’s shallow
water PV anomaly in the thermocline. The PV is calculated using velocities vertically averaged
throughout the main thermocline. The main thermocline is defined by the � � �� kg/m� isopycnal
surface. The figure shows several positions of the eddy during the course of the integration with
a time interval of 20 days. (The color of PV contours indicate the time; red contours indicate ear-
lier times while blue contours indicate later times). In this case the eddy is a “deep” anticyclonic
eddy; the results of experiments with other types of eddies are nearly identical. The eddy first
moves westward under the influence of the beta-drift. After reaching the shelf it proceeds to move
south-west following the shelf break. Thus, the image effect in this case is not strong enough to
overpower the westward beta-drift.

In contrast to the results of the first type of experiment, the direction of the anticyclone propa-
gation becomes eastward if it is initially forced against the shelf by a background current. This is
consistent with our interpretation of an eastward eddy propagation as a result of the image effect.
Since the strength of the image effect is proportional to the proximity of the eddy to its image, i.e.,
to the boundary which in this case is the shelf break, the image effect becomes dominant when the
eddy comes closer to the shelf. This result is illustrated in Figure 5.2 which shows the second type
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of experiment. In this experiment a cyclone was initialized 150 km south-west of the anticyclone
in the beginning of the integration. The PV structure and size of the cyclone were modeled after
the structure of the LC frontal cyclones captured in the hydrographic surveys from the DeSoto
Canyon Eddy Intrusion Study. The technique of PV feature modeling used to initialize the cyclone
was the same technique that was used previously to construct the idealized anticyclones. The anti-
cyclone in this case is a “deep” anticyclone; the experiments with other types of anticyclones are
very similar. The cyclone-anticyclone pair self-advect towards the shelf where the circulation of
the cyclone forces the anticyclone against the shelf break. After this initial forcing the anticyclone
proceeds northeast along the shelf while the cyclone moves south-west.

The orientation of the shelf break, in particular its tilt relative to the zonal direction, appears to
be critical for eastward propagation of the anticyclones. The same experiment as described above,
but now with a purely zonally oriented shelf, shows that even after the initial forcing onto the shelf
the anticyclones quickly move back to the deeper region where they proceed to move westward.
When a northward topographic tilt is present, the beta-drift acts to push the anticyclones against
the shelf, which prevents them from moving off to the deeper continental slope, thus keeping the
image effect active and supporting the eastward propagation.

5.2.3 Circulation Within the Canyon

The numerical model configuration used for the experiments described in Section 5.2.2 was ap-
plied for simulations of direct interaction of anticyclones with the DeSoto Canyon. For these simu-
lations the idealized bottom topography was replaced with realistic topography from the ETOPO5
database. The eastward eddy propagation mechanism was used to transport the anticyclonic ed-
dies to the mouth of the DeSoto Canyon. To trigger the eastward propagation the anticyclones
were forced initially against the shelf in the vicinity of ���W by a cyclone, employing the same
technique that was used in the idealized experiments.

Warm-core eddies at the mouth of the DeSoto Canyon were shown to generate cyclonic cir-
culation in the canyon. An example of this circulation is shown in Figure 5.3. In this simulation
a “deep” anticyclonic eddy was initialized; other types of anticyclones produce similar results.
Color coded in the figure is the shallow water PV in the main thermocline as previously defined,
and arrows indicate the velocities vertically averaged throughout the thermocline. As the anticy-
clone moves along the shelf towards the DeSoto Canyon, a stream of high PV water is advected
into the canyon forming into a cyclone which fills the deep portion of the canyon (deeper than
� ��� meters). By the time the anticyclone comes to the mouth of the canyon a counter-rotating
circulation pattern develops. This pattern consists of a relatively large anticyclonic circulation at
the mouth of the DeSoto Canyon and a counter-rotating cyclonic circulation at the head of the
canyon. This circulation pattern is consistent with the mode 2 circulation in the DeSoto Canyon
identified by Wang et al. (2003) in their statistical analysis of surface current observations. Thus,
our numerical simulations identify a link between a conceptual model of eddy interaction with the
DeSoto Canyon proposed by Hamilton et al. (2000) and a statistical circulation mode derived by
Wang et al. (2003).

Our analysis of the numerical simulations allows us to identify the off-shelf PV advection pro-
cess as the primary physical mechanism responsible for the generation of the cyclonic circulation.
The process consists of high PV shelf water advection into deeper regions, i.e., the regions with
lower ambient PV, by the circulation induced by the anticyclone. The PV anomaly produced as a
result of this process spins up the cyclonic circulation. The same mechanism was identified in our
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Figure 5.1. Interaction of "deep" anticyclonic eddy with the northern shelf west of DeSoto Canyon.
Isolated deep (see Section 5.2.1) anticyclonic eddy is initialized south of the topo-
graphic slope shown with thin contours. The thick contours on the plot show the
shallow water PV anomaly in the thermocline and indicate positions of the eddy at
different times of integration. The PV is calculated using velocities vertically averaged
throughout the main thermocline, where the main thermocline is defined by the 27
kg/m� isopycnal surface. The figure shows several positions of the eddy in the course
of the integration with a time interval of 20 days; the color of PV contours indicate the
time, red contours indicate earlier times while blue contours indicate later times.
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Figure 5.2. Same as in Figure 5.1 but forced with a cyclone. "Deep" anticyclonic eddy (solid
contours) forced against the shelf by a cyclone (dotted contours) initially located to the
south-west. The meaning of the contour lines is the same as in Figure 5.1.

81



Figure 5.3. Realistic simulation of the "deep" anticyclonic eddy interacting with the DeSoto
Canyon. Color coded in the figure is the shallow water PV in the main thermocline
defined as previously, and arrows indicate the velocities vertically averaged throughout
the thermocline.

previous experiments to be responsible for generation of cyclones during LCE interaction with the
GOM coastal topography (Section 4.3.3).

A passive tracer analysis technique was developed to identify the mechanism of off-shelf ad-
vection in the numerical simulations. In the beginning of each simulation a passive tracer was
distributed throughout the model domain. The initial tracer concentration is proportional to the
total depth at each particular point and uniform throughout the water column. The tracer is then
tracked along isopycnal surfaces. Thus, the low tracer concentrations represent the water from
shallower regions and high concentrations represent the water from deeper regions. Figure 5.4
shows the tracer distribution after 55 days of the simulation along the ���� isotherm. The color
represents the tracer concentration and the arrows indicate the velocity field vertically averaged in
the thermocline. By the time shown the cyclonic circulation has already developed at the head of
the DeSoto Canyon. It can be clearly seen that the core of the cyclonic circulation is composed of
water with lower tracer concentration, which means that it was advected from shallower regions.
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Figure 5.4. Same as in Figure 5.3 but color code indicates passive tracer concentration.
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5.3 Remote Generation of an Eastward Along-Shelf Current

According to this conceptual model a remote LCE interacting with the coastal topography west
of the Mississippi River delta generates a warm eastward jet along the shelf break that reaches the
DeSoto canyon region producing eastward currents. Numerical simulations conducted using a
set of initial conditions consistent with the scenario suggested by the conceptual model failed to
reproduce the observed eastward jet. This negative result suggests that the physical processes,
which were hypothesized to be responsible for the observed eastward jet, are not dynamically
feasible. An alternative conceptual model, consistent with the observed events, was formulated
and tested in numerical simulations. The numerical simulations constructed on the basis of the
new conceptual model showed good agreement with observations.

5.3.1 Remote Generation of an Eastward Along-Shelf Current by an LCE

The conceptual model of the remote generation of an eastward along-shelf current by an LCE
is shown schematically in Figure 5.5 (from Hamilton et al. (2000)). The strong eastward flow
within the LCE is impinging onto the topographic slope setting up a negative along slope pressure
gradient. The pressure gradient is trapped over the steep slope thus driving an eastward jet.

The observational basis for this conceptual model is shown in Figure 5.6 (from Hamilton et al.
(2000)). In the figure Eldorado eddy can be identified by its SST signature west of Mississippi
Canyon (its eastern boundary is labeled in the figure as “Loop Current Ring Boundary”). Eldorado
eddy detached from the LC in October 1997 and moved westward along approximately ���N.
By early December 1997 the eddy can be identified around ���W the eastern edge of the eddy is
located around ���W just west of the Mississippi canyon. A streamer of cold shelf water can be
seen wrapped around the eastern side of the eddy indicating its interaction with the northern shelf.
At the same time an eastward jet along the shelf break west of DeSoto canyon was measured by the
array of current meters deployed as a part of DeSoto Canyon Eddy Intrusion Study. This observed
sequence of events lead to a hypothesis that the eastward along-shelf jet west of DeSoto canyon
was produced by the LCE interaction with the northern shelf west of Mississippi River delta.

The sequence of events suggested by the above conceptual model was simulated using the
high resolution PE model. The experiment design and the PE model configuration used for this
simulation were adopted, with very minor modifications, from our previous experiments simulating
a LCE interacting with realistic northern GOM topography (Section 4.4.5). The initial location and
size of the LCE were specified on the basis of sea-surface height data observed on October 1, 1997,
approximately 1.5 months prior to the jet generation event (Figure 5.7). The initial PV structure of
the LCE was that of a “generic” LCE derived in Section 4.4.3.1.

The size and the location of Eldorado Eddy determined from the SSH data have some degree
of uncertainty associated with them. Moreover, the exact path of the eddy between October 1 and
the moment when it interacted with the northern shelf is unknown. It is quite possible that the eddy
drifted away from the nearly westward trajectory predicted by the �-drift alone due to interactions
with other eddies. Also, the structure of the eddy can differ from the “generic” structure derived
by averaging the structure of previously observed LCE’s. Because of these uncertainties, about 10
different simulations were performed with the initial eddy position, size, and PV structure varying
within 20% intervals.

A typical result of these simulations is shown in Figure 5.8. Color coded in the figure is the
layer PV field calculated using the thermocline thickness and vertically averaged velocities (shown
with arrows). Variations in the initial conditions did not produce any qualitative changes, and the
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Figure 5.5. Schematic diagram of the eastward along-shelf jet generated by a remote LCE interac-
tion with the shelf; from Hamilton et al. (2000).
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Figure 5.6. SST image for December 6, 1997. Measured near surface currents have been overlaid
on the image. The eastward along-shelf jet can be clearly seen in the current measure-
ment field. A warm-core ring appears to be interacting with the northern shelf west of
Mississippi River.
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simulation shown in the figure is representative of all the simulations. LCE interaction with the
northern shelf fails to produce an eastward along-shelf jet. Instead a cyclone is generated due to
the process of off-shelf PV advection, which is consistent with our previous results. This negative
result motivated us to reevaluate the conceptual model and consider some alternative models also
consistent with observations.

5.3.2 Remote Generation of an Eastward Along-Shelf Current by a Cy-
clone: Conceptual Model

An alternative mechanism for a remote generation of an eastward along-shelf current west
of DeSoto Canyon was hypothesized. The mechanism consists of a “shielded” cyclonic eddy
interacting with the northern shelf producing an eastward along-shelf jet east of it. The term
“shielded” cyclonic eddy refers to a cyclone which has a negative PV anomaly wrapped around the
positive PV core. The negative PV anomaly reduces the lateral extent of the eddy circulation, thus
“shielding” it from interacting with surrounding features. Such PV anomaly can develop around a
cyclone due to warm water being trapped in its circulation or due to lateral friction.

The alternative conceptual model is illustrated by a diagram shown in Figure 5.9. The low PV
band initially wrapped around the cyclone is being stripped off in the process of interaction with the
shelf break creating a negative PV anomaly trapped over the steep slope. The negative PV anomaly
self-advects eastward along the shelf break due to the “image” effect (Pankratov 1994) extending
east. The negative PV anomaly is associated with an eastward along-shelf current extending all
the way to DeSoto canyon. The idea of a negative PV band “stripping” off an eddy during its
interaction with topography comes from the work of Shi and Nof (1993). In their experiments
an anticyclonic eddy with a negative PV core and “shielded” by a positive PV anomaly wrapped
around it interacted with the western shelf break. This interaction led to stripping of the outer PV
anomaly, which produced a “jet” effect propelling the eddy northward.

This alternative conceptual model is also consistent with observations. A cyclonic eddy can
be identified in the SSH field on October 1, 1997 around ���N, �����W. A natural tendency for
a cyclone on the �-plane is to drift northwest (see the simulations below) pushing it against the
northern shelf. It is reasonable to assume that this cyclone has a band of warm water, i.e. negative
PV anomaly, wrapped around it due to its interaction with the Loop Current or Eldorado Eddy.
The interaction of this cyclone with the northern shelf would produce an eastward current to the
east of it and an off-shelf flux of cold water to the west. This cold water would be captured into
the circulation of Eldorado eddy creating the cold tongue seen on the SST image (Figure 5.6).

