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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 contoursindicate depth in meters, arrows indicate veloc-
ity at 2,500 meters depth (the scaleis shown in the upper left corner), thick black line indicatesthe
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 |ocations 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 operationsin 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 theinteraction of Loop Current Eddies (L CE’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.
Thegoal of thisinvestigation wasto identify potential mechanismsthat 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. Thisis followed by a summary of the next set of scientific questions that
resulted from our program.

Important Results

Deep Eddies

Previousidealized (Chassignet and Cushman-Roisin 1991) and morerealistic (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 aso during their interaction with the western shelf, particularly in the region
around 25°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 theflat topography areas asthe L CE, 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 ail 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 L CE interacting with a thermocline-penetrating shelf have shown
that small to intermediate-scale cyclones form as aresult of water advection from the shelf. When
a L CE 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 asin observations. We believe that thisimportant result will assist MM S
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 L CE 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 trgjectory to the right. Thus, in the
process of a L CE interaction with the western shelf, the role of the intermediate layer isto provide
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a northward component to the eddy motion. Aside from its influence on L CE 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 L CE 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 mechanismsinvolved and their relative impor-
tance were identified. Clearly, in redlity 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
25°N (aregion characterized by arelatively wide shelf and a narrow continental slope) islikely to
move away from the shelf after some perperiodiod of interaction as aresult of eastward advection
by deep eddies. On the other hand, a LCE impacting the western GOM shelf in the vicinity of
23°N (aregion 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,
aLCE islikely to move northward as it approaches the western shelf as a result of intermediate
layer compression. Finaly, isolated LCE’s moving over the northern continental slope are likely
to maintain a steady, nearly westward trgjectory 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 (3-drift) speed due to interaction with a deep cyclonejust 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 severa previous MM S-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 isthe western shelf around 25°N, where the interaction of “Fast Eddy” with the
shelf observed during the Physical Oceanography Program (1985-1988) was simulated. The other
region isthe 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 model s attempt to deduce subsurface ocean structuresfrom 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 meansthat these modelsare 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 alow 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 L CE 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 isto alow 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 physicsin 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 L CE-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 L CE-topography interactions are frequently associated with
generation of small to intermediate scale cyclones via the mechanism of off-shelf advection by
L CE currents penetrating onto the shelf. Dueto the relatively high frequency of L CE-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, isimportant for
accurate predictions of oil spillsand 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 technol ogies permit numerical ocean model swith 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 physicsis thus no longer a curiosity but
rather a necessity in order that we better understand relatively high-frequency energetic eventsin
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 featuresis arapid (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 L CE (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.



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 atransition 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 experimentsat 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 (1E) 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 experimentsis called the
General Vorticity approximation according to the classification of Allen et a. (1990) who has
shown it to be one of the most accurate among its class.

The principal goal of the |E 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 thisgoal. Another impor-
tant goal of |E experiments was the devel opment of initialization techniques for more sophisticated
primitive equations models. An initialization technigque capable of creating a well-balanced initial
state that can beintegrated in time without generating strong transient componentsiscrucial for the
success of the feature modeling approach. |E models are capable of isolating the balanced com-
ponent of the flow providing a very useful tool for initialization. |E 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
| E experimentsinto domain configurations with bottom topography that penetrates the lower layer
density interface. A seriouslimitation of the |E 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 thicknessin regions of the outcropping. Conse-
guently, the model isincapable of representing flow interactions with realistic shelf topography. In
many cases thislimitation can be eliminated by employing another |E model based on the extended
set of intermediate equations (Sutyrin, personal communications); we will refer to this model as
|E+. The extended intermediate equations include a more realistic representation of the bottom
friction and the vertical friction alowing 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
|E model.

The idealized PE experiments further increase the realism of the numerical simulations by in-
cluding arealistic continuous stratification and a more complete set physics. Even though the IE+
model significantly increasesthe realism of the |lE model, it doeslimit the number of isopycnal lay-
ersto only two. Also, the intermediate equations approximation used by the model limits the flow
parameters to moderate Rossby and Froude numbersthat 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 o-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 classwasto verify the results of the |E and | E+ experimentswith the more
accurate primitive equations approximation. Consequently, the idealized PE model configurations
were selected to be very similar to those of the |E and |E+ experiments.

