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The shelfbreak wintertime thermal front in the Northeastern Gulf of Mexico often
exhibitsmeandering, eddy formation and war m-water intrusion. A high level of fron-
tal variability playsan essential rolein exchange processes acrossthe shelf. Thisstudy
examinestheimpactsof local frontal instability and bottom topography on turbulent
heat exchange acrossthe front using theresults of two numerical models. Analysis of
aseriesof numerical experimentsrevealsthat theflow isbaroclinically unstable. Pre-
dicted frontal instability contributes significantly to cross-frontal exchange and ac-
counts for about 35% of the total eddy heat flux. Onshore eddy heat flux has the
highest intensity at the frontal position. In addition, eddy activity and heat flux are
sensitive to variation of bottom topography. For topographic features and frontal
characteristicsthat aretypical of the area, bottom steepness enhancesthe flux and is
nearly proportional to the cross-frontal heat exchange. The study attemptsto explain
physical mechanisms that drive frontal circulation in the area and to quantify heat
transport across the shelf. Estimated heat fluxes can provide important infor mation
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for climate and ecosystem modeling of the Mississippi Bight.

1. Introduction

There is a commonly observed front located near the
continental shelf break in the Northeastern Gulf of Mexico
offshore of the Louisiana, Mississippi, Alabama and
Florida coasts (Cochrane and Kelly, 1986). The front sepa-
rates shelf water from slope water and establishes a sharp
change in water properties such as temperature, salinity,
nutrients, and chlorophyll concentration. The shelfbreak
front is a highly dynamic feature that often meanders. The
meanders can grow to large amplitude and eventually
pinch off to form rings and eddies. A typical example of
the wintertime surface front observed in the Mississippi
Bight is shown in Fig. 1. As shown in the AVHRR satel-
lite image, the wintertime front separates relatively cool
shelf water from relatively warm slope water, following
isobathic contours. As seen from Fig. 1, there is a high
level of mesoscale and sub-mesoscale variability, includ-
ing a warm water intrusion, meanders, and eddies. Ocea-
nographic analysis of a two-year database of in-situ meas-
urements also indicates extremely variable conditions in
the Mississippi Bight region (Vinogradov et al., 2004).
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High frontal variability has significant impacts on the
distribution of physical properties, including heat, mo-
mentum, oxygen, sound speed, sediments, nutrients, car-
bon and possible pollutants both along and across the shelf
(Walsh et al., 1988; Gawarkiewicz and Chapman, 1991).

The goal of this study is to characterize frontal flow
and to quantify cross-frontal exchange of heat in the
Northeastern Gulf of Mexico. In particular, the primary
objective is to examine the impacts of local frontal insta-
bility and bottom topography on eddy heat transport in
the area. There is substantial evidence suggesting that one
of the major causes of frontal variability and cross-fron-
tal water exchange is frontal instability (Joyce, 1980;
Barth, 1994; Gawarkiewicz and Chapman, 1995; Lozier
et al., 2002). One source of instability is the potential
and kinetic energy that is stored in fronts (Boss and
Thompson, 1999). Growing instabilities lead to the de-
velopment of meanders and the formation of cyclonic and
anticyclonic eddies, which become a source of turbulent
(eddy) transport (Csanady and Hamilton, 1988). Eddy
transport is usually accompanied by the exchange of po-
tential energy and momentum between eddies and mean
flow (Orlanski and Cox, 1973; Ikeda, 1981). The trans-
port of tracers, especially heat transport induced by the
eddy field, has received considerable attention recently
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because of its role in total heat budget and climate proc-
esses (Gent and McWilliams, 1990; Stammer, 1998;
Wunsch, 1999). Understanding how eddies could trans-
port water properties is essential due to their significant
impact on boundary currents and coastal circulation
(Jayne and Marotzke, 2002).

Along with local frontal instability, the presence of
changing bottom topography is another factor that influ-
ences the dynamics of frontal flow (Orlanski, 1969; Hsueh
and Cushman-Roisin, 1983; Chapman and Gawarkiewicz,
1995, 1997; Gawarkiewicz and Chapman, 1995; Jiang and
Garwood, 1995, 1996; Kikuchi and Wakatsuchi, 1999).
Depending on what kind of topography is considered, it
can have both stabilizing and destabilizing effects. Quasi-
geostrophic modeling by Chao (1990), Reszka and
Swaters (1999), Mechoso and Sinton (1981) and labora-
tory experiments by Wolfe (2003) suggest that a steep
bottom slope is essential for instability of fronts with an
interface that is inversely correlated with topographic
slope. Three-dimensional cases with outcropping fronts
studied by Jiang and Garwood (1995, 1996), and Chapman
and Gawarkiewicz (1995) show that a steady flow of dense
shelf water becomes dynamically unstable when it is be-
ing transported over the slope. Gawarkiewicz and
Chapman (1995) conclude that steep slopes lead to more
rapid offshore transport of dense shelf water by eddies.