5.3.3 Remote Generation of an Eastward Along-Shelf Current by a Cy-
clone: Numerical Simulations

The conceptual model formulated in Section 5.3.2 was tested in a realistic numerical simula-
tion. The PE model configured similar to the previous experiment (Section 5.3.1) was initialized
with an isolated “shielded” cyclone. The cyclone was initialized using the same PV-based initial-
ization technique used in our experiments simulating small cyclones over the northern continental
slope (Section 6.1.1). The parameters of the PV feature model for the cyclone were adjusted to
produce a cyclone approximately 100 km in diameter and 30 cm/s maximum swirl speed, which
is consistent with the SSH anomaly observed on October 1 (see Figure 5.7). The negative PV
anomaly along the perimeter of the cyclone was created using the same technique that was applied
for constructing a Loop Current stream structure with narrow cyclonic side (see Section 5.4.1).
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Figure 5.7. SSH for October 1, 1997, derived from TOPEX/EPS-2 plus model mean. Dark con-
tours are for SSHs that are greater than zero; white contours are for SSHs less than
zero; from Hamilton et al. (2000).
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Figure 5.8. Simulation of Eldorado Eddy interacting with the northern shelf. Consistent with the
previous experiments; the LCE produces a cyclone and does not generate an eastward
along-shelf jet. Vectors indicate velocities vertically averaged over the thermocline
depth; color coded is PV field in the thermocline.
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Figure 5.9. Schematic illustrating the conceptual model of an eastward along-shelf current by a cy-
clone. Darker shading indicates the negative PV anomaly wrapped around the cyclone.
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The stability of the constructed “shielded” cyclone was first tested by allowing the cyclone
to evolve freely without any interaction with topography. The same high resolution PE model
configured with realistic northeast topography was used but the cyclone was initialized far away
from the coastal topography around ���N, ���W. In this experiment the cyclone remained stable
and retained its initial structure for the entire duration of the simulation (3 month), indicating that
the prescribed cyclonic structure is dynamically self-consistent.

For the final experiment the cyclone was initialized at the position where it was observed on
October 1 and allowed to evolve freely. The result of the experiment after 20 days of simulation
is shown in Figure 5.10. Color coded in the figure is the PV in the thermocline calculated as
previously. The band of low PV water wrapped around the cyclone can be clearly seen. The
low PV water strips off the cyclone as it impinges onto the shelf and propagates eastward along the
shelf just as suggested by the conceptual model. The velocity field produced in the simulation in the
vicinity of DeSoto Canyon is shown in Figure 5.11. The velocity is shown at two depth levels: 15
meters (upper panel) and 300 meters (lower panel) after 1 month of the simulation (early November
1997). This velocity can be compared with the velocity observed during the event on November 11
(Figure 5.12). The observed velocity was derived through geostrophic calculation from the high
resolution hydrographic survey conducted during the event. The calculated geostrophic velocities
were reported to agree well with moored current meter measurements (Hamilton et al. 2000). The
comparison indicates that all of the key features of the observed circulation are reproduced by
the simulation. The eastward along-shelf current produced by the negative PV anomaly stripped
off the cyclone reaches the canyon and turns south following the topography as observed. The
current intensification and direction change observed at the western side of the moored array are
also reproduced in the simulation, where they are caused by the circulation of the cyclone itself.

5.4 Interaction with Loop Current Frontal Eddies

This part of the investigation was concerned with conceptual models related to circulation in-
duced in DeSoto Canyon by Loop Current Frontal Eddies (LCFE’s). LCFE’s are small (20-100 km
in diameter) cyclones that are frequently observed along the cyclonic side of the LC (Vukovich
and Maul 1985) and represent the most common source of the observed variability in the DeS-
oto Canyon region (Hamilton et al. 2000). They typically form along the western part of the LC
and amplify in an unstable manner as they propagate downstream along the LC. Several previous
studies (Maul 1977; Hurlburt 1986) suggested that LCFE’s are generated as the result of an insta-
bility process in the LC. The observational data presented in the Eddy Intrusion Study also support
this hypothesis. One of the typical circulation patterns induced by LCFE’s in the DeSoto Canyon
region is depicted by a conceptual model from the Eddy Intrusion Study report (Figure 5.13). Ac-
cording to this model, the cyclonic circulation of LCFE’s entrains warm LC water around their
cold cores. As LCFE’s move to the east around the LC they produce a warm streamer that extends
into the DeSoto Canyon region. This generates an eastward flow along the shelf break in the up-
per 100 m. Below that depth, the cyclonic circulation in the LCFE causes strong westward flow.
The numerical simulations described in this section were designed to investigate the dynamical
mechanisms leading to this circulation pattern.

The unstable nature of the LCFE’s makes them difficult to simulate in numerical models. While
isolated eddies, both cyclones and anticyclones, have relatively well defined structures and, there-
fore, can be implanted into initial fields using feature models, LCFE’s do not have such a structure.
Instead, LCFE’s are an inseparable part of the instability process of the LC and, therefore, the
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Figure 5.10. Simulation of a "shielded" cyclone interacting with the northern shelf west of DeSoto
Canyon. Vectors indicate velocities vertically averaged over the thermocline depth;
color coded is PV field in the thermocline. Simulation produces an eastward along-
shelf jet extending all the way to DeSoto Canyon.
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Figure 5.11. Simulated velocity field at 15- (upper panel) and 300- (lower panel) meter depth.
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Figure 5.12. Velocities at 6- and 300-meter depth observed during the “eastward jet” event in the
vicinity of DeSoto Canyon.
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entire instability process has to be recreated in a numerical model in order to properly simulate
LCFE’s. Furthermore, the properties of this instability process have to be well understood if we
are to be able to control it. Such control is necessary for producing LCFE’s at a specified location
and with specified characteristics.

Thus, numerical investigation of LCFE interactions with the DeSoto Canyon started with an
investigation of the LCFE formation mechanism. First, through a series of zonal channel ex-
periments conducted using our multi-layer Intermediate Equations (IE) model, we identified the
stream structure which leads to the formation of frontal cyclones with spatial and temporal scales
consistent with observations of LCFE’s. The results of the zonal channel experiments were then
used to introduce an LC with realistic stability properties into a regional, high resolution Primi-
tive Equations (PE) model with realistic topography, and the formation of LCFE’s was simulated
within this realistic setting. Finally, the interactions of LCFE’s with the DeSoto Canyon topogra-
phy were simulated and compared against observations. The simulation allowed us to investigate,
in some detail, the effect LCFE’s have on the water mass exchanges between the DeSoto Canyon
and surrounding regions.

5.4.1 Stability Properties of the Loop Current

As a part of our investigation of the LCFE formation mechanism we studied numerically the
stability properties of the Loop Current in a series of idealized experiments. The principal objective
of these experiments was to identify a LC stream structure that can lead to formation of LCFE-like
features as a result of an evolution of a small initial disturbance over distances shorter than the
distance between the northern tip of the Yucatan shelf and the maximum northward penetration
of the LC (�400 km). This objective is based upon the assumption that LCFE’s are formed as a
result of an instability process on the cyclonic side of the LC triggered by disturbances originating
from LC interactions with the Yucatan Peninsula topography. For LCFE’s to reach the size of up
to 100 km near the DeSoto Canyon, as it was observed, the stability properties of the LC have to
be such as to allow an initial disturbance of 10-20 km in diameter, formed at the northern tip of the
Yucatan, to grow 5-10 times as it propagates downstream.

The experiments were conducted using our IE model configured with 10 isopycnal layers and
3 km horizontal resolution. In these experiments the LC is represented as a zonal jet in a channel
with open inflow/outflow boundary conditions. A small perturbation is initially specified close to
the inflow boundary. In a typical experiment the initial perturbation generates a packet of meanders
consisting of a superposition of several unstable modes that propagate downstream and amplify
due to the instability process. As growing meanders reach the saturation stage, cyclonic features
resembling those of the observed LCFE’s, develop in the meander troughs. With this approach,
the wavelength of the most unstable mode, its growth rate and (most importantly) the along-stream
distance required for the initial disturbance to reach the saturation stage, i.e. form the cyclonic
features resembling the LCFE’s, can be determined from a single experiment. The LC stream
structure in these experiments was specified by introducing small variations around the baseline
structure derived from observed cross-sections of the LC. The variations were based on several
hypotheses about the natural variability of the LC structure.

5.4.1.1 Experiment Design

The stability properties of the LC were analyzed using a series of numerical experiments with
an unstable zonal jet. The experiment design was similar to the design that was used by Sutyrin
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Figure 5.13. Conceptual model of a LCFE flow interaction with the slope in the DeSoto Canyon
region; from Hamilton et al. (2000).
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et al. (2001) to study the stability properties of a Gulf Stream-type jet. In this type of numerical
experiment an unstable, initially straight jet is introduced into a zonal channel. A small perturba-
tion of the jet trajectory is initially specified near the upstream side of the channel. In a typical
experiment the initial perturbation triggers a packet of meanders that propagate downstream and
amplify due to the instability process. The meander packet evolution in time can be described in
four stages. During the first stage the initial disturbance restructures itself into a packet consisting
of a superposition of several unstable modes. During the next stage the unstable modes start grow-
ing exponentially. This exponential growth is typically well described by the linear stability theory
and, therefore, this stage is called the linear stage. As unstable modes continue to amplify the linear
theory becomes no longer applicable; accordingly, this stage of meander growth is called the non-
linear stage. During the nonlinear stage the meander growth rate gradually decreases and finally
stops as the packet evolution enters the so-called saturation stage. In our experiments the saturation
stage is characterized with a formation of cyclonic features resembling observed LCFE’s.

This experiment design allows us to efficiently explore the stream stability properties, since
for each specified stream structure a single experiment allows us to determine the wavelength
of the most unstable mode, its growth rate and the along-stream distance required for the initial
disturbance to reach its saturation stage. A typical experiment is illustrated in Figure 5.14. The
upper panel shows the initial conditions that consist of a straight zonal jet and an initial disturbance
near the inflow boundary. The second panel shows the second stage of the experiment (15 days
after initialization) when the initial perturbation has just restructured itself into a packet consisting
of a superposition of several unstable modes. The lower panel shows the saturation stage during
which the meander growth stops and cyclonic features resembling the LCFE’s develop.

Instead of the 3-dimensional PE model used by Sutyrin et al. (2001) we conducted the experi-
ments using our IE model (see Section 4.2). The IE model was selected for these experiments since
it allows for a more transparent dynamical analysis due to its simpler physical formulation; it also
allowed us to conduct a large number of experiments (for exploring parameter space) due to its
computational efficiency. Both the f-plane and the �-plane approximations were used in the model
formulation. For these experiments the IE model was configured with 10 isopycnal layers and 3 km
horizontal resolution. The model domain was a zonal channel with open inflow/outflow boundary
conditions along zonal boundaries and closed boundary conditions along meridional boundaries.
A sponge layer 400 km wide, which is the typical spatial scale of simulated meanders, was applied
at the outflow boundary to allow the meanders to leave the domain. The bottom topography was
configured as a linear slope in the cross-stream direction designed to represent the continental slope
in the eastern GOM. The presence of the bottom slope is crucial for blocking bottom-intensified
eddies thus eliminating the baroclinic instability associated with the PV gradient inversion in the
lower layer (Sutyrin et al. 2001).

A wide variety of plausible LC stream structures were explored in these experiments by intro-
ducing small variations around the baseline structure derived from observed cross-sections of the
LC. Currently available observations of the LC stream structure downstream of Yucatan are lim-
ited to a number of instantaneous ADCP and hydrographic cross-sections through the LC. Since
the LC constantly undergoes the process of meandering and frontal cyclone formation it is nearly
impossible to derive a representative unperturbed structure of the stream from available snapshot-
like observations. In order to construct an unperturbed stream structure representative of the LC
we use the available observations to derive a baseline stream structure, which incorporates only
the most robust observed characteristics of the stream. The robust characteristics of the stream
include the stream width and the spatially averaged stratification on the cold and on the warm
sides of the stream away from the transition zone. The term robust does not imply that the above
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Figure 5.14. Example of a zonal channel stability experiment leading to the formation of frontal
cyclones resembling observed LCFE’s.

mentioned characteristics remain constant. Instead, it means that these characteristics experience
the least variability between different observed cross-sections and vertical density profiles. The
baseline stream-structure represents only the bulk stream characteristics; the finer details of the
stream structure cannot be derived from the limited number of instantaneous cross-sections and
have to be reconstructed on the basis of hypotheses about the natural variability of the LC and its
observed stability properties. On the basis of the observed behavior of the LC we selected sev-
eral stream characteristics that can vary in the process of the LC evolution and affect its stability
properties. Small variations of the selected stream characteristics were then introduced into the
baseline stream structure and the stability properties of the resulting stream were then explored.