Thefinal step in the hierarchy of numerical experimentsis running the fully realistic PE model
simulations. These simulations were designed primarily to verify the results of previous idea-
ized experiments by enabling a direct comparison with observations. The realistic simulations
were conducted by initializing the ocean conditions observed prior to the smulated 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 devel oped as the result of previousidealized experiments.



3. NUMERICAL TOOLS

3.1 |IE Model Formulation

The description of the |E model beginswith ascaling analysisthat demonstrates the applicabil-
ity of the intermediate approximation. Then, the derivation of the intermediate equations used in
thisstudy is presented. For clarity, the derivation isdone for atwo-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’srepresent atypical circulation pattern in the GOM, the scaling analysis presented
below is based upon the flow parameters associated with atypical LCE. A typical LCE has maxi-
mum velocity V ~ 1m/s, and radius L ~ 150 x 10® m. Choosing f, ~ 4 x 105, we find that the
Rossby number, Ry, which characterizes eddy strength relative to the planetary vorticity, is

v

foL
Given a typica reduced gravity in the GOM ¢’ ~ 0.02m/s? atypica upper layer depth D, ~
300 m, atypical topographic slope [VD,| ~ 0.01, 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,

R()E

~ 0.2. (3.2

fVL

— = 1, (3.2
g'Dy
and that the ratio of interface slope to bottom slope,
foV
~ 0.2. 3.3
gI|VD2| ( )

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). Thisform of the intermediate approximation is also called the General Vorticity approx-
imation according to classification of Allen et a. (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 atwo-layer systemis presented below.

3.1.2 Intermediate Equations

We consider a stratified, rotating, hydrostatic, Boussinesq fluid with arigid-lid on the g-plane.
For atwo-layer inviscid flow, the momentum and continuity equations are:
V2

OV + (f+G)kxv; = =V(pi+ é), (3.4)
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where the subscript ¢ = 1(2) denotes the upper (lower) layer, v = (u, v) isthe horizontal velocity
vector (u isthe zonal velocity in the z-direction, v is the meridional velocity in the y-direction),
¢ = k- V x vistherelative vorticity, f = fo + Sy isthe Coriolis parameter, V is the horizontal
gradient operator, and k isthe vertical unit vector. The layer depths are

hl :D1+77’ hZZDZ(xay)_na (36)

where D isthe average depth of the upper layer, D, (x, y) isthe depth of the lower layer including
topography, and 7 is the interface displacement. The reduced pressure (p;, the pressure divided by
density) and the interface displacement (7;) are related by the hydrostatic equation:

QIVU = V(pl - pz)a (3.7)

where ¢ = g(p2 — p1)/p1 isthe reduced gravity.
The potential vorticity, ¢;, of fluid parcelsis conserved in each layer - i.e.,

(0 + Vi)gi = 0; (3.8)

_f+G

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

1
Vg = %k x Vp, (3.10)
and the next order flow is expressed as
% ! (kab 1V8 ) (3.12)
= - P, .
f+¢ fo

where ¢, = +V?p is the geostrophic vorticity and b = p + jv; is the geostrophic Bernoulli
function. Inserting the expression (3.11) into the continuity equation (3.5) yields a predictive
system of equationsfor p that involves only the pressure field,

PT;
fo

where PT = h/(f+(,) isthe potential thickness (inverse potential vorticity) that isalso 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 (O(R,)) are
included into the balance equations, the Rossby number does not haveto be small (R, < 1) likein
the more traditional quasi-geostrophic approximation. However, it does have to belessthan ~ 0.5
for R2 < 1to bevalid. 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-
guirement of ellipticity of 3.12. The dlipticity of 3.12 requires the potential layer thickness PT
to be positive everywhere. This latter condition isviolated if the relative vorticity of the flow ( is
negative and greater than the planetary vorticity f. 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