Previous studies show that evolution of the front is
extremely sensitive to a number of factors, such as the
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position of the front, the shape and the depth of the fron-
tal interface, bottom steepness and width of the shelf.
Different combinations of these factors can alter frontal
stability in opposing ways. Therefore, the contribution
of topography should be considered with regard to the
unique frontal characteristics and typical topographic fea-
tures of the area. Mississippi Bight bathymetry is charac-
terized by a relatively gentle continental slope region at
the west and a steep shelfbreak at the east, including the
DeSoto canyon region (Fig. 2). As seen in Fig. 1,
alongshore variation of the bathymetry modifies the po-
sition and the dynamics of the frontal flow. The eastern
side of the shelfbreak front is more variable than the west-
ern end. However, the western side of the domain is of-
ten characterized by an intrusion of warm water (Fig. 1),
which might account for additional cross-shelf water ex-
change.

2. Methods

Frontal dynamics and cross-frontal exchange are
examined through a series of idealized numerical experi-
ments using the Estuarine and Coastal Ocean Model
(ECOM). Frontal instability is simulated in a cyclic chan-
nel using a characteristic front as a reference state. The
choices of frontal characteristics, stratification, and to-
pography represent typical wintertime conditions in the
Mississippi Bight and are based on observations collected
in support of the Northeastern Gulf of Mexico Physical
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Fig. 1. NRL AVHRR satellite image of winter temperature front in the Mississippi Bight at January 25, 2001.
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Oceanography Program (NEGOM). The vertical structure
of the front is shown in Fig. 3. Cold shelf waters are sepa-
rated from warmer, slightly stratified slope water by a
transition region at the shelfbreak. The shelfbreak front
extends from the surface down to a depth of 50 m. Al-
though the shelf water is both colder and fresher than the
slope water, temperature variations dominate in the den-
sity distribution, making the slope water the less dense
of the two water masses.
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Fig. 2. Mississippi Bight bathymetry.
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The ECOM is initialized with the observed cross-
frontal temperature and salinity distributions (Fig. 3) and
geostrophically adjusted velocities. The model is inte-
grated for a 30-day period to allow meanders to develop.
The 30-day integration is a sufficient period for the analy-
sis of frontal instabilities and eddy development (Griffiths
et al., 2000). Instability is examined in terms of meander
growth and eddy formation. To establish whether the
meanders predicted by the model are baroclinic, the
energetics are analyzed. Following the approach described
in Orlanski and Cox (1973), the energy is partitioned into
three components: potential energy, mean kinetic energy
and eddy kinetic energy. Interchanges among these three
forms of energy are calculated at every time step during
model integration.

Assuming the product of seawater density, p,, and
specific heat, C,, is relatively constant, velocity-tempera-
ture covariance reflects the eddy heat flux. Consequently,
the turbulent heat fluxes across the front are calculated
as the space and time average of the product of the per-
turbation velocity and the perturbation temperature

CopV'T

(1)

where V' and T' are deviations from the temporal- and
spatial-mean cross-frontal velocity and temperature. To
compute temperature-velocity covariance (1), the same
averaging is used as in computations of V' and T'. The
values of the mean density and specific heat are chosen
as p, = 1024 kg/m? and C, = 4000 J/kg°C. The cross-
frontal heat flux is computed according to Eq. (1) at every
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Fig. 3. Vertical structure of wintertime shelfbreak front in the Mississippi Bight. Cross-section of temperature (left) and salinity

(right) are based on the NEGOM data.
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Fig. 4. Mississippi Bight area and the ECOM model domain
for the idealized numerical experiments.

time step to analyze temporal variability of the heat ex-
change. To estimate the average heat flux across the front,
a monthly averaged heat flux is calculated based on the
computed time series.