The baseline LC structure was constructed using the PV-based technique of Logoutov et al.
(2001). Logutov et al. demonstrated that the Gulf Stream structure downstream of Cape Hatteras
can be reasonably well reproduced by assuming a monotonic PV variation in cross-stream direc-
tion. On the basis of this assumption they constructed a 5-layer PV model of the Gulf Stream
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structure, which can be used to calculate the stream density and velocity structures. The PV-based
technique of Logutov et al. was modified to construct the baseline stream structure of the LC. In
this case we used a 10-layer PV model to increase the vertical resolution. The PV in each layer is
prescribed as

�� � #� 	 $� � ����
)����

where y is the cross-stream distance, index � refers to the layer number, and #� $� ) are
constant parameters determining the amplitude and the width of PV front in each layer. The values
of the free parameters are determined from the observed stream width and the spatially averaged
stratification on the cold and on the warm sides of the stream away from the transition zone.
Figure 5.15 shows the resulting baseline stream structure and compares it to one of the observed
instantaneous LC structures. The upper panel in the figure shows the hydrographic cross-section of
the LC from (Vukovich and Maul 1985) taken at approximately ���N. The middle panel shows the
positions of layer interfaces and corresponding along-stream velocity in the constructed baseline
section. The lower panel shows the PV structure used to construct this section.

The LC stream structures used in the stability experiments were obtained by introducing small
variations based upon several hypotheses about the natural variability of the LC to the baseline
structure. One of the observed patterns of the LC variability is its interaction with the eastern shelf
of the Yucatan Peninsula prior to its entering the deep eastern GOM. As the LC flows along the
shelf-break its cyclonic side becomes narrower, presumably due to lateral friction with the shelf-
break. The evidence of that can be found in Sheinbaum et al. (2002) if one compares their average
LC cross-section derived from long-term LC mooring array observations in the Yucatan Channel
to the baseline cross-section in Figure 5.15. It is reasonable to assume that the elevated cyclonic
vorticity associated with the narrow cyclonic side is carried downstream north of the Yucatan
contributing to the LC stability properties in the deep GOM. In order to incorporate this elevated
cyclonic vorticity into the baseline section, the cyclonic side of the baseline velocity profile in each
layer was replaced with an analytically prescribed profile:

�� � *�+�� � ���
����,�� � - �

where � is the cross-stream distance, with � � � at the location of the maximum velocity in each
layer and � - � at the cyclonic side of the stream. *�+� is the maximum velocity in each layer,
and . and ,� are constants determining the resulting width of the cyclonic side. The transport in
each layer is determined by the stratification change across the stream which is assumed to remain
constant. Therefore, once . is selected ,� is calculated to preserve the transport. The choice of
this particular analytical form of the velocity structure on the cyclonic side of the stream was based
primarily upon simplicity of implementation. Our experiments with alternative forms of velocity
structure show that specifics of the velocity profile have little effect on the stream stability. The
key parameter affecting the stream stability is the cyclonic side width, and the above choice of the
velocity profile provides a convenient way of controlling this parameter.

The LC stream structure with a narrow cyclonic side is shown in the upper panel of Figure 5.16.
The baseline stream-structure is shown in the lower panel of the figure for comparison. Figure 5.17
shows the corresponding PV stream structures. The velocity of the stream structure with a narrow
cyclonic side results from a PV structure with a local maximum in the upper layers. The presence
of this local maximum creates an inversion of the PV gradient in the upper layers leading to a more
unstable stream (see below).

Another observed LC behavior pattern is its expansions to the north which typically leads to
the formation of LCE’s. It is reasonable to assume that a rapid expansion to the north can lead
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Figure 5.15. Observed LC cross-section compared to the constructed baseline stream structure.
Observed LC cross-section from Vukovich and Maul (1985) is shown in the upper
panel). Velocity cross-section and interface positions of constructed baseline stream
structure are shown in the middle panel, the corresponding PV structure is shown as
cross-stream profiles in each layer in the lower panel.
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Figure 5.16. LC stream structure with a narrow cyclonic side (upper panel) compared to the base-
line LC stream structure (lower panel). Colored lines indicate positions of density
layer interfaces.
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Figure 5.17. Cross-stream PV profiles in each density layer corresponding to the LC stream struc-
ture with a narrow cyclonic side (upper panel) and to the baseline stream structure
(lower panel).
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Figure 5.18. Shallow stream structure with a narrow cyclonic side (upper panel) compared to the
regular depth stream structure with a narrow cyclonic side (lower panel).
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Figure 5.19. Cross-stream PV profiles in each density layer for the shallow LC stream structure
(upper panel) and for the same LC stream structure with a regular depth (lower panel).
Both stream structures have narrow cyclonic sides, which can be seen as several ver-
tically aligned local extrema in PV profiles.
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to the stream loosing its deep component and becoming shallower. This type of stream structure
variability can be easily incorporated into the baseline stream structure by changing the depth of
the level of no-motion. Figure 5.18 compares the shallow stream structure to the stream structure
with a regular depth. In both cases the stream structure with an incorporated narrow cyclonic side
was used. Figure 5.19 shows the corresponding PV structure. As one can see, the key difference
between the two sections is the depth of the layer with an inverted PV gradient. In the case of
the shallow stream the PV gradient inversion occurs in the 8-th layer, while in the baseline stream
structure the inversion occurs in the 9-th layer.

5.4.1.2 Results

The LC stability experiments demonstrate that cyclones resembling the observed LCFE’s can
form on the cyclonic side of the stream as a result of an instability process in a zonal LC-type
jet triggered by a small disturbance. The experiments also revealed the key features of the LC
stream structure controlling the intensity and the growth rate of these cyclones. The latter result is
important for controlled simulations of LCFE’s in realistic settings.

The experiment shown in Figure 5.14 illustrates how an instability process leads to formation
of cyclones resembling the observed LCFE’s. This particular experiment was conducted with the
shallow LC stream structure and with a narrow cyclonic side. Color coded in the figure is the PV
in the upper layer; the red band of high PV indicates the PV extremum associated with a narrow
cyclonic side. Dashed black contours indicate negative pressure anomalies in the upper layer
that are associated with cyclonic circulation. The small initial disturbance (upper panel) triggers
a packet of meanders (unstable modes), which amplify as they propagate downstream (middle
panel). By day 40 of the integration one can observe cyclones forming in the meander troughs
(lower panel). When fully developed those cyclones are roughly 100 km in diameter with a typical
swirl speed of 20 cm/s and a vertical extent of about 800 km. The cyclones become fully developed
approximately 400 km downstream of the initial disturbance and propagate with a typical speed
of 10 km/day. All the above characteristics are consistent with the LCFE properties observed by
Hamilton et al. (2000).

The series of stability experiments with different LC stream structures allowed us to identify
the stream structures capable of forming these cyclones. The cyclones were shown to form only by
streams with a positive PV extremum on the cyclonic side, i.e., the narrow cyclonic side. Moreover,
the intensity of the cyclones was found to be proportional to the magnitude of the extremum.
Figure 5.14 provides an intuitive explanation to this result. One can see that the core of the LCFE
resembling cyclones is composed of the high PV water stripped off the cyclonic side of the stream
suggesting a direct link between the amount of positive PV and the cyclone intensity.

The presence of PV extremum, however, is not sufficient for cyclone development. Given that
the characteristic horizontal scale of the LC loop in its fully extended state is 400-500 km, a small
initial disturbance must amplify fast enough to form frontal cyclones over this relatively short
distance. In other words, the stream has to be unstable enough to allow rapid meander growth. Our
experiments indicate that the stream stability, as defined by the rate of meander growth, is linked to
the stream vertical extent. The LC with a shallower stream structure was shown to be significantly
more unstable.

Figure 5.20 provides a summary of all zonal channel stability experiments on the f-plane and
the �-plane. The upper panel shows time evolution of cyclone intensity in different experiments,
while the lower panel shows time evolution of the maximum meander amplitude. The meander
amplitude is related to the size of the cyclones. As one can see from Figure 5.14, it is roughly
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Figure 5.20. Summary of zonal channel stability experiments. Upper panel shows time evolution
of frontal cyclone intensity. Lower panel shows maximum meander amplitude.
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equal to the half radius of LCFE’s. Color represents different experiments; the color mapping
is shown in the legend. Experiments shown in the legend are referred to by key features of the
corresponding stream structure, which were discussed in the previous section. Unless otherwise
noted, all of the experiments were conducted on the f-plane. During the first 15 days the initial
disturbance undergoes the process of restructuring during which the meander amplitude and the
cyclone intensity are not well defined, consequently, this time period is designated with dashed
lines. In addition to varying the stream structure both the f-plane and the �-plane approximations
were tested.

As one can see in the upper panel of Figure 5.20, the LC with a wide cyclonic side, i.e.,
without a PV extremum on the cyclonic side, shows no significant frontal cyclone development.
We only show the experiment with a shallow PV structure since it is more likely to produce frontal
cyclones due to a more unstable stream. The experiment with a deep stream structure also does not
develop frontal cyclones. However, as soon as the PV extremum is introduced (narrow cyclonic
side), frontal cyclones start developing even for an LC with a deep stream structure which should
be more stable (green curve). The alternative view of the same experiment that is presented in
the lower panel shows that these cyclones are small, only about 20 km in diameter (4 times the
meander amplitude). When a shallow stream structure is introduced along with the PV extremum,
the size of the cyclones increases up to 150 km (black line). The cyclone intensity also increases
up to 14 cm/s (upper panel). Introduction of the �-plane approximation has notable but relatively
small effect on the stream stability (blue line). The size of the cyclone decreases to about 100 km
(lower panel), however their intensity remains almost the same (upper panel).

5.4.2 Realistic Simulations of LCFE’s

The understanding of the mechanisms that drive the LCFE growth, developed as a result of the
zonal stability experiments of Section 5.4.1, was then applied to simulate LCFE’s in the PE model
experiments with fully realistic topography. As the first step in transition to the PE framework we
repeated the key zonal stability experiments initially conducted with the IE model but now using
the PE model. This step is necessary to ensure that the introduction of the new physics associated
with the more complete set of primitive equations does not substantially change the results obtained
within the framework of the intermediate equations.

The next step in our modeling hierarchy was to configure a regional PE model for simulating
LCFE’s in a realistic setting. This new regional configuration incorporated a stream trajectory
representative of the real LC and a bottom topography that together allow realistic simulations
of LCFE-topography interactions while, at the same time, retaining control over the LC stream
structure. A new form of the initial disturbance capable of triggering LCFE development in this
realistic setting was also developed. The simulated LCFE’s were compared against observations
and the effect of LCFE’s on the circulation within the DeSoto Canyon was then analyzed.

5.4.2.1 PE Model Stability Experiments

The key results of the zonal channel stability experiments described in the previous section
were verified using a PE model. This verification was accomplished by repeating the key zonal
channel experiments within the PE model. The PE model used in these experiments is the same
model that we employed in our previous work (Section 3.3). In this case the model had 50 �-
levels with 4 km horizontal resolution and was configured for the same zonal channel described
in the previous section with. The horizontal resolution of the PE model is slightly coarser than

107



the resolution of the IE model (3 km), however since the PE model employs a C type grid, which
effectively increases the horizontal resolution, small horizontal scales are equally well resolved in
both models. Another notable difference between the PE and IE model configurations is the 10-grid
point sponge layer at the inflow boundary added to the PE model. The sponge layer was introduced
to prevent secondary disturbances from forming at the inflow boundary due to boundary condition
formulations in the PE model. This additional sponge layer did not have any notable influence on
the formation of the frontal cyclones.

Figure 5.21 shows the zonal channel stability experiment with a shallow stream structure that
has a PV extremum on the cyclonic side. The initial fields in the PE model were specified by
transferring the initial conditions from the corresponding IE model experiment. The technique of
this transfer has been previously used for PE model initialization in our eddy-topography interac-
tion experiments (Section 4.4.1). Color coded in the figure is the PV in the thermocline defined as
the layer above 27 kg/m� isopycnal surface. In the initial PV field (upper panel) one can clearly
see the PV extremum associated with the narrow cyclonic side stream structure as well as the PV
front associated with the stream. The initial disturbance restructures itself into a packet of growing
meanders (middle panel) that is very similar to the IE model experiments. After 30 days of inte-
gration frontal cyclones are formed in the meander troughs (lower panel). Just like in the IE model
experiment the cyclone cores are associated with high PV regions being stripped off the cyclonic
side of the stream.

The experiment with the baseline stream-structure, i.e. without PV extremum, has also been
repeated in the PE framework. Just like the corresponding IE model experiment it did not result in
the formation of frontal cyclones. Thus, the PE model experiments confirm the key IE model result:
the stream has to have a PV extremum on the cyclonic side for frontal cyclones to develop. The PE
experiments do show some differences from the IE experiments. The meander growth rate seems to
be faster in the PE framework; frontal cyclones already fully develop after 30 days compared to 40
days within the IE dynamical framework. The shape of the unstable modes (meanders) also seems
to be slightly different. These minor differences are to be expected due to the significant differences
in model formulations, however, the key results seem to be robust enough and independent of the
numerical model being used.