(=1)'0i(p1 — p2) + ¢'V - (—=Vaip;) = ¢'J (b;, PT;), (3.12)
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3.12, we have to require that the layer thickness was at |east twice the magnitude of the maximum
interface elevation. An important implication of thisis 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-
sorswith distributed memory architecture. The multi-grid technique allowsfor fast execution times
which scale as Nlog (V) 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 isim-
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 |E 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 modificationsto the |E model include anew 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,

Vg = lk x Vp, (3.13)
Jo
and the next order flow is expressed as
1 F 1
V= kx (Vb——)——=Vop], 3.14

where (, = %VQp IS the geostrophic vorticity and b = p + %vg is the geostrophic Bernoulli
function, and F isthe frictional momentum flux. Inserting the expression (3.14) into the continuity
equation (3.5) yields a predictive system of equations for p that involves only the pressure field
(Sutyrin 1994),

(=1)’

PT;
p di(p1 —p2) + V- (

fo

where PT = h/(f + ¢,) isthe potentia thickness (inverse potential vorticity) that is conserved in
fluid parcelsif F = 0and M = 0, and

Vow;) = J(b;, PT;) + M; + Q;, (3.15)
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This expression suggest a simplified form for the effect of momentum diffusion

Qi = 2 (PT V),
Jo
where A; 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: My = hV2p,, or in the upper
layer: M, = hyV?p,, over the shelf where hy, = 0.

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 hasto 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 o-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 (Méllor 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 o-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 o-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 typicaly 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 L CE interactions with the slope and shelf do not lend themselvesto 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; Lewiset al. 1989; Vukovich and Waddel 1991,
Vidal et a. 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 experimentsin a primitive equation two layer model,
they showed that 5 (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) aso 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 L CE 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 isinitialized in the upper ocean away from the coast, the lower layer isinitialy 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 | E experimentswasto develop aninitial understanding and intuition of
the system principal dynamics. The computational efficiency and the clarity of the dynamical anal-
ysis characteristic to an |[E model make it an ideal tool for achieving this goal. Another important
goal of the |E experiments was the development of initialization techniques for more sophisticated
primitive equations models. An initialization technigque 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. 1E models are capable of isolating the balanced
component of the flow providing avery useful tool for initialization.

The goal of the extended intermediate equations experimentswas to extend the results of the |lE
experiments into domain configurations with bottom topography penetrating the lower layer den-
sity interface. A seriouslimitation of this|E model comesfrom the requirement for finiteisopycnal
later thickness. This requirement does not permit the bottom topography to outcrop into the upper
layer sinceit would lead to zero lower layer thicknessin 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 1E 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
|E+ model alows 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 |[E model.

The idealized PE experiments further increase the realism of the numerical ssmulations 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 redlistic smula-
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 devel oped as the result of previousidealized experiments.

4.2 Intermediate Equations Experiments

The principal goal of the |E experiments was to develop an initial understanding and intuition
of the LCE principa dynamics. Dueto finite layer thicknesslimitation of the |E model theseinitial
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 isinitialized in the upper layer while
the lower layer isinitidly at rest. Then, 7-layer |E experiments are conducted as an intermediate
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step between 2-layer |E and the o-coordinate PE model. In the 7-layer formulation the density
variation between isopycnal layersis limited to 0.75 (versus 2.0 in the 2-layer case). This allows
fitting of alinear 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 |E 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 arectangular domain of 1,600x 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

D2 — DZmin + min(xamDQa (y - Ly)ayDZa DZmam - Dme) (41)

where the shallowest lower layer depth, D,,;, = 200 m, the slope, 9, D, = —d,D, = 0.01, and
the deepest lower layer depth, Ds,,.. =3,200 m. With the upper layer thickness D; =300 m, the
maximum ocean depth was 3,500 m. L, isthe meridional width of the domain. This topography
isan idealized representation of the northern and western continental slopesin 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,

f
0 m, (4.2)
7 = 71+ ta”h2(1 ~) and 4.3)
S \/(x - $0)2LﬂL (y — yo)Q, (4.4)

where the vortex core parameters. Z. =900 m and L. =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 wasinitially at rest.

This approach to initialization is sometimes called “feature modeling.” The main ideais 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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center.
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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 isinitialized over aflat 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 devel ops an elongated shape.