To investigate the effect of the topography on the
frontal dynamics and cross-frontal exchange, five differ-
ent representations of the ECOM bathymetry are consid-
ered with varying bottom slope steepness. The magnitudes
of the slopes are chosen to be representative of the west-
ern (gentle) and eastern (steeper) sides of the Mississippi
Bight bathymetry. For each topographic experiment,
analysis of energetics and cross-frontal exchange are per-
formed according to the procedure mentioned above. Fi-
nally, the results predicted by the idealized model are
compared with the results of more realistic model experi-
ments in order to identify similar physical mechanisms
that control frontal dynamics. Realistic calculations are
based on the results of the real-time Intra-Americas Sea
Ocean Nowcast/Forecast System or IASNFS, designed
at the Naval Research Laboratory at the Stennis Space
Center, MS (Martin, 2000; Ko €t al., 2003).

3. Experiment Design

Frontal stability and cross-frontal heat exchange is
studied through a series of simplified numerical experi-
ments using the ECOM. The ECOM is a three-dimen-
sional, time dependent, sigma coordinate, free surface
model, designed by HydroQual, Inc. Previous studies
prove the ECOM to be a useful tool for studying ocea-
nography in the Mississippi Bight (Vinogradova et al.,
2005), as well as for simulating dynamics of other conti-
nental regions such as the Oregon continental shelf (Allen
etal., 1995), Massachusetts Bay (Blumberg et al., 1993),
and Georges Bank (Chen et al., 1995). A detailed descrip-
tion of the ECOM can be found in Vinogradova et al.
(2005) and HydroQual (2002).

In the current study the ECOM is set up to represent
an ocean domain of 1-km maximum depth, 200-km width
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Fig. 5. Hyperbolic tangent fit to the Mississippi Bight average
bathymetry.

and 300-km length (Fig. 4). The y-coordinate represents
a cross-frontal direction, the X-coordinate is an along-fron-
tal direction and is aligned with isobaths in order to sim-
plify model bathymetry. The Mississippi Bight two-
minute bathymetry is shown in Fig. 2. The reference
ECOM bathymetry is determined from the fit of a hyper-
bolic tangent function (Lozier et al., 2002) to the along-
shore average slope. The fit is given by:

h(y) = Hg +0.5(Hq - HS)§ - tanhéy%m% (2)

where Hg = 20 m is a shelf depth, Hy = 930 m is maxi-
mum domain depth, y,,= 118 km is the location of maxi-
mum slope, and o = 20 km is a lateral extent of a slope,
which controls the steepness of the bottom topography.
The fit is shown in Fig. 5. The ECOM bottom topogra-
phy is uniform along the shelf, deepening gradually from
the shallow continental shelf to the steep slope.

The ECOM horizontal resolution is 5 km. The cho-
sen horizontal grid spacing is sufficient to resolve the
Rossby radius of deformation at the Mississippi Bight
shelfbreak, which is about 20-30 km (He and Weisberg,
2002). There are sixteen layers in the vertical. The verti-
cal increment varies in thickness to accommodate more
resolution near the surface and the bottom. The Coriolis
parameter, f, is allowed to vary with y. As demonstrated
in Wood (1988), the beta effect is important in control-
ling a mean flow induced by frontal disturbances.

The ECOM is initialized with a front, computed
based on the NEGOM wintertime observations and shown
in Fig. 3. Twenty levels in the vertical are chosen to rep-
resent the initial state of the front. No external forcing is
applied to the reference configuration of the model. It is
worth noting that in previous studies (e.g., Gawarkiewicz
and Chapman, 1995), numerical simulations were per-



formed with a highly idealized front, while in this study
an observed front is imposed on the model. The back-
ground (constant) vertical mixing is 1 x 10°° m?/s. The
constant value used in Smagorinsky’s formula for hori-
zontal mixing is 1 X 107! (non-dimensional). The ratio of
viscosity to diffusivity (Prandtl number) is 1.0 for both
horizontal and vertical mixing. The internal time step is
60 seconds and the external step is 6 seconds, which gives
numerically stable solutions for the type of calculation
reported here.

The boundary conditions in the vertical are the con-
ditions at the free surface and the bottom of the basin.
The zero surface flux boundary condition is applied to
the ECOM domain. On the bottom there is no flow nor-
mal to the bottom of the basin and the fluxes of heat and
salt are zero. The bottom frictional stresses are determined
from the logarithmic law of the wall (HydroQual, 2002).
The bottom friction coefficient is set to 2.5 x 1072; the
bottom roughness is 3 x 10~ m. Rigid wall boundaries at
the northern and southern boundaries and cyclic bound-
ary conditions at the east and west sides are applied.