5.4.2.2 Model Configuration for LCFE Simulations

LCFE simulations were conducted with the same PE model described above. For these sim-
ulations the model was configured for the domain shown in Figure 5.22. The vertical and the
horizontal resolutions of the model are the same that were used in the zonal channel experiments.
A fully realistic Coriolis parameter is prescribed. The western boundary of the domain is closed.
The southern boundary is opened with a 25-grid point sponge layer applied along the boundary.
The sponge layer performs the same function as the inflow and outflow sponge layers in the zonal
channel experiments. The LC is initialized along a hypothetical trajectory designed to simulate
the LC in its extended state. The trajectory is circular at its northern end with the center and the
radius of the circle adjustable to control its northern extent. South of the circle center the tra-
jectory is purely meridional. The bottom topography is taken from the ETOPO5 database and is
fully realistic north of ���N. South of this latitude the topography is modified by blending the real
topography with a flat bottom that is 1500 m deep. This blending is accomplished by applying a
weighting function which is equal to 1 at the southern boundary, i.e. the blend consists entirely
of the uniform depth topography, and decreases exponentially in the northward direction reaching
1/e of the value 500 km away from the boundary. The weighting function effectively becomes
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Figure 5.21. Zonal channel stability experiment conducted using a PE model. Color coded is the
PV in the thermocline. Arrows indicate velocities vertically averaged through the
thermocline.
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0 around ���N at which point the blend consists entirely of realistic ETOPO5 topography. The
main purpose of the topography modification is to remove the Yucatan Peninsula and to introduce
uniform-depth topography along the southern inflow/outflow boundary. The former allows control
of the stream structure by eliminating the stream-topography interaction at the inflow boundary
that can potentially seriously modify the stream. The latter is done to simplify the mass balance
conditions in the model domain.

Typical initial conditions for a realistic LCFE simulation with a PE model are shown in Figure
5.22. As before, color coded in the figure is the PV in the thermocline. A small initial disturbance
is specified near the southern end of the inflow LC branch similar to the zonal channel experiments.
The initial density and velocity fields are specified by transporting them from the IE model as was
configured for the same domain. This is accomplished using the same technique of PE model
initialization that we previously used in our PE experiments.

5.4.2.3 Realistic LCFE Simulations

An important result of the LCFE simulation experiments was the failure of the initial distur-
bance produced by a shift in the stream trajectory to generate frontal cyclones similar to those
generated in the zonal channel stability experiments. The experiment indicated that initial pertur-
bations of the stream trajectory either dissipate or form large-scale meanders which do not produce
frontal cyclones. The exact dynamical explanation of this result requires further in-depth analysis
of the instability process. Our preliminary hypothesis attributes this result to the orientation of the
stream relative to the direction of the environmental �. The baroclinic instability process can be
viewed as a process of vertical coupling of the upper level stream meanders with deeper cyclones
and anticyclones, e.g. Sutyrin et al. (2001). This process can be briefly described as follows. A
downstream propagating meander causes stretching and compression of the isopycnal layer under-
neath which produce cyclonic and anticyclonic circulations that are coupled with the meander due
to PV conservation in this layer. These circulations underneath the meander extend vertically into
the upper layer generating the cross-stream velocity that leads to meander growth. According to
our hypothesis the environmental � will produce a tendency for the circulations underneath the
meander to move westward thus disrupting the vertical coupling crucial for the meander growth.

A growing LCFE consistent with observations is generated if the structure of the initial distur-
bance is modified. An initial disturbance capable of generating an LCFE is shown in Figure 5.23.
The principal difference between this disturbance and the disturbance previously used in our zonal
channel experiments is the positive PV anomaly at the trough of the disturbance. The positive PV
anomaly is associated with a cyclonic circulation and is equivalent to specifying a small cyclone
on the cyclonic side of the stream. We hypothesize that such a cyclone can be created in reality
via the process of LC interaction with the Yucatan Peninsula topography. As we demonstrated
in our previous eddy-topography studies, a baroclinic current intersecting a topographic slope can
generate PV anomalies by advecting high PV water from shallow regions into deeper regions. The
LC, which is known to meander as it flows along the Yucatan shelf (Sheinbaum et al. 2002), can
generate positive PV anomalies by advecting high PV water off the Yucatan shelf.

The initial disturbance shown in Figure 5.23 generates an LCFE which is very similar to the
observed LCFE’s. The result of 1 month of integration is shown in Figure 5.24. As one can see
the initial disturbance propagated north along the stream and grew to a considerable size (approx-
imately 150 km in diameter). At the stage shown in the figure the warm tongue (low PV region)
leading the LCFE interacts with the DeSoto Canyon region. The LCFE produced in this particular
experiment is among the largest that we were able to simulate using this approach. In general, the
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Figure 5.22. PE model configuration and typical initial conditions designed for realistic LCFE sim-
ulations. Color coded is PV in the thermocline; vectors indicate the velocity vertically
averaged throughout the thermocline.
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Figure 5.23. Same as in Figure 5.22 but with the initial disturbance capable of developing an
LCFE.
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Figure 5.24. Same as in Figure 5.23 but after 1 month of integration.

resulting LCFE size can be controlled by varying the size of the initial disturbance and by chang-
ing the stream stability characteristics. In the experiment shown these parameters were adjusted
to produce an LCFE similar to the one observed during the DeSoto Canyon Eddy Intrusion Study
(Hamilton et al. 2000).

Figure 5.25, Figures 5.26, and Figure 5.27 show comparisons of the simulated LCFE with
observations. Figure 5.25 compares the sea surface height and Figures 5.26 and 5.27 compare the
velocity at two depth levels. Both comparisons are quite favorable. Even though the simulation
does not reproduce the finer details present in observations, which is not surprising given the
unstable nature of the LCFE evolution, the key features are well represented. The trough that
is seen in the observed SSH field around ���W, ���N corresponds to the simulated LCFE; the
ridge that is located north of the trough in the observed SSH field corresponds to the positive SSH
anomaly in the simulation associated with the LC meander (warm tongue leading the LCFE). The
lack of a positive anomaly in the observed SSH field east of the LCFE is likely due to a gap between
TOPEX tracks at this location. The simulation reproduces the eastward along-shelf current near
the surface that can be seen in the observed velocity field west of the DeSoto Canyon (Figure 5.27).
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Figure 5.25. SSH from the realistic LCFE simulation (lower panel) compared to observed SSH
(upper panel). The image of observed SSH is taken from Hamilton et al. (2000).

Further off-shore the direction of the current reverses similar to observations. The cyclone that is
clearly seen in the observations at 300 m depth is also well reproduced. The simulated circulation
pattern is also in a very good agreement with the conceptual model of Hamilton et al. (2000)
(Figure 5.13).

After developing the LCFE simulation technique described above we were able to investigate
the process of LCFE interaction with the DeSoto canyon. By introducing a passive tracer into
the model we were able to visualize the water exchange between the DeSoto Canyon and the
surrounding GOM generated by the LCFE. The passive tracer was introduced using the same
technique that we used in our previous simulations of eddy interaction with the DeSoto Canyon
(Section 5.2.3). The tracer concentration is initially proportional to the total water depth and is
uniform throughout the water column. Thus, high concentration of the tracer represents the water
from the deep GOM while the low concentration represents the water from the shallower regions.
Figure 5.28 shows the tracer distribution at 50 m depth resulting from 1 month of integration after
the moment the tracer was introduced. The tracer was introduced at the time step shown in Figure
5.25.

As one can see the result of LCFE interaction with the DeSoto Canyon in this particular case
was the generation of an anticyclonic circulation at the mouth of the canyon. The circulation was
produced as a result of the warm tongue leading the LCFE being clipped by the deep eastern wall
of the canyon. The anticyclonic circulation, in turn, produced a cyclonic circulation within the
canyon itself via the mechanism of off-shelf PV advection. The resulting cyclone-anticyclone pair
produces intensive water exchange between the canyon and the deep GOM as can be seen from the
tracer distribution. We believe that this circulation pattern is a typical result of an LCFE interaction
with the DeSoto Canyon.
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Figure 5.27. Observed geostrophic velocities corresponding to simulated simulated velocities in
Figure 5.26.
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Figure 5.28. Passive tracer distribution at 50-m depth after 2 months of model integration.
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6. MIDWATER-COLUMN JETS

A brief investigation of the physical processes associated with the evolution of small-scale
cyclones over the northern continental slope in the GOM was conducted. The goal of this in-
vestigation was to identify potential mechanisms that can lead to the formation of high-intensity
midwater-column-intensified currents, which will be further referred to as midwater-column jets.
The investigation consisted of three phases. The first phase was concerned with studying the evo-
lution of small-scale cyclones in the northern GOM, while the second phase was concerned with
identifying physical processes leading to their formation. The last phase consisted of formulating
hypotheses for additional mechanisms of midwater-column jet generation. Our study of the evo-
lution of small-scale cyclones in the northern GOM conducted during the first phase is described
in Section 6.1. The investigation of physical processes potentially leading to the formation of the
midwater-column jets is presented in Section 6.2. An alternative hypothesis for midwater-column
jet generation is described in Section 6.3.

6.1 Small-Scale Cyclones over Northern Slope Topography

Two regimes of small-scale cyclone evolution were studied. In the first regime an isolated
cyclonic eddy is allowed to evolve on the �-plane with no background circulation over realistic
northern GOM topography. The key questions that we were seeking to answer in this case are:


 Can our numerical model adequately describe those eddies?


 What is the evolution pattern of those eddies and how is it dependent on the
eddy size?

In the second regime a small-scale cyclone is interacting with a larger LCE. In this case the ques-
tions that we seek to answer are:


 What is the effect of the LCE on the cyclone evolution?


 How does the presence of a small-scale cyclone affect the evolution of the LCE?

6.1.1 Isolated Cyclones

6.1.1.1 Experiment Design and Model Setup

Evolution of isolated cyclones was simulated with a high-resolution, �-coordinate PE model
(see Section 3.3). Isolated cyclones were initialized using the same procedure that was used for
initializing LCE’s (Section 4.4.1). The procedure consists of calculating the initial density and
velocity structure of an eddy in an isopycnal-layer intermediate equation (IE) model from a given
potential vorticity (potential thickness) structure and then interpolating it into the �-coordinate
system of the PE model. The potential vorticity structure of an eddy used for its initialization was
calibrated every time to obtain the desired initial eddy characteristics, i.e., size, swirl speed, etc.

Cyclones of two different sizes were simulated. The diameter of the larger cyclone was
�100 km while the diameter of the smaller cyclone was �50 km. The structure of the larger
cyclone was modeled after cyclone �� surveyed during November 1994 over the lower northern
slope (Berger et al. 1996). The characteristic features of the cyclone include peak swirl speed
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of �40 cm/s, currents penetrating down to �800 m, and nearly constant currents in the upper
�300 m. The structure of the smaller cyclone was modeled after the cyclone surveyed in August
1992 over the lower northern slope and tracked by drifter 07837 (Berger et al. 1996). The smaller
cyclone has structure similar to �� but with weaker swirl speed of �20 cm/s.

The model was configured with 50 �-layers, providing a maximum of 35 m vertical resolution
in the thermocline. Boundary conditions are closed along the northern boundary and opened along
all the other boundaries. A weak sponge-layer is applied along all boundaries; the western bound-
ary has a stronger sponge-layer to suppress reflection of topographic Rossby waves. For the larger
cyclone simulation the model was configured with uniform 4 km horizontal resolution, while for
the smaller cyclone simulation the horizontal resolution was increased to 2.7 km.

6.1.1.2 Results

The results of two typical simulations are shown in Figure 6.1, the upper panel showing the
small cyclone simulation while the lower panel showing the large cyclone simulation. The color
code indicates the potential vorticity in the thermocline which is defined as an isopycnal layer
potential vorticity within the layer above � �27 kg/m�; the vectors indicate velocity vertically av-
eraged over the thermocline depth (above � �27 kg/m�). The trajectory of the cyclone propagation
is shown with the thick black line, and the time interval between the marks is 10 days.

The simulations were run for 120 days. During this period of time the eddy intensity decreased
only slightly, indicating that without external forcing the life period of small-scale cyclones over
the northern slope is at least several months, which is consistent with observational data (Berger
et al. 1996). In both cases cyclones propagate northwest with a speed slightly over 1 km/day. The
propagation speed of the larger cyclone is�1.2 km/day, while the propagation speed of the smaller
cyclone is �1.1 km/day. In contrast to LCE’s, small-scale cyclones do not induce any significant
cross topographic flow; after encountering the northern shelf break they continue to propagate
westward along the shelf without any significant increase in their decay rate. The trajectories
become more zonal as the cyclones move onshore, indicating that the direction of propagation is
probably weakly depth dependent. Additional analysis are necessary, however, to establish the
nature of this effect more conclusively.