During thefirst stage, the eddy’s westward drift remains about 3 km/day which isonly dlightly
less than in a reduced-gravity model (Nof 1983; Nycander and Sutyrin 1992). The most dramatic
effect that inclusion of dynamicsin the lower layer producesis a substantial southward translation,
not present in reduced-gravity models of similar eddies, that reaches ~3.5 km/day, which isin
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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 dlightly 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 beginsto 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 devel opment of the deep
cyclone found in the flat bottom region, and the eddy consequently propagates almost due west in
gualitative 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 dlightly 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 S-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 a. (1988), Lewis et a. (1989), Vukovich and Waddel (1991), Vidal et al.
(1992), and Glenn and Ebbesmeyer (1993)) have focused on the vigorous upper-ocean circul ation
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) makesit 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 L CE-like eddies
in numerical experiments with and without deep circulation (full versus reduced-gravity models)
showsthat 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
L CE’s S-induced westward drift. Theimportance of thelower layer circulationismagnified during
L CE-topography interactions involving wide shelves such as those found in the northwestern and
northern GOM. During these L CE-topography interactions, the strength of the lower layer circula-
tion is enhanced because the lower layer vortex tube stretching associated with L CE propagation
is alarger 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 slopeis
asignificant source of TRW energy in our ssmulations. 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 L CE 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 T-Layer vs. 2-Layer IE Model Intercomparison Experiments
4.2.2.1 Experiment Design

The 7-layer model subdividesthe 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 typica density profile
in the GOM was modified slightly to have the same average density that was used in our previous
2-layer 1E experiments. This permits direct comparison of PE and multi-layer |E 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:

R 7 _ Zc-l + tanh(1 — r?) . \/(x —120)? + (y — 40)?

Di + ZZ(T) ’ e ! 2 ’ N LC ’
the amplitude of the disturbance Z¢; varies from layer to layer while the radius and the width of
the transition zone L. remain the same. This is done to alow 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 issimilar to the one that was used in our previous 2-layer IE model. The
domainisarectangular 1,600x 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:

4q; (4.5)

o
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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 anomaliesin the 6 upper layers. Note that the resulting eddy structure, asit
isprescribed by the potential thickness anomaly, isdifferent 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
isvery similar in both models and essentially repeats what was previously reported. Initialy 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 dueto 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 experimentsisthe 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 1E+ Model Experiments

The IE+ model was used to conduct several idealized experiments simulating interaction of
L CE'swith 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 1E+ 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 resultsin alooping southward motion of the eddly.

We aso 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 25°N.
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Figure 4.6. LCE propagation over flat bottom and shallow slopein 7-layer (left panel) and 2-layer
(right panel) 1E model experiments. Thick contours indicate the bottom topography,
thin contoursindicate lower interface displacements caused by the vortex every 70 days
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4.3.1 Experiment Design

The model was configured for a rectangular, 540 x 1,000 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
isflat (3,500 m) representing the bathymetry of the central GOM. A meridionally uniform slopeis
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 25°N, the shelf is relatively wide while the continental
slopeisrelatively narrow. In the second configuration, which corresponds to the GOM topography
profile at 23°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 |E experiments (Section 4.2.1): where the vortex core parameters. Z, =900 m and

26



L. =80 km are chosen to initialize the upper layer eddy with maximum velocity 1 m/s and max-
imum interface slope 0.003 at 100 km radius. This corresponds to an eddy diameter of about
400 km. The lower layer isinitially at rest. The initia distribution of the interface is shown in
Figure4.7.