Sensitivity to the bottom topography is analyzed
through a sequence of five experiments with varying bot-
tom topography steepness. For each representation, the
maximum depth of the channel stays the same (Hy = 930
m), whereas the magnitude of the slope increases pro-
gressively. The slopes are referred to as gentle, medium,
reference, large, and steep. The steepness of the slope is
regulated by varying parameter a in Eq. (2). Decreasing
the parameter a makes the slope steeper. The range of
the parameter a and corresponding value of the bottom
slope are shown in Table 1. The magnitudes of the slopes
are chosen to be representative of the western (gentle)
and eastern (steeper) sides of the Mississippi Bight
bathymetry. After the circulation is geostrophically ad-
justed to the initial density distribution, the ECOM is run
for a 30-day period for all topographic experiments.

4. Effect of Local Frontal Instability

4.1 Geostrophic adjustment

Each ECOM experiment begins from rest. In order
for the system to attain the velocity field that is consist-
ent with the specified temperature and salinity distribu-
tions, the ECOM is run diagnostically for 15 days. Fig-
ure 6A shows the adjustment phase during the reference
experiment. During this period the initial zero surface
elevation gradually adjusts toward the prescribed density
distribution. Cold and dense shelf waters have lower sur-
face elevation compared to warmer and lighter slope wa-
ter. A distance 100 km offshore corresponds to the loca-
tion of the model shelfbreak. Figure 6A demonstrates that
the maximum gradient of the surface elevation occurs at
the location of the shelfbreak, which is consistent with

Table 1. Parameter o for a hyperbolic tangent function on the
bottom topographies in Eq. (2) and corresponding values
of the bottom slopes.

Experiment Bottomsslope o
Gentle slope (GS) 8.9x107° 40
Medium slope (MS) 11.9x107° 30
Reference (basic) slope (BS) 17.9 x107° 20
Large slope (LS) 23.9x107° 15

Steep slope (SS) 35.9%x107° 10

the location of the prescribed temperature front.

As can be seen from Fig. 6B, a 15-day period is suf-
ficient for the adjustment. Initial zero velocities become
geostrophic. A steady geostrophic current is formed after
day 10 of diagnostic integration. The current is aligned
with the front and flows eastward. The geostrophic ve-
locities of about 25 cm/s are similar to those observed by
Golubev and Hsueh (2002) in the Mississippi Bight area.

4.2 Frontal instabilities and energetics

The ECOM is initialized with the front shown in Fig.
7A, revealing geostrophic velocities and elevation, and
integrated for a 30-day period. After 10—15 days of inte-
gration the initially zonal structure of the surface front is
perturbed and a wavelike disturbance develops (Fig. 7B).
Notice too that the width of the front narrows. Once es-
tablished, the meanders continue to grow toward the end
of the integration (Fig. 7C). By the end of integration,
the dominant feature is a strong anticyclonic circulation
with associated warm eddies on the deep side of the front.
The initially geostrophic along-shelf current becomes a
narrow meandering jet flowing eastward. Figure 7 also
illustrates the vertical evolution of the front. During the
integration, deep slope water is upwelled onto the shelf
(Figs. 7B and C). Topographic upwelling is also supported
by computed upward vertical velocities.

To understand the nature of the disturbances it is
useful to look at the energetics of the system. This analy-
sis is similar to that described by Orlanski and Cox (1973).
The fields are decomposed into an along-channel aver-
age (Xx-coordinate) and deviation from this field, hence-
forth referred to as mean and eddy fields, respectively. A
mean quantity is denoted by an overbar and a deviation
(eddy) component is denoted by a prime. The same aver-
aging procedure is applied to the ECOM equations of
motion, which results in a new system of equations for
eddy quantities. Integrating new equations over the total
volume yields the evolution equation for the total kinetic
energy of the perturbation flow:

Frontal Stability and Cross-Shelf Exchange in Northern Gulf of Mexico 671
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Fig. 6. Reference run: (A) surface elevation and (B) surface circulation during the geostrophic adjustment phase.
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where (U, V', W') is deviation of the velocity field from
the along-channel average, subscripts denote partial de-
rivatives, p' is density perturbation and A,, A, are coeffi-
cients of vertical and horizontal diffusion, respectively.
For mathematical details of the energy terms derived for
the ECOM equations see Vinogradova (2004).