6.1.1.3 Conclusions

Numerical experiments demonstrated that the high-resolution PE model is capable of ade-
quately describing the evolution of cyclones as small as 50 km in diameter over realistic topogra-
phy. The cyclones were shown to retain their initial structure for periods of time of several months,
which is consistent with observational data. The isolated small-scale cyclones were shown to have
a general tendency to propagate northwest with a typical speed of slightly over 1 km/day. Our
preliminary results indicate that the exact direction of propagation seems to be affected by the un-
derlying topography. After encountering the northern shelf break cyclones continue to propagate
westward along the shelf without any significant increase in their decay rate; no significant cross
topographic flow is generated.
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Figure 6.1. PE model simulations of a small (upper panel) and a large (lower panel) isolated cy-
clones over realistic northern GOM topography. Potential vorticity in the upper layer
is color coded, where the upper layer is defined as the layer above 27 kg/m� density
surface.
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6.1.2 Cyclones Coupled with LCE’s

6.1.2.1 Experiment Design

The PV-based eddy initialization scheme used previously to initialize isolated cyclones was
extended to include the ability to initialize multiple eddies. The advantage of using a PV-based ini-
tialization procedure over a density or streamfunction-based procedure is illustrated in Figure 6.2.
The upper panel of the figure shows the depth of the � �27 kg/m� isopycnal surface corresponding
to an elliptic LCE coupled with a small-scale cyclone. One can clearly see that the density (and the
streamfunction) structures of the two eddies are overlapping, making it difficult or even impossible
to apply a density-based feature model in this case since the density field between the eddies is an
undetermined combination of the two features. The lower panel of the figure shows the PV field
for the same eddy dipole. The PV fields of the cyclone and the LCE are clearly separated enabling
a clean application of a feature model.

The extended initialization procedure was used to initialize an elliptic LCE coupled with a
small-scale cyclone west of it. The structure of the LCE is modeled after loop current eddy /
surveyed in November, 1994 (Berger et al. 1996). The structure of the cyclone was modeled
after cyclone �� surveyed at the same time as the LCE (Berger et al. 1996). The same model
configuration that was used for the isolated larger cyclone simulation is applied here.

6.1.2.2 Results

The initial condition is shown in the upper panel of Figure 6.3; the lower panel shows the result
after 80 days of integration. The simulation indicates that the cyclone was caught in the circulation
of the LCE and advected around with an average speed of�10 km/day. During the entire period of
integration the LCE remains elliptic and coupled with the cyclone. As the result of the interaction
with the cyclone, the LCE trajectory was shifted substantially southward.

In order to illustrate the effect of the coupling on the LCE, the same experiment was repeated
without the cyclone. The initial condition and the result after 80 days of integration of this exper-
iment are shown in Figure 6.4. As one can see, without the coupling the LCE quickly looses its
initial ellipticity and moves westward with constant speed driven by the �-drift.

6.1.2.3 Conclusions

The small-scale cyclones appear to play a key role in maintaining the ellipticity of LCE’s and
determining their trajectory over the northern slope. Isolated LCE’s over the topographic slope,
initially specified to have an elliptic shape were shown to quickly loose their initial ellipticity and
propagate westward driven by the �-drift. The same initially elliptic LCE’s coupled with a small-
scale cyclone retain their ellipticity for several months during which time the interaction with the
cyclone introduces a significant meridional component into LCE trajectories, sometimes pushing
it off the northern slope into the central GOM. Since the observational data indicate that LCE’s
typically have an elliptic shape, this implies that the evolution of the majority of LCE’s over the
northern slope is strongly influenced by small-scale cyclones.

6.2 Mechanisms of Midwater-Column Jet Formation

Two potential generation mechanisms for midwater-column jets were studied. The first mech-
anism can potentially generate strong middepth-intensified currents via the process of violent in-
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Figure 6.2. Illustration of advantages of the PV-based initialization scheme. The upper panel shows
the depth of the 27 kg/m� density surface and velocity vertically averaged in the ther-
mocline; the lower panel shows the corresponding PV.
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Figure 6.3. PE model simulation of an elliptic LCE interacting with a small-scale cyclone. The
depth of 27 kg/m� density surface in meters is color coded. Vectors show the velocity
vertically averaged in the thermocline. The initial condition is shown on the upper
panel; the lower panel shows the 80-th day of the simulation.
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Figure 6.4. Same as in Figure 6.3 but for the isolated elliptic LCE simulation.
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teractions of preexisting small-scale eddies with rough topography. The violent interactions of
small-scale eddies with topography is produced by an LCE/small-scale cyclone pair. A cyclone
captured in the circulation of an LCE is squeezed between the LCE and the northern shelf-break.
During this process the energy associated with the cyclone, initially distributed over a relatively
large area, is forced by the currents of the larger LCE into a narrow channel, which can potentially
lead to current amplification and the generation of strong intermittent currents at middepth. The
second mechanism generates strong middepth-intensified currents via the process of baroclinic in-
stability in preexisting larger-scale features. The baroclinic instability process converts available
potential energy into kinetic energy, accelerating quickly evolving currents in the vicinity of the
unstable mesoscale feature.

6.2.1 Topography Interactions

Scientific question: Can midwater-column jets be generated during the violent interaction of
small-scale cyclones and LCE’s with rough topography within the hydrostatic framework?

6.2.1.1 Experiment Design and Numerical Models

The numerical experiment setup in this case is very similar to the coupled cyclone-LCE ex-
periment described above. A small cyclone (�100 km in diameter) is initialized next to a larger
anticyclone (�350 km in diameter) over the continental slope in the northern GOM. The centers
of the eddies are initially 200 km apart with the cyclonic eddy located west of the anticyclone. The
horizontal resolution of the model was increased to 2.6 km for this experiment. Accordingly, the
bottom topography resolution was also increased. A high resolution hydrographic survey database,
extended by the ETOPO5 data, was used to generate the northern GOM topography on a regular
grid with 2 km resolution.

6.2.1.2 Results

Figure 6.5 shows simulated temperature and velocity fields at ��� meters after a month of
model integration. At the moment shown the cyclone captured in the circulation of the LCE is
squeezed between the LCE and the northern shelf. The instantaneous velocity field does not show
any indication of current amplification due to interaction of the cyclone with the topography. East
of the LCE one can see another cyclone forming, which is generated by the off-shelf PV advection
mechanism. After another month of integration (not shown), the cyclone clears the area between
the LCE and the shelf and merges with the cyclone formed behind the LCE by the process of
off-shelf PV advection. As the result of interactions with topography, the intensity of the cyclone
decreases indicating a significant loss of energy. The energy loss is most likely due to radiation of
long gravity waves.

6.2.1.3 Conclusions

High resolution hydrostatic simulations of violent cyclone-topography interaction has shown
no significant current amplification at midwater depth. The energy of the cyclone appears to be
radiated away by long gravity waves. Further experiments within the nonhydrostatic context are
necessary to obtain more conclusive results, since the hydrostatic approximation is likely to be
violated during the process of interaction with rough topography at this scale.
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Figure 6.5. Simulation of a cyclone being squeezed between an LCE and topography. Shown are
the simulated temperature and velocity fields at 260 meters depth after 1 month of
integration, the center of the cyclone is located approximately at �����W, �����N.
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6.2.2 Baroclinic Instability

The goal of this part of our research was to identify mesoscale features that can be baroclin-
ically unstable over a sloping bottom and determine whether those features can produce currents
with characteristics resembling midwater-column jets. Two frontal structures that are baroclini-
cally unstable over the sloping bottom were identified. These two frontal structures correspond to
two different potential scenarios of midwater-column jet generation. The first structure is surface-
intensified, which corresponds to the scenario where the energy initially confined to the upper
ocean is being transformed into kinetic energy of the intermediate layer via the process of stretch-
ing/squashing by rapid horizontal displacements of the layer interface. The second structure is
initially midwater-column-intensified, which corresponds to the scenario where the energy ini-
tially confined to the intermediate layer is being redistributed and focused into high intensity jets
via the process of sharpening of initially broad fronts. These structures were tuned to produce
zonal fronts with the most intense and fastest growing baroclinic instability. These “optimized”
structures were then used to construct baroclinically unstable cyclonic and anticyclonic eddies.
Finally, the stability properties of these constructed eddies were studied.

6.2.2.1 Identifying Baroclinically Unstable Frontal Structures

The properties of the currents that we are expecting to be generated by the instability present a
number of limitations on the unstable frontal structure that we are looking for. Since the midwater-
column jets were observed over the northern slope, we expect the instability to be able to develop
over a sloping bottom. The topographic slope of the northern GOM effectively blocks any large-
scale (horizontal) motions in the unstratified layer below the main thermocline. Consequently, the
development of a baroclinic instability with vertical scale comparable to the thermocline depth is
suppressed, since it requires strong horizontal motions in the lower layer. Features (fronts and
eddies) with large vertical scale, i.e., comparable to the depth of the main thermocline, which are
baroclinically unstable over flat bottom, are stabilized in the presence of the bottom slope. Thus,
only baroclinic instability with vertical scale smaller than the main thermocline depth can amplify
in this situation. The midwater-column jets are characterized by high intensity currents on a very
short time scale. Consequently, the instability capable of generating those currents should have
the fastest possible growth rate and the highest level of energy released. The available potential
energy and, therefore, the released kinetic energy is generally proportional to the vertical scale
of the unstable feature, hence, we are looking for baroclinically unstable features with maximum
possible vertical scale. The growth rate is generally proportional to the cross-frontal PV gradient,
therefore the desired frontal structure should have the highest possible PV gradient.

Our general approach to selecting appropriate unstable frontal structures consists of two steps.
First we select structures within a certain parameter1 range which satisfy the general requirement
of being baroclinically unstable over the bottom slope. Then, the selected structures are “tuned”
to produce zonal fronts with the most intense and fastest growing baroclinic instability within
the specified parameter range. The “tuning” consists of varying the frontal structure within the
specified parameter range to achieve the desired stability properties. The stability properties of a
zonal front with a specified structure are investigated by simulating the development of a small
disturbance on the front initialized upstream (similar to (Sutyrin et al. 2001)). A small disturbance
(much smaller than the spatial scale of the instability) on a baroclinically unstable front typically

1A frontal structure is characterized by a set of parameters which determine the width, the horizontal location and
the amplitude of PV transition within each layer.
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evolves into a packet of growing meanders propagating downstream. Analyzing the properties
of the packet allows determination of the spatial and temporal characteristics of the instability
(Sutyrin et al. 2001).

The simulations of the instability development on a zonal front were conducted using the multi-
layer IE model (Section 3.1). This model is perfectly suited for this type of experiments since it
allows for clear PV analysis in isopycnal layers, which is the key to describing the process of baro-
clinic instability. In addition to that, the model computational efficiency permits the exploration
of a wide parameter range necessary for “tuning” of the unstable frontal structure. The model was
used extensively for LCE-topography interaction studies and performs well compared to the PE
model. The model was configured with 8 isopycnal layers representing the typical GOM strati-
fication (Section 4.4.3.1). A 2 km horizontal resolution was specified. The model domain was
a zonal channel with constant linear bottom slope and inflow/outflow boundary conditions along
the eastern and western boundaries. A strong sponge-layer was specified at the outflow bound-
ary to suppress the reflection of meanders. The 
 -plane approximation was used for all of these
experiments.

6.2.2.2 Baroclinic Instability Confined to the Upper Water Column

The unstable surface-intensified frontal structure identified by the process described above is
shown in the upper panel of Figure 6.6. The necessary condition for baroclinic instability is sat-
isfied due to the PV gradient inversion between the second and the fourth layers with average
(unperturbed) depth of �� and ��� meters respectively. The maximum current speed reaches 1 m/s
near the surface (in the upper layer). The characteristic front width is 100 km, and the characteristic
vertical scale is less than 200 m. The exponential growth rate for a zonal front with this structure
is� � days, the wavelength of the most unstable wave (spatial scale of the instability) is�130 km.

This unstable frontal structure was used to construct an anticyclone with 150 km radius. The
stability properties of the anticyclone were investigated using the IE model. For this investigation
the IE model was configured in the same manner as for the experiment with zonal fronts. The
shape of the anticyclone was slightly perturbed to create an initial disturbance similar to the one in
the zonal front experiment. The initial disturbance evolves into a series of undulations along the
anticyclone boundary which eventually pinch off and form small anticyclones.

The lower panel in Figure 6.6 shows the PV and velocity fields in the midwater column (170-
350 m layer) after �� days of model integration. At this time the instability is in a fully nonlinear
stage. The undulations along the anticyclone boundary cause stretching/squashing of the interme-
diate layer which results in generation of cyclonic and anticyclonic vortices. The currents in the
intermediate layer reach a peak intensity of 20 cm/s within cyclonic vortices. The characteristic
spatial scale of those currents is �100 km while the characteristic temporal scale is � �� days.

6.2.2.3 Baroclinic Instability Confined to the Midwater Column

The unstable midwater-intensified frontal structure is shown in the upper panel of Figure 6.7.
The necessary condition for baroclinic instability is satisfied due to the PV gradient inversion be-
tween the fifth and sixth layers with average (unperturbed) depths of ��� and ��� meters, respec-
tively. The maximum current speed reaches 40 cm/s at ��� meters depth (in the fourth layer). The
characteristic front width is 60 km, and the characteristic vertical scale is 400 m. The exponential
growth rate for a zonal front with this structure is � �� days; the wavelength of the most unstable
wave (spatial scale of the instability) is �120 km.