4.3.2 Results

Both the narrow (23°N) and wide (25°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 experimentsis 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. Thisforms a"lopsided” dipole in which the LCE is the much stronger member
(day 25). The dipole moves dlightly out to sea, leading to the "loopy" character of the L CE track,
until the cycloneis swept around the L CE’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 L CE weakens so that the cyclone
and L CE 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 L CE track resulting from the interaction with the basin margin
bathymetry is different (Figure 4.9). In particular, the "loopiness’ of the narrow shelf track isless
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 25°N, the LCE propagates southward following a cyclic trgjectory with large (~100 km)
cycles. In the second configuration, which corresponds to the GOM topography profile at 23°N,
the LCE also propagates southward along a cyclic trgjectory, but the amplitude of the cyclesis
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 L CE interaction with coastal topography. This process is associated with formation of
bottom-intensified eddies beneath the L CE 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 23°N and 25°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 thewide
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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 isrotating 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 sguash-
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 islocated over aflat bottom,
allowing the relative vorticity generated in the lower layer to form a bottom-intensified cyclone-
anticyclone pair. Asone can see from the figure, the net effect of the bottom-intensified pair on the
LCE isto 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 islocated over flat topography. Figure 4.11 showsthe same
|E+ simulation of eddy-shelf interaction but for the 23°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
L CE behavior in the 23°N and 25°N topography configurations, a hybrid topography IE+ exper-
iment similar to those described in the previous section was conducted. The coastal topography
profile from 25°N was combined with the profile from 23°N. The hybrid profile (Figure 4.12) was
constructed to contain the shallow part (shallower that 1000 m) from 23°N (narrow shelf) and
the deep part from 25°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
slopeinthe lower layer allowsthe 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 inthe 25°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 25°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 trgectory 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 25°N (wide shelf, narrow slope) experiment can be seen in the western GOM. Figure 4.14 taken
from Lewiset al. (1989) shows adrifter trgjectory 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 seein
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 experimentsthe level of realism isincreased by introducing arealistic
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 isto push the
surface eddy away from the shelf.
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increasing complexity to provide a smooth transition from IE and |E+ experiments to real event
simulations.

We start with developing an initialization procedure which allowsfor creating abalanced initial
conditionsin the PE model and enables direct comparison between the PE model and the I1E 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. Astheresult of thisincremental processanew dynamical
mechanism affecting L CE behavior isrevealed. Finaly, we simulate several potential scenarios of
an isolated L CE 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 |E model.
The first step in transferring the initial solution from isopycnal layers into the o-coordinate sys-
tem is to form a continuous vertical density profile from a set of discrete densities. In order to
accomplish thistask while preserving theinitial 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
theindividual 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 profileis constructed it isinterpolated into the o-coordinate
system. The next step is to convert the obtained density field into three dimensional temperature
and salinity fields. Thisisaccomplished using typical salinity profilesin the greater GOM and in
LCE's. The sdlinity 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. Asthe dynamic pressure
decreasesin theradia 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 inisopycnal 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 adifferent 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 theinitial geostrophic balance is calculated using the PE model equations. The
obtained geostrophic vel ocities are then used to cal cul ate 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, asingle iteration has
proven to be sufficient.

44.1.1 2-Layer Initialization

Our initia attempts to initialize the PE model from the 2-layer IE initial balanced solution
failed to produce a stable vortex. Our analysisindicates that potential vorticity gradient inversions
generated during the transfer of the 2-layer 1E solution into o-coordinates are responsible for the
instabilitiesin the vortex.

The easiest way to see thisis to consider a thick isopycnal layer with monotonically varying
potential thickness corresponding to atypical stable vortex. During the transition to a o-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 potentia 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 transformationsisillustrated in Figure 4.15.

For the sake of argument we approximate potential thickness of alayer using quasi-geostrophic
approximation (QG):

H+n H 1 H
CEITRCT T RES o
where 7 isthe perturbation layer thickness and ( isthe 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 aloca 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 thicknessis split equally between two sub-layers as the result of the layer trans-
formation procedure, i.e., 7, = n, = n/2. Sincerelative vorticity is proportional to velocity (which
is2 timeslarger in the upper sublayer), we also have (; = 2¢,. Thismeansthat 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 thislayer.
As can be seen from the aboveillustration the process of transferring the initial idealized vortex
structure into o-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 layersislarge leading to high vertical velocity
shear in those layers.