The interpretation of (3) is that the time rate of
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change of eddy kinetic energy is the sum of: (i) conver-
sion of mean to eddy kinetic energy by Reynolds stresses;
(ii) conversion of potential to eddy kinetic energy; and
(iii) loss of energy by dissipation. In Eq. (3) the energy is
partitioned into three components: potential energy (PE),
mean kinetic energy (MKE), and eddy kinetic energy
(KE"). Total kinetic energy is expressed as the sum of the
mean and eddy kinetic energy. Potential energy is ex-
pressed as a total gravitational potential energy in the
usual way (for example, see Wood (1988) or Orlanski and
Cox (1973)):

e o v g

= MKE +KE' (4)



depth, m

Fig. 7. Reference run: Temperature in the upper 200 m of the ECOM model. (A) initial conditions based on the CTD observa-

tions; (B) 15 and (C) 30 days after initialization.

PE = mp—i pzaV. (5)

To analyze the nature of disturbances, each energy
component and interchanges among these three forms are
computed at every time step according to Egs. (3)—(5).
Figure 8 (middle panel) shows a 30-day time series of
total potential and kinetic energy computed according to
(4) and (5). Potential energy drops during integration due
to lack of supply to the system and due to diffusion of
heat and salt. Total kinetic energy continues to grow to-
ward the end of integration. Note that magnitude of po-
tential energy is considerably larger (of the order of 10%)
than kinetic energy. Total energy of the system follows
the descending trend of the potential energy, which im-
plies that a certain amount of energy is lost through dis-
sipation. The evolution of mean and eddy kinetic energy
is shown in the upper panel of Fig. 8. Kinetic energy of
the mean flow decreases with time, while kinetic energy
of the perturbation flow increases steadily as meanders
grow.

The bottom panel of Fig. 8 shows interchanges be-
tween system energetics computed according to Eq. (3).

Analysis of energetics shows hybrid baroclinic-barotropic
instability of the flow. During the first week of the ECOM
integration, fluctuations are clearly baroclinic: they ex-
tract potential energy from the system by transferring it
from the mean to eddy potential energy, and then convert
it to eddy kinetic energy. The baroclinic conversion term
is large. As potential energy decreases, the baroclinic term
declines. After 10—15 days meanders are established and
the barotropic conversion term comes into play. A nega-
tive barotropic term represents a transfer of energy from
eddy to mean flow by Reynolds stresses. However, due
to the decline of mean kinetic energy and small values of
the barotropic conversion term, intensification of mean
flow by eddies is not significant. The energetics and life
cycle presented here are similar to those found by Griffiths
et al. (2000), Wood (1988), and Ikeda (1981).

4.3 Cross-frontal exchange

Cross-frontal exchange is computed according to Eq.
(1) at 50 m depth, which is the depth of the seasonal
thermocline determined from observations (Fig. 3). Heat
flux for the reference experiment is shown in Fig. 9. A
position of zero on the X-axis corresponds to the position
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Fig. 8. Reference experiment: time series of the energy com-
ponents and the energy conversion terms.

of the front, which is determined as a point of maximum
temperature gradient across the shelf. The values of the
flux are negative to the left of the front and positive to
the right, indicating a cross-frontal exchange between the
shelf and slope waters. Furthermore, temperature
perturbations are negative, T' < 0, on the cold shelf. Thus,
negative values of heat flux imply transport of cold wa-
ter offshore, since the positive direction of velocity is
chosen offshore. In addition, maximum exchange occurs
at the position of the front (Fig. 9), indicating that the
shelfbreak front enhances turbulent heat transport across
the shelf.

5. Topographic Effects

5.1 Meander development

In the reference experiment described above the
ECOM topography represents an average bathymetry in
the Mississippi Bight. Sensitivity of frontal stability and
heat flux to different bathymetric features is examined in
the following section. In particular, the impacts of bot-
tom steepness on frontal dynamics are the subject of in-
terest. Figure 10 shows the temporal evolution of the sur-
face front during 30 days of integration with four types
of bottom topography:

(1) Sea surface elevation over the gentle slope has
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Fig. 9. Reference experiment: Monthly mean turbulent heat
flux at the thermocline depth (50 m).

the greatest magnitude at the start of integration (Fig. 10,
gentle slope, day 1). However, as opposed to the refer-
ence experiment, the amplitude of the cross-frontal dif-
ference in the surface elevation decreases as integration
continues. Toward the end of integration a weak anticy-
clonic eddy starts to develop with a diameter of about 10
km (Fig. 10, gentle slope, day 30).