129



Figure 6.6. Unstable surface-intensified frontal structure (upper panel) and the PV and velocity
fields in the midwater column (170-350m layer) after 30 days of model integration
(lower panel).

130



This unstable frontal structure was used to construct a cyclone with 50 km radius. The stability
properties of the cyclone were investigated in a manner similar to the previous case. The lower
panel in Figure 6.7 shows the PV and velocity fields in the midwater column (170-350 m layer),
respectively, after �� days of integration. At the time shown the instability along the cyclone
boundary reaches the fully nonlinear stage and three smaller cyclones pinch off. As the result of
this process the currents in the intermediate layer intensify by �5 cm/s reaching a peak intensity
of 45 cm/s. The characteristic spatial scale of these currents is �50 km while the characteristic
temporal scale is � �� days.

6.2.2.4 Conclusions

Neither of the baroclinically unstable frontal structures that we identified as candidates for
generating strong middepth currents produced currents with characteristics similar to the observed
midwater-column jets. The currents thus produced typically have weaker amplitude, larger spatial
scales, and longer temporal scale than that of the observed midwater-column jets. (One impor-
tant caveat here; the observational basis for any of this is quite limited). Nevertheless, baroclinic
instability was shown to be an efficient mechanism for channeling kinetic energy into the inter-
mediate layer. Therefore, it is still very likely to play an important role in generating/maintaining
midwater-column jets.

6.3 Other Hypothesis for Midwater-Column Jets

In addition to investigating the mechanisms for midwater-column jet generation based upon
the hypotheses formulated above, a considerable effort was also made to formulate alternative hy-
potheses. The result of this effort was a hypothesis which relates the observed midwater-column-
intensified currents to internal solitary waves. Internal solitary waves have been observed in many
regions of the world ocean including the Western Equatorial Pacific (Pinkel 2000), the Sulu Sea
(Apel et al. 1985), and the Mediterranean (Vlasenko 2000). There are also a number of theoreti-
cal studies that analyze the structure and physical mechanisms controlling these waves (Vlasenko
1994). Internal solitary waves are characterized by spatial scales of approximately 1 km and tem-
poral scales of approximately �� minute. These waves typically have current speeds exceeding
1 m/s in both the horizontal and vertical directions.

Large vertical velocity and short time scale are two of the major characteristics of internal
solitary waves that match those of midwater-column jets observed in the northern GOM. However,
in contrast to the midwater-column jets, those internal solitary waves that have been observed and
studied so far are surface-intensified (Vlasenko 2000). In addition to this last discrepancy, the time
scale of �� minute is somewhat too short for completely explaining the midwater-column jets,
which were observed to persist for several hours.

Vlasenko (1994) derived a general analytical solution of an internal solitary wave. Even though
the solution consists of multiple vertical modes, only the first baroclinic mode solution has been
analyzed in detail due to the fact that the observed waves consist predominantly of the first mode.
However, internal solitary waves consisting of higher vertical modes can theoretically exist. These
waves have roughly the same spatial and temporal characteristics, but the currents associated with
them are middepth-intensified.

Even though the time scale of an isolated internal solitary wave is fairly short, observations
indicate that solitary waves are typically generated in trains (Apel et al. 1985). Close to the
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Figure 6.7. Same as in Figure 6.6 but for midwater-intensified front structure after 60 days of
integration.
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generation source a train of internal solitary waves can look to a point observer as a single strong
current event with the duration of several hours (Apel et al. 1985).

Thus the midwater-column jets can potentially be explained as trains of second-mode internal
solitary waves generated in the vicinity of the observation point by strong current-topography
interactions. A nonhydrostatic model is clearly needed to verify this hypothesis.
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7. SUMMARY

7.1 Loop Current Eddies

A methodology of gradually increasing realism was applied to investigating physical processes
associated with LCE interactions with topography in various regions of the GOM. Several new
dynamical mechanisms controlling LCE interactions with topography were identified, and other
more familiar mechanisms were clarified. Most importantly, potential scenarios describing the
evolution of an isolated LCE interacting with bottom topography in various regions of the GOM
were identified. Clearly, in reality the behavior of each particular LCE is affected by the history of
evolution of earlier LCE’s and by LCE’s present in the GOM at the same time. However, identi-
fying possible scenarios of evolution of an isolated LCE is critical for understanding the complex
patterns of real LCE interactions. Finally, a real event of an LCE interacting with coastal topogra-
phy was simulated and the results were compared directly with observations. The previously de-
veloped understanding of dynamical processes involved in LCE-topography interactions obtained
from our more process-oriented experiments enabled a much clearer dynamical interpretation of
the observed events.

7.1.1 Dynamical Mechanisms

The investigation of physical mechanisms associated with LCE’s and LCE-topography interac-
tions in various regions of the GOM resulted in the conclusion that LCE evolution in each region is
governed by a common set of interacting dynamical processes: planetary�-drift, deep circulation
driven by the LCE itself, cyclone formation due to off-shore advection of high potential vorticity
(PV) water, and interaction with midwater-column currents that can be generated underneath a
LCE moving on-shore. These processes combine in different ways to produce specific outcomes
in different areas of the GOM.

As the �-effect drives LCE’s westward, the accompanying vortex tube stretching in the ocean
beneath the LCE leads to the development of deep eddy features that play a critical role in LCE
propagation over the relatively flat regions in the central GOM. The bottom-intensified eddies
can significantly affect LCE behavior even when it is interacting with a shelf. In this case the
bottom-intensified eddies are typically generated when a portion of a LCE is forced by some other
dynamical process off the continental slope and over the flat topography. As a portion of the LCE
moves over flat topography the process of water column compression (stretching) in the lower layer
generates anticyclonic (cyclonic) relative vorticity. The same process works over the continental
slope as well, however the topographic slope leads to radiation of the lower layer relative vorticity
as topographic Rossby waves. On the other hand, the lower layer relative vorticity generated over
flat topography forms bottom-intensified eddies which couple with the LCE, significantly affecting
its trajectory.

The process of cyclone formation during LCE interactions with the coastal shelf is very robust
and can be identified in all simulations that include a thermocline-penetrating shelf. When a LCE
encounters a shelf, the circulation of the LCE penetrates onto the deeper part of the shelf advecting
the shelf water onto the continental slope. As this water mass moves offshore, cyclonic vortices are
formed, presumably due to stretching of vortex tubes as the shelf water moves across topographic
contours. The cyclones generated by this process can reach considerable strength depending upon
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the exact shape of the bathymetry and the motion of the LCE. The currents associated with these
cyclones typically have a significant effect on LCE propagation.

As a LCE moves onto the continental slope crossing topographic contours an accelerated cur-
rent (15-20 cm/s) is generated in the midwater column region underneath the eddy. The current
is directed along the topography and to the right of the direction of eddy propagation and acceler-
ates in the onshore direction. A slow, broad current recirculating behind the LCE in the opposite
direction is generated. We have demonstrated that the generation mechanism for these currents un-
derneath the eddy is related to water column squashing as the eddy advances onto the topographic
slope. The current generation, however, can only occur if stratification exists below the main ther-
mocline. In the absence of stratification the relative vorticity generated by thermocline motions
is radiated away as topographic Rossby waves. The stratification enables cross-topographic flow
underneath the thermocline, i.e. via the JEBAR mechanism (Mertz and Wright 1992), allowing
the along-shore northward current to recirculate around the eddy. The net effect of the midwater-
column currents on the LCE is to deflect its trajectory to the right.

7.1.2 Interaction of an Isolated LCE with Topography in Various Regions
of the GOM

Each of the processes described in Section 7.1.1 is strongly affected by the specifics of the
bathymetric configuration and the positioning of the LCE. Consequently, multiple scenarios of
LCE interaction with coastal topography can occur. Using a series of idealized experiments, ac-
companied by several realistic experiments, we have identified a number of such scenarios. The
central, the western, and the northern regions of the GOM were studied in isolation. In each region
we considered several scenarios of LCE evolution and for each scenario we identified the effect of
each particular mechanism and their relative importance.

In the central region of the GOM a LCE moves westward over the relatively flat topography
driven by the �-effect; the accompanying vortex tube stretching in the ocean beneath the LCE
leads to the development of deep eddy features. The deep eddies interact with the LCE creating a
strong southerly component to its motion. This result is consistent with two-layer PE simulations
of Chassignet and Cushman-Roisin (1991). Formation of deep eddies in this case is a radiative
process, which means that the eddies eventually separate from the LCE producing a characteristic
"wake" of deep motions behind it. This wake of deep motions produced behind an LCE moving
over flat topography is likely to be an important source of energy for the deep circulation in the
GOM.

As a LCE driven westward by the �-drift encounters the western GOM coastal topography,
the following sequence of events typically occurs. As the LCE moves onto the continental slope,
midwater-column currents are generated underneath it. The effect of these currents is to deflect
the eddy trajectory northward. Soon the westward LCE propagation is halted when it encounters
the shelf break. As soon as the onshore motion of the eddy stops, its northward motion stops as
well since midwater-column currents are no longer generated. It is important to note here that
the presence of the shelf prevents the LCE from coming close to the western boundary, therefore
the so-called "image effect," identified to play an important role in advecting LCE’s northward in
experiments without a realistic shelf (Shi and Nof 1993; Shi and Nof 1994), is inactive. Thus, in the
absence of the image effect, the interaction with midwater-column currents is the only mechanism
identified thus far which produces northward LCE propagation. The behavior of the LCE after
encountering the shelf break is largely determined by the structure of the coastal topography.

136



At ���N in the western GOM, the coastal topography is characterized by a wide shelf and
an adjacent narrow continental slope. This specific topographic configuration allows for the gen-
eration of a deep circulation beneath the LCE, since the narrow continental slope forces a large
portion of the eddy to remain over flat topography during its interaction with the shelf. When the
LCE first encounters the shelf, shelf water is advected offshore on the northern side of the LCE.
As this water mass moves offshore, cyclonic vortices are formed, presumably due to stretching of
vortex tubes as the shelf water moves over the slope. The cyclonic vortices in close proximity to
the LCE cause it to become slightly elliptic. This ellipticity generates the deep circulation beneath
the LCE over flat topography east of the continental slope. The effect of the deep circulation is to
push the LCE off-shore and southward. As the deep circulation disperses as topographic Rossby
waves, the �-effect takes over and propels the LCE back on to the shelf. The above sequence of
events repeats again, producing an oscillatory motion of the LCE. This LCE behavior pattern has
been observed in "Fast Eddy" in 1985-86 during its interaction with the western shelf.

At ���N in the western GOM, the coastal topography in the GOM is characterized with a
narrow shelf and wide continental slope, just the opposite of the configuration at ���N. This topo-
graphic configuration locks the deep circulation beneath the LCE, thus eliminating the mechanism
of interaction with bottom-intensified eddies. Cyclonic vortices are produced north of the LCE
similar to the ���N case; however they are unable to generate strong, deep circulation feedback.
The vortices are quickly swept around the LCE periphery and dispersed as topographic Rossby
waves when they encounter the shelf on the LCE’s southern side. Subsequent LCE interaction
with small cyclonic vortices produces the oscillatory motion similar to that of ���N case; however
the amplitude of this motion is much smaller.

In the northwest corner of the GOM, the presence of both the northern and the southern con-
tinental slopes isolates the LCE from the flat topographic region in the central GOM preventing
deep eddy formation. The presence of the northern shelf blocks the northward eddy propagation
produced by the interaction with mid-water column currents generated beneath an LCE. Off-shelf
PV advection and associated cyclone generation are the only remaining mechanisms affecting the
LCE behavior in the northwest corner. The mean effect of LCE interaction with off-shelf advected
cyclones appears to be a slow southward drift. It is suggested, however, that an anticyclonic back-
ground circulation and/or anticyclones east of the LCE can counteract this southward drift thus
trapping LCE’s in the northwest corner.

Also, due to the specific shelf configuration in the Perdido Escarpment region (� �����N),
which forms a corner protruding into the interior of the GOM, LCE interaction with off-shelf ad-
vected cyclones seems to result in a mass ejection from the LCE and an associated high LCE
dissipation rate. Our preliminary analysis indicates that cyclones advected around the LCE periph-
ery pinch the elongated end of the elliptic LCE against the protruding Perdido Escarpment, which
clips the end of the LCE off. This process seems to produce very strong on-shelf mass flux and
along-shelf currents that extend far south of the LCE.

Even though the same dynamical processes control the LCE interaction with the northern GOM
topography their interplay results in quite different patterns of LCE behavior. The difference comes
from the fact that in the northern GOM the topographic slope is oriented along the preferred direc-
tion of eddy propagation, i.e., in the zonal direction. Several different regimes of LCE interaction
with the northern GOM topography, depending upon the LCE latitude, were identified.