37



Transformation of density profile Transformation of velocity profile

Or [ : : Op -
i ‘ ‘ ‘
-100 - RN R : =100 -~
[N B
' |
-200F - i =200y
' |
! !
-300 =300
E E
S =400 S -400F )
o [oX
(] [
© ©
=500 i =500
=600 =600 |
=700 1| — 2-layer 700~ — 2-layer
—— continuously stratified —— continuously stratified
— - 3-layer : — - 3-layer
-800 . ! i -800 i I I ;
1022 1024 1026 1028 0 0.5 1 1.5 2
density (kg/m°) velocity (m/s)

Figure 4.15. Illustration of density and velocity vertical profile transformations during transition
from a 2-layer system to continuoudly stratified system and back to a 3-layer system.

38



4.4.1.2 T7-Layer Initialization

The potential vorticity gradient inversion problem was resolved by using a 7-layer |E model as
an intermediate step between two-layer |E and the o-coordinate PE model. In the 7-layer formu-
lation the density variation between isopycnal layersis limited to 0.75 (versus 2.0 in the 2-layer
case). Thisallowsfitting of alinear 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 isinitialized by transferring the initial balanced solution from the 7-layer |E
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, 1,600x 1,300 km in the case of 1E model
and 1,500x 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 risein 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 isshown 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 I1E initial balance solution into PE model
grid. Thevortex in|E model isinitialized 350 km off the western slope and 400 km off the northern
slope. In the PE model the vortex isinitialized 250 km off the western slope and 200 km off the
northern slope, the differences are associated with the differencesin 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 showsthe eddy evolution in the PE model. Even though the details of the solutions differ the
direction and speed of the vortex propagation are ailmost identical in both models indicating that
the physical process controlling the vortex propagation seem to be adequately represented inthe |IE
context. One of the most notable differencesisthe rate of the vortex decay. The vortex intensity, as
judged by the magnitude of vertical displacement of the thermocline, is substantially weaker inthe
PE model by the time the vortex reaches the slope (approximately day 140 of model integration).
Thisresult 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
|E 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 I|E model implements free-slip boundary conditions along
al 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-dip closed BCs. The free-slip
boundary conditions at the western wall are emulated using steep slope that, combined with a o-
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 slopeis
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 ldealized 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 isincreased to 8 layers and the parameters of the feature
model are calibrated to match real observations.

The experiments simulate the interaction of an isolated L CE with idealized topography repre-
sentative of the western GOM topography at 23°N and 25°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 g-effect and interacts with
topography. The main goal of these experiments is to establish the effect of realistic continuous
stratification on L CE-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 theinitial conditions
for both LCE’s and the background ocean stratification. An 8-layer PV-based L CE feature model
calibrated to be representative of atypical LCE in the western GOM was created. A procedure was
also devel oped 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. Thei-th layer PV anomaly was prescribed with equation
(4.5). Following the procedure described in Section 4.2.2 an 8-layer PV-based L CE feature model
calibrated against observations was created. Free parameters L; and Z; 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 atypical 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 climatologica 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 15°C' 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 aresting
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
L evitus 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 athick black line. The profile representative of the density structure at the center of a
typical warm-core eddy is shown with athick 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 thicknessm | 20 | 20 | 30 | 100 | 180 | 350 | 800 | 2,000

4.4.3.2 23°N Topographic Configuration

Figure 4.17 showsday 120 of the new high resolution PE model integration with the 23°N topo-
graphic configuration. Shading on the figure represents the PV * in the main thermocline calcul ated
using the total depth of the thermocline and the velocity vertically averaged over this depth. The
initial anticyclonic eddy approaches the shelf moving in asouth-west direction and turns rapidly to
the north. After aperiod 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 |E+ and high resolution PE model resultsincreases substantially the level of confidencein
the validity of both numerical smulations. Theinitial 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 continuoudly 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