(2) Similar to the case of gentle topography, during
the first days of integration sea surface elevation over
the medium slope decreases slightly on the deep side of
the surface front (Fig. 10, medium slope day 1-15). How-
ever, in contrast to the case with the gentle topography,
surface elevation rises as integration continues. By the
end of integration, rising surface elevation forms a long
wave with an amplitude of about 20 cm. An eddy starts to
develop on the top of this wave (Fig. 10, medium slope,
day 30). The eddy amplitude of 25 cm is smaller than the
40 cm during reference experiment.

(3) Surface circulation over the large slope is dif-
ferent from the previous two cases. The cross-shelf gra-
dient of surface elevation increases during the whole pe-
riod of integration (Fig. 10, large slope, day 1-30) in a
similar manner as it does during reference experience.
The surface front meanders and several anticyclonic ed-
dies are formed. The eddy diameters are about 20-25 km,
which are bigger than the 10-20 km eddies found in the
experiments with the gentle and medium slopes. By the
end of integration the amplitudes of anticyclonic eddies
grow up to 60 cm (Fig. 10, large slope, day 30), which is
larger than 40 cm found during the reference run. In ad-
dition, several cyclonic eddies are formed on the shallow
side of the front (Fig. 10, large slope, day 30) with am-
plitudes of 40 cm.
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(4) Surface elevation over the steepest topography
has the smallest amplitude at the start of integration (Fig.
10, steep slope, day 1). As integration continues, the cross-
shelf gradient of elevation increases rapidly and reaches
the maximum amplitude of 60 cm on both sides of the
front (Fig. 10, steep slope, day 15). Instabilities at the
surface develop as rapidly as the growth of the surface
elevation amplitude. By day 30 the initial strong zonal
flow is greatly disturbed (Fig. 10, steep slope, day 30).
Both cyclonic and anticyclonic surface meanders are built
up. In addition, by this time meanders begin to travel,
which did not happen in the other topographic experi-
ments.

5.2 Cross-frontal exchange

Figure 11A and Table 2 show absolute values of mean
flux at the frontal position relative to the bottom steep-
ness. Figure 11B examines the relative change of mean

Frontal Stability and Cross-Shelf Exchange in Northern Gulf of Mexico

front flux with respect to steepness. The X-axis is the ra-
tio of the different slopes relative to the reference slope.
The smallest ratio (0.5) is the ratio of the gentle to refer-
ence slope. The largest ratio (2.0) is the ratio of the steep
slope to the reference slope (Table 2). The y-axis repre-
sents the ratio of the mean fluxes for the different slopes
relative to the reference flux.

Mean values of the flux gradually increase as the
slope gets steeper (Fig. 11A). Note the linear relation
between the increase of the slope and the increase of the
mean frontal flux for the experiments with the gentle,
medium and reference slopes (dashed line in Fig. 11B).
The slope of this line is equal to one. When the bottom
slope is reduced by 50% from the reference to the gentle
slope, i.e. changing from a slope value of 17.9 x 10~ to
8.9 x 1073, the value of the mean frontal heat flux is also
reduced by 50%, dropping from a value of 15.8 W/m? to
of 7.7 W/m?2. A similar relation is observed for the ex-
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periment with the medium slope. The bottom slope is re-
duced by 30% from the reference (17.9 x 107%) to the
medium slope (11.9 x 107). This leads to a 30% decrease
of the frontal flux. The 15.8 W/m? value for the reference
flux decreases to 10.3 W/m? during the medium slope
experiment.

The situation is different when the bottom slope is
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Fig. 11. (A) Absolute values of the cross-frontal heat flux at
the thermocline depth (50 m) at the position of the front
and (B) rate of change of the frontal fluxes and seafloor
slopes.

increased relative to the reference slope (Fig. 11B). There
is no linearity between the ratios of fluxes for the refer-
ence, large and steep slope events. The increase of the
bottom slope of 30%, from the reference slope 17.9 x
1073 to the large slope 23.9 x 107, leads to a 130% in-
crease of the frontal flux from a value of 15.8 W/m? to
35.9 W/m?. Another increase of the bottom steepness,
from the reference slope 17.9 x 1073 to the steep slope
35.9 x 1073, i.e. an increase of 100%, results in a 210%
increase of the frontal flux, reaching the maximum value
of 49.0 W/m?2. In spite of a positive correlation between
the bottom steepness and flux values, the relation in
nonlinear. The steeper the slope, the more flux diverges
from the dashed line in Fig. 11B.