An LCE initially located north of approximately �����N (the exact latitude depends upon the
size of the LCE) and east of roughly ���W moves westward driven by the �-drift and encounters
the northern shelf, similar to the western shelf situation. In this case, however, the shelf break is
oriented at a sharp angle to the direction of eddy propagation. Because of this, the effect of the
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midwater-column currents formed beneath the LCE as it moves onshore is to push it eastward.
The strength of this effect is proportional to the geometric fraction of the LCE that encounters the
shelf. Consequently, for the LCE’s that are located further north, the midwater-column currents
are strong enough to overpower the �-drift and deflect LCE’s eastward. For the LCE’s that are
located further south, the midwater-column currents are only strong enough to slow down the
eddy’s westward propagation.

After the LCE encounters the shelf it creates off-shelf PV advection. The off-shelf PV advec-
tion mechanism in the northern GOM produces small-scale cyclones very similar to the western
shelf setting. However, in the northern GOM eddies are typically propagating westward driven by
the �-drift. The dispersion property of the �-drift (the speed of �-drift is roughly proportional to
eddy size) leads to separation of LCE’s and off-shelf advected cyclones that limits their interac-
tion. This is in contrast to the western GOM where the westward eddy propagation is stalled by the
western shelf allowing all eddy scales to stay together and interact for prolonged periods of time.
A typical effect of LCE interaction with off-shelf advected cyclones in the northern GOM setting
is to deflect the LCE trajectory southward.

Thus the overall behavior pattern of LCE’s encountering the northern GOM bathymetry north
of approximately �����N is the following. The LCE approaches the shelf and either deflects south-
east or slows down depending upon the initial LCE latitude. A cyclone is formed north of the
LCE due to off-shelf advection. The cyclone pushes the LCE trajectory southward and typically
stays behind as the LCE proceeds to move westward over the continental slope in a nearly zonal
direction.

A LCE which encounters the northern continental slope at approximately �����N (the exact lat-
itude depends upon the size of the LCE) remains partially over the deep flat portion of the GOM.
This allows deep eddies to form underneath the LCE similar to the western GOM (i.e. with a
narrow continental slope). However, the effect of these eddies on the surface anticyclone is quite
different from the western GOM. The orientation of the topographic slope adjacent to the western
shelf creates a tendency for bottom-intensified eddies to radiate southward, from beneath the LCE,
as Rossby waves. This limits the LCE interaction with bottom-intensified eddies in the western
GOM. In the northern GOM, however, the preferential direction of deep eddy propagation coin-
cides with the preferential direction of LCE propagation, making a prolonged interaction possible.
We have demonstrated that LCE’s moving along the southern edge of the northern continental slope
can form solitary, quasi-stationary configurations with bottom-intensified anticyclones. These con-
figurations propagate westward with about twice the speed of the �-drift.

7.1.3 Fast Eddy Simulation

As the final stage of the investigation an actual event of an LCE interacting with the western
shelf of the GOM was simulated. The event selected for the simulation was the interaction of
Fast Eddy with the western shelf at ���N which started during December 1985 and continued for
several months. To our knowledge this event is the best-documented example of LCE interaction
with the western shelf, which makes it ideal for a numerical simulation.

The primitive equations model was configured for a regional simulation in the western GOM
with a uniform 4 km horizontal resolution. The model was initialized using our previously devel-
oped PV-based feature model technology. The structure and location of Fast Eddy, as well as key
features of the background circulation, were determined from hydrographic surveys and drifter tra-
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jectory data collected during the event (SAIC 1988). The numerical simulation started on October
28, 1985, when Fast Eddy was approaching the shelf, and continued for six months.

The simulation showed considerable skill in reproducing the observed evolution of Fast Eddy
and surrounding mesoscale features. The skill of the model was evaluated by visually compar-
ing the model produced density and velocity fields with the observed fields. For the first 15-20
days of the simulation, the predicted positions and the structure of the LCE and key mesoscale
features were very close to those observed. For times beyond one month, the observed evolution
is qualitatively reproduced. The fact that the model was capable of qualitatively reproducing the
actual sequence of events during the interaction of Fast Eddy with the shelf demonstrates that the
physical mechanisms controlling the eddy-shelf interaction are well represented. This enables us
to make conclusions about the dynamics controlling the evolution of the temperature and veloc-
ity field during the event, which are well understood from the dynamical basis provided by our
previously conducted idealized studies.

In addition to an improved understanding of the dynamics governing Fast Eddy’s interaction
with the western shelf, our simulation also enhanced our knowledge of the fate of some smaller
mesoscale features involved in the event. In particular, three elements of the observed event se-
quence can be noted:


 the northward shift of the eddy track as it approached the western shelf,


 the development of a cyclone north of the eddy after its interaction with the shelf


 the abrupt off-shore motion of the eddy after interacting with the shelf.

These are discussed next, in turn.
As Fast Eddy moved onshore during December 1985, there was a noticeable northward shift

in its track as indicated by the drifter trajectories. This shift was reproduced in the numerical
simulation and is attributed to the interaction of the eddy with northward currents generated in the
mid-water column beneath the eddy as the result of its on-slope motion.

In January-February 1986 Fast Eddy was interacting with the western shelf. During this time
a cyclone of increasing amplitude was observed north of the eddy. It was hypothesized that this
cyclone was the same cyclone that was observed west of Fast Eddy as it was approaching the
shelf, and its amplification was attributed to topographic interactions. Our simulation indicates
that it is unlikely that the cyclone observed initially west of Fast Eddy would move westward and
amplify. In the simulation this cyclone was caught in the circulation of Fast Eddy and advected
off-shore. The cyclone that was subsequently formed north of Fast Eddy was the result of off-shelf
PV advection, similar to the idealized experiments.

Finally, by the end of February 1986 Fast Eddy was observed to move off-shore and southward,
returning back to the shelf around April. The same event was reproduced in the simulation and
is attributed to the interaction with a deep anticyclone that formed beneath the eddy as it rotated
over the flat topography adjacent to the western continental slope. The off-shore eddy motion in
the simulation occurred approximately two months earlier than it was observed. We attribute the
error in timing to deficiencies of deep circulation initialization in the model caused by the lack of
appropriate observational data.

7.2 Dynamical Effects of DeSoto Canyon

Physical processes controlling the circulation within, and in the vicinity of, the DeSoto Canyon
were studied. Our investigation focused on the conceptual models of circulation in the DeSoto
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Canyon proposed by Hamilton et al. (2000) on the basis of their analysis of the data collected dur-
ing the DeSoto Canyon Eddy Intrusion Study (1997-1999). In particular, three of their conceptual
models were analyzed: 1) the direct interaction of an anticyclone with the canyon; 2) remotely
generated eastward jets west of the canyon; and 3) the interaction with Loop Current frontal ed-
dies. The results of our analysis were conclusions about the dynamical feasibility of the proposed
models and identifying the physical mechanisms involved. For each of the conceptual models the
observed events were simulated, and the results compared with observations.

7.2.1 Direct Interaction of an Anticyclone with the DeSoto Canyon

This conceptual model (mode 1a in Hamilton et al. (2000)) represents direct interaction of
a remnant warm-core ring south of the canyon. This mode of interaction occurs when the LC
is positioned far south and, thus, the LC should not have any direct effect on the circulation in
the canyon (the role of the LC is still important for formation of the warm-core rings and their
propagation towards the DeSoto Canyon).

The structure of warm eddies typically found at the mouth of the canyon was first identified.
The typical structure of the warm eddies was derived from analysis of nine detailed hydrographic
surveys of the DeSoto Canyon region conducted as a part of the Eddy Intrusion Study (1997-1999).
The eddies were classified by the depth of their potential vorticity (PV) anomaly. According to this
classification three types of warm-core eddies were found:


 Shallow eddies: the PV anomaly is localized to the upper thermocline.


 Deep eddies: the PV anomaly is localized to the lower thermocline.


 Full eddies: the PV anomaly is distributed throughout the entire depth of the ther-
mocline.

Our numerical experiments demonstrate that despite their natural tendency to propagate west-
ward due to the �-effect, all three types of warm-core eddies can propagate eastward as the result
of interactions with the northern shelf break. This effect might be responsible for transporting
warm eddies towards the mouth of the canyon in the absence of the LC and its frontal eddies. The
orientation of the shelf break was shown to be critical for the existence of this effect. It is also
demonstrated that warm-core eddies need to be initially forced against the shelf in order to trigger
the eastward propagation. This initial forcing is likely to be provided by LC frontal cyclones.

Warm-core eddies at the mouth of the DeSoto Canyon were shown to generate cyclonic cir-
culation in the Canyon. This circulation pattern is consistent with the mode 2 circulation in the
Canyon identified by Wang et al. (2003) from surface current observations. Thus, our numeri-
cal simulations identify a link between a conceptual model of eddy interaction within the DeSoto
Canyon proposed by Hamilton et al. (2000) and a statistical circulation mode derived by Wang
et al. (2003). Off-shelf PV advection is identified as the primary physical mechanism responsible
for the generation of the cyclonic circulation. This mechanism is identified using a passive tracer
technique developed specifically for the analysis of our numerical experiments.

7.2.2 Remote Generation of Eastward Jets

According to this conceptual model a remote LC ring interacting with the coastal topography
west of the Mississippi River delta generates a warm eastward jet along the shelf break that reaches
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the DeSoto Canyon region producing eastward currents. This model was based upon analysis of
the hydrographic survey combined with current meter data and satellite SST observations during
one particular event; the so-called Eldorado Eddy interacting with the northern GOM slope just
west of the Mississippi Canyon.

Using all available information about the event, and our experience in simulating LCE interac-
tions with coastal topography, we conducted a series of realistic simulations of the Eldorado Eddy
interacting with the northern slope. Simulations with several different eddy structures and loca-
tions within the observational uncertainty range failed to reproduce the eastward shelf-break jet
observed at the foot of the canyon in November-December 1997. Even though this result cannot
be regarded as conclusive evidence, it suggests that some other processes may be responsible for
the eastward shelf-break jet observed at the foot of DeSoto Canyon.

Observational data from this time period, in particular the sea surface height fields derived
from the TOPEX satellite data, suggest the presence of a large cyclone centered just east of the
Mississippi River delta. We propose that it is the interaction of this cyclone with the shelf break east
of the Mississippi River delta that produces the eastward jet along the shelf. The jet is generated as
a result of low PV water, which is initially wrapped around the cyclone in the upper thermocline,
stripping off the perimeter of the cyclone when its core approaches the shelf break. Numerical
simulations of this process showed the generation of a topography-following eastward jet similar
to the one observed.

7.2.3 Interaction with Loop Current Frontal Eddies

This part of our investigation was concerned with conceptual models related to the circulation
induced within the DeSoto Canyon by Loop Current Frontal Eddies (LCFE’s). LCFE’s are small
(20-100 km in diameter) cyclones that are frequently observed along the cyclonic side of the LC
(Maul 1977; Vukovich et al. 1979; Vukovich and Maul 1985) and represent the most common
source of the observed variability in the DeSoto Canyon region Hamilton et al. (2000). They
typically form along the western part of the LC and amplify in an unstable manner as they prop-
agate downstream along the LC. Several previous studies (Maul 1977; Hurlburt 1986) suggested
that LCFE’s are generated as the result of an instability process in the LC. The observational data
presented in the Eddy Intrusion Study report also support this hypothesis. One of the more typical
circulation patterns induced by LCFE’s in the DeSoto Canyon region is depicted by a conceptual
model from the Eddy Intrusion Study report (Figure 5.13). According to the model, the cyclonic
circulation of LCFE’s entrains warm LC water around their cold cores. As the eddies move to
the east around the LC they leave a warm streamer that extends into the DeSoto Canyon region.
This produces an eastward flow along the shelf break in the upper 100 m. Below that depth, the
cyclonic circulation in the LCFE causes strong westward flow. The numerical simulations that
we conducted were designed to investigate the dynamical mechanisms leading to this circulation
pattern.

The unstable nature of the LCFE’s makes them difficult to simulate in numerical models. While
isolated eddies, both cyclones and anticyclones, have relatively well defined structure and, there-
fore, can be implanted into initial fields using feature models, LCFE’s do not have such a structure.
Instead, LCFE’s are an inseparable part of an instability process in the LC and, therefore, the entire
instability process must be recreated in a numerical model in order to accurately simulate LCFE’s.
Furthermore, the properties of this instability process have to be well understood if one is to be
able to control it. Such control is necessary for producing LCFE’s at a specified location and with
specified characteristics.
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Thus, numerical investigation of LCFE interaction with DeSoto Canyon has to start with the
investigation of the LCFE formation mechanism itself, i.e., one needs to understand the conditions
necessary for initial formation and subsequent growth of LCFE’s as well as the properties of the
LC itself which lead to this growth. Our investigation was structured accordingly. First, through
a series of zonal channel experiments conducted using our multi-layer IE model, we identified
the stream structure which leads to formation of frontal cyclones with spatial and temporal scales
consistent with those of LCFE’s. Then, the results of these zonal channel experiments were applied
to introduce a LC, with desirable stability properties, into a regional high resolution PE model with
realistic topography. This allowed us to simulate the formation of LCFE’s in a realistic setting.
Finally, the interaction of LCFE’s with DeSoto Canyon topography was simulated and compared
against observations. The simulation allowed us to investigate, in some detail, the effect LCFE’s
have on the water mass exchange between the DeSoto Canyon and surrounding regions.