IPotential vorticity (PV) and velocity in all of our primitive equations model results is defined in the two-layer
sense. Thetwo-layer PV and velocity are calculated by first finding the 27kg/m 2 isopycnal surfacein the continuously
stratified density field. Thisisopycnal surface roughly correspondsto the bottom of the main thermocline. The vel ocity
isthen 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 comparisonswith two-layer |E experiments.
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23°N topography configuration experiment, day 120
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23°N topography configuration experiment, day 40
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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
asimpler 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 L CE 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 thermaocline recirculates as a
broad southward current away from the shelf thus forming a co-rotating (anticyclonic) circulation
beneath the eddy. Thiscirculation isintensified 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, asin 2-layer case, the deep flow islocked 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 possi ble 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 isillustrated in Figure 4.19. For this
illustration a truncated three-layer |E model was used. The third layer is designed to represent the
stratification below the main thermocline. The coastal topography is simulated with alinear slope
for simplicity. Initialy 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 |E experiments. There is no
PV anomaly associated with the eddy in the intermediate layer (bel ow 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 moveswith 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 |ocations 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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Velocity anomaly in intermediate layer
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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-
guent eddy positions (away from the bottom slope and on the slope). The right panel

diate layer for the on-slope eddy position. White contours indicate the upper layer

interface displacement.

showsthe PV field in the upper layer (shading) and velocity anomaly in the interme-
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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 trandation in this ssimple
illustration has the form of an aong-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 circul ation 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 isinteresting to note another effect of the deep stratification reveal ed by the above experiment
inter-comparison. Asone can seein Figure 4.18, the off-shelf advected high PV water tendstoform
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 al (see Figure 4.20). Thus, the presence of
stratification below the main thermocline seems to facilitate smaller scale eddy formation over the
topographic slope. Thisis 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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Uniform lower layer, 23°N experiment, day 120
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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. 25°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 trgectory is shown with a thick
black line. Vectors show the velocity vertically averaged below the thermocline.
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4.4.3.3 25°N Topographic Configuration

The mechanism of northward eddy propagation viainteraction with midwater-column currents
identified in the previous section playsasimilar rolein the 25°N coastal topographic configuration.
Figure 4.21 shows day 100 of model integration with the 25°N (wide shelf, narrow continental
slope) configuration. Similar to the 23°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 23°N case, however, the amplitude of the cyclic motion is higher and the northward
propagation associated with it issmaller (compare Figure 4.17 and Figure 4.21). Zonal amplitudes
of the LCE trgjectory cycles starting from the first sharp westward turn are ~75 km, 50 km, 30 km
compared to ~50 km, 35 km, 20 kmin 23°N case. The resulting northward propagati on associated
with these cyclesis only ~40 km compare to ~75 km in 23°N case.

The higher amplitude of the cyclic motion and the reduced northward propagation of the LCE
inthe 25°N topographic configuration compared to the 23°N caseisrelated to the LCE’sinteraction
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 L CE northward.

The effect of bottom-intensified eddies on the LCE is noticeably weaker in the PE model ex-
periment compared to the |[E+ 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 23°N case, we repeat the fully stratified experiment with the stratification below the
main thermoclineremoved. Theresult of thisexperiment isshown in Figure 4.22. The eddy trgjec-
tory ssimulated in thiscaseissimilar to the one in the | E+ experiment and is characterized with high
amplitude southward cyclic motion. Thus, the effect of the deep stratification in the 25°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 ldealized Topography Experiments in the Northern GOM

A series of PE numerical experiments similar to those in the western GOM was designed to
simulate L CE interaction with coastal topography in the northern GOM. Since a good correspon-
dence was established between |E+ and idealized PE experiments (see Section 4.4.3), we bypass
the |E+ modeling step for the northern GOM and proceed directly from our previous 2-layer |E
model experiments (Section 4.2.1) to PE experiments. The experiments were conducted using
the high resolution PE model with improved eddy initialization applied previoudy 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 alows one to develop the knowl-
edge and intuition necessary to proceed with understanding the realistic topography experiments.
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Figure 4.23. Domain configuration for simulation of L CE 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 conditionswere applied along
the western, northern, and eastern boundaries. Open boundary conditions combined with a sponge
layer were applied aong 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 - aleviating the notorious o-coordinate pressure
gradient error. The resolution of the grid varies from ~7 km resolution in the south-eastern part of
the domain to ~3 kmin the northeastern part with typical resolution of 5 km. Along the shelf-break
line the resolution in the direction of the strongest topographic gradient increasesto ~2 km.