6. Comparison with Realistic Model

The effects of local frontal instability and bottom
topography on cross-frontal exchange predicted by an ide-
alized model are compared with the results of the NRL
realistic experiments. Figure 12 shows monthly mean
surface temperature based on the results of the realistic
experiments (NRL model). The temperature front is lo-
cated near the shelfbreak at a depth of 50-70 m with a
mean temperature value of 18.2°C (white line). To com-
pare the cross-frontal fluxes of the ECOM idealistic and
NRL realistic models, the NRL model flux is computed
along a characteristic transect shown by dark dots in Fig.
12. The line of this slice goes across the shelf. The posi-
tive direction of this slice, A, coincides with the direc-
tion of the temperature gradient, i.e. offshore. Similar to
the definition of the ECOM heat flux defined by formula
(1), cross-frontal turbulent heat flux of the NRL model is
then calculated as:

Cppow (6)

where T' is the perturbation temperature along this slice
and V|| is the perturbation velocity in the direction of this
slice. Values of the mean density and specific heat are
chosen similar to those used in the computation of the
ECOM heat flux. The top of the seasonal thermocline
along the characteristic slise of the NRL model is at a

Table 2. Absolute value of the mean cross-frontal heat fluxes at the thermocline depth, computed at the position of the front; and
ratio of the bottom slopes and the mean frontal fluxes relative to the reference state.

Experiment Frontal flux value, W/m® Bottom slope ratio  Frontal flux ratio
Gentle slope (GS) 7.7 0.5 0.5
Medium slope (MS) 10.3 0.7 0.7
Reference (basic) slope (BS) 15.8 1 1

Large slope (LS) 35.9 1.3 2.3

Steep slope (SS) 49.0 2.0 3.1
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Fig. 12. Monthly mean surface temperature based on the results of the NRL model (January 2003, data courtesy Drs. Ko and
Preller, NRL). n is the vector of the cross-frontal direction (direction of the slice). Positive direction of i coincides with the

positive direction of the temperature gradient.

depth of 50-70 m, which is consistent with the
thermocline in the ECOM simulations.

Figure 13 shows the cross-frontal turbulent heat flux
of the NRL model computed according to Eq. (6). A posi-
tion of zero on the X-axis represents the position of the
front where it intersects the slice (see Fig. 12). Similar to
the flux in the ECOM computations, shelf waters are to
the left of the frontal point, whereas slope waters are to
the right of the zero position. The value of the flux at the
frontal point is nonzero, implying that there is heat trans-
port across the front. Therefore, similar to the reference
flux of the ECOM experiments, the front does not act as
a barrier to the heat exchange between the shelf and slope.

Comparison of Fig. 9 and Fig. 13 reveals a similar
behavior of idealized and realistic heat fluxes. Both graphs
show offshore transport of cold water with maximum
transport at the position of the front. The amplitude dif-
ferences between the two fluxes range from 35% at the
frontal position (15.8 W/m? and 45.1 W/m2), to 37% 20-
km offshore (46 W/m? and 122.7 W/m?). The amplitude
difference between the two estimates of heat transport
may indicate the relative contribution of local instability
to the realistic heat exchange. In the NRL realistic simu-
lation heat flux is influenced by many factors including,
for example, variability of the wind, while in the ideal-
ized experiments heat flux is induced by local frontal in-
stability only. To examine this possibility, the mean char-
acteristics of both models solutions are compared. Analy-

150
= NRL model heat fux
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|
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Fig. 13. Monthly mean cross-frontal turbulent heat flux for the

NRL model transect, computed at the depth of thermocline.
Position of the front (zero on X-axis) is shown in Fig. 12.

sis of mean quantities is necessary in order to ensure that
the disturbances in both systems are of the same kind.
The background (mean) currents, which undergo insta-
bilities, should be similar in both models.