The stream structure that leads to formation of frontal cyclones with spatial and temporal scales
consistent with those of LCFE’s was identified using a series of numerical experiments similar to
Sutyrin et al. (2001). The experiments were conducted using our IE model configured with 10
isopycnal layers and 3 km horizontal resolution. In these experiments the LC is represented as
a zonal jet in a channel with open inflow/outflow boundary conditions. A small perturbation is
initially specified close to the inflow boundary. In a typical experiment the initial perturbation
generates a packet of meanders consisting of a superposition of several unstable modes that prop-
agates downstream and amplifies due to the process of instability. As growing meanders reach the
saturation stage, cyclonic features resembling the LCFE’s develop in the meander troughs. With
this approach, the wavelength of the most unstable mode, its growth rate and, most importantly,
the along-stream distance required for the initial disturbance to reach the saturation stage (i.e. form
the cyclonic features resembling the LCFE’s) can be determined from a single experiment.

A wide variety of plausible LC stream structures were explored in these experiments by intro-
ducing small variations around the baseline structure derived from observed cross-sections of LC
(Vukovich and Maul 1985). The baseline LC structure was constructed using a 10-layer PV model
with free parameters adjusted to match the most robust characteristics of the LC. Variations around
the baseline structure were derived from two hypotheses about the natural variability of the LC.
According to one hypothesis the width of the cyclonic side of the stream can vary as a result of LC
interaction with the Yucatan Peninsula. As the LC meanders westward, the lateral friction along
the Yucatan Peninsula shelf break can reduce the width of the stream’s cyclonic side, thus produc-
ing a positive extremum in the cross-stream PV structure. The other hypothesis assumes that the
vertical extent of the stream can decrease as the stream extends rapidly northward resulting in a
shallower stream structure.

The LC stability experiments demonstrate that cyclones resembling the observed LCFE’s can
form on the cyclonic side of the stream as a result of an instability process in a zonal LC-type jet
triggered by a small disturbance. The cyclones were shown to form only by streams with a positive
PV extremum on the narrow cyclonic side. Moreover, the intensity of the cyclones was found to
be proportional to the magnitude of the extremum. The experiments also indicated that the stream
stability, as defined by the rate of meander growth, is linked to the stream vertical extent. The
LC with shallower stream structure was shown to be significantly more unstable producing larger
frontal cyclones over shorter distances. The �-effect was found to have only minor influence on
the stream stability.

The understanding of the mechanisms that drive the LCFE growth developed as a result of
the zonal stability experiments used to simulate LCFE’s in the PE model with fully realistic to-
pography. As the first step in the transition to the PE model experiments we repeated the key
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zonal stability experiments (initially conducted with the IE model) using the PE model. The PE
model experiments reproduced the results of the IE model experiments with only minor quantita-
tive differences, indicating that the key physics controlling the development of frontal cyclones is
accounted for by the IE model. The LC with the unstable stream structure (identified in the zonal
channel experiments) was then introduced into a regional, high-resolution PE model with realistic
topography. The PE model here is the same model that was used in our previous eddy-topography
interaction experiments configured for the region in the GOM extending from � ���N to � ���N
in the meridional direction and from� ���W to � ���W in the zonal direction. In a typical ex-
periment the LC is initialized along an idealized trajectory designed to imitate the LC in the fully
extended northward position. Development of LCFE’s was triggered by a disturbance introduced
initially near the southern boundary of the domain along the inflow LC branch.

An important result of these simulations was establishing additional conditions necessary for a
LCFE to grow, or even maintain itself, as it propagates along the western branch of the LC, which
is a characteristic LCFE behavior according to observations. These conditions, in turn, provide
some insight into the processes leading to formation of LCFE’s. It was established that a small
disturbance, which was used in the zonal channel experiment to trigger formation of LCFE’s, is
insufficient for a LCFE to develop in the situation where the LC is oriented meridionally. While
an in-depth dynamical explanation of the instability of a meridional jet requires further study, we
hypothesize that the vertical coupling between the upper stream meander and underlying cyclones,
which is driving the LCFE growth in the zonal channel experiments, is disrupted by the stream
crossing the environmental vorticity gradient, thus preventing the initial disturbance from growing.
Modifying the structure of the initial disturbance can produce a growing LCFE consistent with
observations. The key feature of the disturbance capable of producing LCFE’s is a positive PV
anomaly at the trough of the disturbance. The positive PV anomaly is associated with a cyclonic
circulation and is equivalent to specifying a small cyclone on the cyclonic side of the stream. We
hypothesize that such a cyclone can be created in reality via the process of LC interaction with the
Yucatan Peninsula topography. As we demonstrated in our previous eddy-topography studies, a
baroclinic current intersecting a topographic slope can generate PV anomalies by advecting high
PV water from shallow regions into deeper regions. It is very possible that the LC, which is known
to meander as it flows along the Yucatan shelf (Sheinbaum et al. 2002), can generate positive PV
anomalies by advecting high PV water off the Yucatan shelf.

The characteristics of the LCFE generated using the above technique can be controlled by
varying the size of the initial disturbance and by changing the stream stability characteristics. In
our simulations these parameters were adjusted to produce a LCFE similar to one of the LCFE’s
observed during the DeSoto Canyon Eddy Intrusion Study (Hamilton et al. 2000). Comparisons of
the observed and simulated sea surface height and geostrophic velocities at two depth levels show
very good agreement. This result suggests that our approach to simulating LCFE’s is valid, and the
simulated LCFE is realistic. It also suggests that the conceptual model of LCFE-DeSoto Canyon
interaction proposed by Hamilton et al. (2000) is valid and consistent with LCFE dynamics.

The LCFE simulation technique described above was applied for investigating the process of
LCFE interaction with the DeSoto Canyon. By introducing a passive tracer into the model we were
able to visualize the water exchange between the DeSoto Canyon and the surrounding GOM that
was generated by the LCFE. Our simulations indicated that a result of LCFE interaction with the
DeSoto Canyon can be the generation of an anticyclonic circulation at the mouth of the canyon.
The circulation was produced as a result of the tongue of warm LC water that leads the LCFE, being
clipped by the deep eastern wall of the canyon. The anticyclonic circulation, in turn, produced a
cyclonic circulation within the canyon itself via the mechanism of off-shelf PV advection. The
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resulting cyclone-anticyclone pair produces extensive water exchange between the canyon and the
deep GOM, as can be seen from the tracer distribution. We believe that this circulation pattern is a
typical result of LCFE interaction with the DeSoto Canyon.

7.3 Small Cyclones in the Northern GOM

This part of the investigation was concerned with the physical processes associated with the
evolution of small-scale cyclones over the northern continental slope in the GOM. The goal of this
investigation was to identify potential mechanisms that can lead to the formation of high-intensity,
midwater-column-intensified currents, which will be further referred to as midwater-column jets.
The investigation consisted of three phases. The first phase was concerned with studying the
evolution of small-scale cyclones in the northern GOM, while the second phase was concerned
with identifying the physical processes that lead to their formation. The last phase consisted of
formulating hypotheses for testing additional mechanisms of midwater-column jet generation.

During the first phase the behavior of pre-existing isolated cyclones of different sizes, and their
interaction with LCE’s in the northern GOM, was studied numerically using a high-resolution PE
model with realistic topography. An 8-layer potential vorticity model of a typical cyclone was
constructed on the basis of available hydrographic and direct current observations of small-scale
cyclones in the northern GOM (Berger et al. 1996). This model, in conjunction with the previously
developed initialization procedures (Section 4.4.1), allowed us to initialize dynamically balanced
cyclones in the PE model. The PE model experiments demonstrated that the resolution of the
model is adequate for describing the evolution of cyclones as small as 50 km in diameter over
realistic topography. The cyclones were shown to retain their initial structure for time periods
of at least several months, which is consistent with observational data. The isolated small-scale
cyclones were shown to have a general tendency to propagate northwest with a typical speed of
slightly over 1 km/day. Our preliminary results indicate that the exact direction of propagation
is affected by the underlying topography. After encountering the northern shelf-break, cyclones
continue to propagate westward along the shelf without any significant increase in their decay rate;
no significant cross topographic flow is generated.

A procedure was developed to initialize multiple mesoscale features in the primitive equation
model using a potential vorticity approach. This procedure was applied to initialize and simulate
small-scale cyclones coupled with LCE’s. One of the most important results of these simulations
is that the small-scale cyclones appear to play a key role in maintaining the ellipticity of the LCE’s
and determining their trajectory over the northern slope. Isolated LCE’s over the topographic slope,
initially specified to have an elliptic shape, were shown to quickly loose their initial ellipticity
and propagate westward driven by the �-drift. The same initially elliptic LCE’s coupled with a
small-scale cyclone retain their ellipticity for several months during which the interaction with the
cyclone introduces a significant meridional component into the trajectory of a LCE, sometimes
pushing it off the northern slope into the central GOM. Since the observational data indicate that
LCE’s typically have an elliptic shape, it implies that the evolution of the majority of LCE’s over
the northern slope is strongly influenced by small-scale cyclones. We believe this to be a significant
result.

The goal of the second phase of the investigation was to analyze potential generation mech-
anisms for midwater-column jets. Two potential mechanisms were studied. The first mecha-
nism generates strong middepth-intensified currents via the process of violent interactions of pre-
existing small-scale eddies with rough topography. The violent interactions of small-scale eddies
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with topography can be produced, for example, by a paired LCE and small-scale cyclone. A cy-
clone captured in the circulation of an LCE can be squeezed between the LCE and the northern
shelf break. During this process the energy associated with the cyclone, initially distributed over a
relatively large area, is forced by the currents of the larger LCE into a narrow channel, which can
potentially lead to current amplification and generation of strong intermittent currents at middepth.

The second mechanism generates strong middepth-intensified currents via the process of baro-
clinic instability in pre-existing larger-scale features. The baroclinic instability process converts
available potential energy into kinetic energy, accelerating quickly evolving currents in the vicinity
of the unstable mesoscale feature. Aside from generating strong horizontal currents with relatively
short time scales, the process of baroclinic instability is characterized by relatively large vertical
velocities. Since the available observational data indicate that midwater-column current events are
typically associated with large vertical velocities, the baroclinic instability mechanism appears to
be a very plausible source of these currents.

The scenario of a small-scale cyclone being squeezed between a large LCE and the northern
shelf break was simulated with a hydrostatic, high-resolution PE model at 2.6 km horizontal and
approximately 50 m vertical resolution. There was no significant current amplification at midwater
depth. The energy of the cyclone appears to be radiated away by long gravity waves. This result,
however, is insufficient to make a definitive conclusion about the role of cyclone-topography in-
teraction in generating the midwater-column jets. This is because the hydrostatic approximation
employed by the model is likely to be violated during the process of interaction with rough topog-
raphy at this scale. Therefore, additional simulations with a nonhydrostatic model are necessary to
obtain more conclusive results. This is beyond the scope of the re-directed work.

Two potential scenarios of midwater-column jet generation associated with baroclinic insta-
bility were investigated. In the first scenario the energy initially confined to the upper ocean is
transformed into kinetic energy in the intermediate layer via the process of stretching/squashing
of the intermediate layer by rapid horizontal displacements of the upper layer features. In the sec-
ond scenario, the energy initially confined to the intermediate layer is redistributed and focused
into high intensity jets via the process of sharpening of initially broad fronts. For both scenarios
the unstable front structures were first identified using 8-layer IE model experiments simulating
a zonal front over a uniform linear slope. Cyclonic and anticyclonic eddies, with the identified
unstable structure, were then simulated with both IE and PE models. The simulations failed to
produce midwater-column currents of the desired intensity. The speed of currents generated at the
middepth in the first scenario, i.e., downward transport of kinetic energy by a surface-intensified
feature, did not exceed 20 cm/s, even though the speed of the initial surface current was in excess
of 1 m/s. The simulations of the second scenario, i.e., intensifications of currents initially confined
to middepth, did not produce any substantial current amplification. Even though baroclinic insta-
bility alone appears to be incapable of generating midwater-column jets, it is still likely to play an
important role in supplying the energy into the midwater column and to smaller scales.

As the third phase of the investigation, a considerable effort was made to formulate alternative
hypotheses of midwater-column jet generation. The result of this effort was a hypothesis that
relates the observed midwater-column-intensified currents to internal solitary waves. Large vertical
velocities and short time scale are the two characteristics of internal solitary waves that match the
characteristics of midwater-column jets.
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