In order to exclude the complex flow variability introduced by redlistic topography and illu-
minate the effects of separate physical processes, the coastal topography in the northern GOM
was represented as a meridional slope uniform aong 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 91°W (a similar approach to that used in the 23°N
and 25°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 90°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 atypica
experiment the eddy is allowed to propagate westward over the topographic slope driven by the
B-drift until it encounters the shelf around 90°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, athough 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 trgjectory 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 asfar as 25°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 87.6°W, 26.8°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 aimost unaffected by the presence of the northern
shelf. The eddy trgjectory is close to zonal and the propagation speed is ~3 km/day, the speed of
the S-drift. Thisisin 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 g-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 asmall-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
91.5°W. Due to the fast westward propagation of the main eddy the off-shelf advected cyclonic
eddy isleft 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 87.6°W, 27.0°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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Idealized topography, day 250

Figure 4.24. Interaction of an LCE initialized at 87.6°W, 26.8°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 trgectory is shown with a thick
black line. Vectors show the velocity vertically averaged within the thermocline (up-

per layer).



Ideal topography, day 120

Figure 4.25. Same asin Figure 4.24 but LCE initialized at 87.6°W, 27°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 experimentswith 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 trgjectory. The initial eddy position in this case is 87.6°W, 27.3°N. After the
anticyclone encounters the shelf, its trajectory turns 180° 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 amost zonadly 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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Ideal topography, day 250
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Figure 4.26. Summary plot of LCE interaction with idealized northern shelf topography. Eddy

tragjectories 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 aresult, 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 S-drift.

Figure 4.27 shows day 120 of the idealized topography experiment in which a LCE was ini-
tialized at 87.6°W, 27.0°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). Asone can see, alarge 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 g-drift until it reaches the western boundary. This phenomenon appears
to be very robust. The smulated 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 tragjectoriesindicate 10 day intervals).

The zonal orientation of the northern slopeisthe key feature allowing the above effect to exist.
The preferential direction of deep eddy propagation created by the bottom slope coincides with
the preferentia direction of LCE propagation allowing bottom-intensified and surface eddies to
interact on a longer time scale. The moving surface eddy causes water column sgquashing in the
lower layer pumping anticyclonic relative vorticity into the deep eddy. In turn, the net effect of the
deep anticyclone isto 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 isvery similar to that of the previous set of exper-
iments. Anisolated LCE isinitialized away from the coast and alowed to propagate freely driven
by the ;-effect eventually interacting with the coastal topography. The goal of these experiments
isto 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 regionsin the
GOM were considered: the western GOM around 23°N, the northern GOM with the focus on the
continental shelf and slope west of Mississippi Canyon, and the northwest corner of the GOM.

4451 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 aong 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 trgjectory 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 23°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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Ideal topography, day 210
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Figure 4.27. Accelerated mode of eddy propagation over the southern edge of the northern slope.



Figure 4.28. Domain configuration for simulation of L CE 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.

4.45.2 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 redlistic smulation, the model was initialized with horizontally uniform background stratifi-
cation and a circular anticyclonic eddy at 87.6°W, 27.3°N. The eddy structure and the background
stratification were the same as in the idealized experiments.

The results of the smulation 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 isformed east of the main eddy that deflects
its trgjectory southward. As the anticyclonic eddy leaves the off-shelf advected cyclone behind, it
resumesitswestward zonal propagation. A bottom-intensified anticyclonic eddy south of the main
surface eddy, which isthe signature of the accelerated westward propagation mode, can be seenin
the deep velocity field. Thisindicates that vertically coupled surface and bottom anticyclones can
form afast propagating solitary solution even over real topography.

4.45.3 Northwest Corner of the GOM

In this experiment a LCE was initialized at 94°W, 26.2°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 5-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 L CE encountered the western shelf in the
vicinity of Perdido Escarpment (~ 25.5°N). The cyclone continued to move around the center of
the L CE squeezing the southern tip of the elliptic L CE between itself and the shelf (Figure 4.32).

By the beginning of the third month of the simulation the portion of the L CE 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 L CE.
The pair proceeded to drift slowly southward along the western shelf. The process of squeezing of
the elongated portion of the L CE between the cyclone and the shelf created avery intense on-shelf
current. After another month of the simulation (day 100) another cyclone formed east of the LCE.