Monthly mean velocities simulated by the NRL
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Fig. 14. (A) Reference experiment: Monthly mean along-front velocity for the ECOM experiment. (B) Monthly mean u-compo-
nent of the horizontal velocity of the NRL model at the thermocline depth, 50 m.

model and the ECOM are estimated. The resemblance
between the mean currents in idealized and realistic model
is demonstrated in. Figure 14A shows a monthly mean U-
component of the horizontal velocity for the ECOM ex-
periment. The background flow in the ECOM is an east-
ward flow, aligned with the front (positive X-direction).
The speed of the current is about 0.3 m/s at the surface. It
is located near the shelfbreak and extends up to 300 m
vertically. Surface and thermocline values of the back-
ground current in the NRL model are shown in Fig. 14B.
Aligned with the front shown in Fig. 12, this current also
flows eastward with a speed of 0.3 m/s at the surface.
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Since the background flows are similar in both models,
the assumption about disturbances of the ECOM and NRL
model is valid. Therefore, comparison of Fig. 9 and Fig.
13 provides information about the contribution of frontal
instability to cross-frontal exchange, which is about 35%
of the total eddy heat flux.

The bottom slope/heat flux relation predicted by the
ECOM idealized experiments is also compared with the
NRL realistic model results. The cross-frontal turbulent
heat flux is computed along two cross sections shown in
Fig. 15A. One transect is located over the gentle slope
(left line) and another transect intersects the front on the
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Fig. 15. (A) Position of the topographic slices extracted from
the NRL model and (B) cross-frontal turbulent heat fluxes
along the two slices.

steep side of the domain (right line). Heat fluxes are com-
puted in a similar manner as described in Section 5. They
correspond to the same model time and are shown in the
bottom panel of Fig. 15. Zero on the X-axis is the position
where the transect line intersects the temperature front.
The behavior of the heat flux observed in the ECOM ex-
periments is consistent with that revealed by the NRL
model. The value of the flux at the frontal position across
the steep slope is greater (~180 W/m?) than that across
the gentle slope (~100 W/m?). The positive correlation
between the magnitude of the NRL heat flux and bottom
steepness agrees with the ECOM results.

7. Summary and Discussion

The results show that in the Mississippi Bight the
shelfbreak front is unstable, so even small perturbations
grow into eddies that transport water across the shelf. The
initial flow undergoes three phases of development. The
adjustment process during the first stage is followed by
meander development and growth during the second

phase. Eddy detachment or even jet annihilation in the
simulations is the third phase of the flow development.
In the real ocean, atmospheric conditions such as cooling
during winter, maintain the front, whereas in the
simulations the front is eventually destroyed due to the
lack of external forcing.

Analysis of energetics suggests that baroclinic in-
stabilities are dominant. During the baroclinic phase, eddy
kinetic energy increases at the expense of potential en-
ergy, which is initially stored in the density field. When
meanders are developed, the barotropic phase begins,
which is associated with eddy-mean flow interactions
within the frontal zone. The computed barotropic term
shows that the net energy transfer is from eddies to mean
flow by Reynolds stresses, which suggests that fluctua-
tions could be important to the intensification of the mean
current. Eddy-to-mean energy flux in the Northern Gulf
of Mexico was also documented by Webster (1965), who
analyzed surface velocity data in the Florida Current.

Comparison between realistic and idealized
simulations shows that the contribution of local frontal
instability (baroclinic and barotropic) to total heat flux is
about 35%—-37%. In both models, the values of the flux
reach their extreme (negative) amplitudes at the position
of the front, implying that the front does not act as a bar-
rier but rather enhances the exchange of heat across the
shelf.

The presence of sloping topography affects both fron-
tal stability and heat exchange across the front. There is a
positive correlation between the increase of bottom steep-
ness and flux values. The steepness-flux relation is linear
if bottom topography is gentler than average. The fluxes
exhibit a nonlinear increasing trend with steeper bottom
slope. Over steep topography eddies develop fast and
move offshore rapidly, enhancing the exchange of heat
across the shelf. For the cold shelf water a sloping bot-
tom provides an additional gravitational acceleration com-
ponent, which modifies eddy dynamics (Gawarkiewicz
and Chapman, 1995). The effect is stronger as the topog-
raphy becomes steeper. Steeper bottom slopes lead to
more rapid offshore movement of eddies, therefore en-
hancing cross-frontal water exchange. This was clearly
seen in the experiment with the steepest slope, when ed-
dies reach their finite amplitudes and pinch off. Topo-
graphic effects predicted by the idealized model are sup-
ported by the realistic simulations.
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