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ADDENDUM

The cover shows a model output surface temperature sequence from a Gulf of
Mexico run. The run is identical to Case B3 of Sections 3.1 and 5.3 except the
lateral momentum diffusivity is ten times larger (200 m2/sec). The panels are
30 days apart. The run (with Prandtl number equal to 10) thus approximately
emulates layered models, which generally have small or zero thermal
diffusivity, while having finite momentum diffusivity. The increased lateral
momentum diffusivity reduces the amplitude of paired cool core cyclonic
recirculation eddies that are observed in the western Gulf of Mexico. Increasing
lateral heat diffusivity to 200 m2/sec eliminates them. In such higher diffusivity
cases, the old warm core western GOM eddies elongate along the shelfbreak as
they dissipate. The substantial effects of Reynolds number on GOM dynamics is
discussed further in this report. Color VHS animation of the Case B3 model
results and model output data are available on request.

All GOM runs in this report were done on a Silicon Graphics workstation using
approximately 20 km lateral resolution with 20 layers (83 x 60 x 20 grid) and
depths truncated at 3.5 km. In the South China Sea run (Section 6.1) with
110-element vectors, the model runs at over 205 megaflops on a single Cray
YMP pipe. This is equivalent to less than 2 minutes per layer per model year
with our GOM resolution (comparable to the fastest ocean models). The entire
model vectorizes and over 99 percent of it compiles to parallel vectors. No
modifications of the original SOMS model were required to achieve this full
vectorization and parallelization by the Cray YMP compiler.

The version of the model used here assumes constant horizontal grid increments
while using the actual latitudinal Coriolis parameter distribution. The latitudinal
increment is about 22 km, while the longitudinal is about 18 km. The latter is
slightly less than the minimum (about 19 km) that would occur on a true sphere
at the northern GOM boundary (based on 1/5 degree spacing of the bathymetry
data used). This reduces the port separation between the Yucatan and Florida
Straits by about 10 percent. A fully spherical version of our model is also
available.
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ABSTRACT

To improve coastal and semi-enclosed seas modeling, a new ocean model called DieCAST
(Dietrich-Center for Air Sea Technology) has been developed. In application to the Gulf of
Mexico (GOM), this model gives remarkably similar results to that obtained from the Sandia
Ocean Model System (SOMS) and at a computational speed much faster than SOMS or other
ocean models presently applicable using high coastal resolution.

In this report, the effects of lateral diffusivity, resolution, and other parameters on SOMS
and DieCAST modeled Gulf of Mexico eddies are explored. Results show: (1) that diffusivity
on the order of 100 m2/sec or larger significantly decreases maximum velocity and frontal
intensity, and greatly decreases the amplitudes of modeled paired eddies near the western GOM
shelfbreak similar to those observed; and (2) thart at least 10 km resolution is needed for accurate
modeling of nonlinear interactions and dissipation of paired eddies.

In addition, shelf resolving GOM and northwestern Caribbean simulations show significant
interactions between the deep water and continental shelf flows. Separation of cool positive
vorticity shelf water leads to cold core cyclonic eddies on the north side of old Loop Current
eddies in the western GOM. It also leads to cold core cyclonic eddies that can block Loop
Current penetration and delay or halt eddy shedding. Reducing lateral diffusivities amplifies this
effect. Bottom drag induced secondary flows contribute to this cool positive vorticity shelf
water. Fronts near continental shelfbreaks result from secondary flows and are related to
enhanced western GOM eddy activity. Significant nonlinear interaction occurs between small-
scale shelf processes and mesoscale deep water paired eddies. Recently separated shelf water
can accumulate in nonlinear critical areas, where advection and Rossby wave propagation are
roughly in balance, and organize into larger-scale deep water paired eddies.

The results are supported by many GOM observations including GEOSAT rms sea surface
height anomaly data; mean thermocline and empirical orthogonal functions; the evolution of
vortex pairs in the western GOM; major Loop Current eddy shedding period; shed eddy size,
phase speed, dispersion rate and vorticity; detailed Loop Current and shed eddy structure such as
a shallow cool pool near the top surface and small-scale vertically coherent oscillations of
temperature surfaces under separated Caribbean western boundary current water; and a cool core
eddy on the order of 100 km near the Florida shelfbreak during eddy shedding.

DieCAST is easily relocated to any geographical region of the globe. Preliminary
applications in several regions such as the Mediterranean, South China Sea, Great Lakes, and
Labrador Current are described.

The SOMS and DieCAST models are unique in that they are robust with raw (unfiltered)
real topography and with very low (realistic) dissipation. DieCAST requires about
250 operations per grid point per time step and is stable with a 45 minute time step and 20 km
horizontal resolution in the GOM. It fully vectorizes on the Cray YMP. On a single vector pipe,
this gives over 205 megaflops. Use of parallel multiple pipes should also be efficient, because

over 99 percent of the model calculation compiles to parallel vectors. e o
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1. INTRODUCTION

There is a need for better coastal and semi-
enclosed seas models, particularly of the inter-
action between continental shelf and deep
water flows. The exchange of deep water with
shallow continental shelf water is important in
carbon cycle issues and large-scale circula-
tions as well as in coastal pollution studies and
military operations. Shelfbreak fronts, bound-
ary current separation, and paired counter-
rotating eddies in and near continental shelf
regions play significant roles in this exchange.

There is also a major need for a numerical
ocean model that is easily relocatable to any
given region in the world, and in particular
coastal and semi-enclosed seas. Present
methods to accomplish relocation are not only
complex, but are slow and tedious as well.
These needs have spurred the development by
Mississippi State University (MSU) of the
DieCAST Ocean Model under sponsorship of
the Navy Ocean Modeling and Prediction
Program (NOMP). The development of
DieCAST is an integral part of the MSU
CAST research program under NOMP. Not
only does this research seek to enhance coastal
and semi-enclosed seas (or larger scale) model-
ing efforts, DieCAST is also used by CAST in
its technology support tasks of: (1) Data
Management and Consolidation for Ocean
Model Initialization and Evaluation,
(2) Objective Ocean Model Verification and
Evaluation, (3) Scientific Visualization for
Model Evaluation, and (4) Advanced
Development/Transitions.

In this report, the DieCAST Model is
described in Section 2. The validation and
comparison of the DieCAST and Sandia
Ocean Modeling System (SOMS) models in
the GOM is presented in Section 3. In
Section 4, the results of relatively short time
parameter sensitivity studies with modeled
eddies are discussed. Section 5 highlights
shelf-resolving numerical studies of longer
term GOM circulations using SOMS, includ-
ing extensive and favorable comparisons with
many GOM observations. Finally, Section 6
shows early results with the easily relocatable
DieCAST Model configured for various geo-
graphical regions including the Mediterranean

Sea, South China Sea, Great Lakes, and the
Labrador Current.

2. DESCRIPTION OF THE DIECAST
MODEL

The governing equations upon which the
model is based are as follows:

For longitudinal momentum conservation,
= -ps+ v - Ve (uV )+ (CX urh + (CY uyhy + (KM uzh.

For latitudinal momentum conservation,
vi= <Py - fu-V* (v }+ (CX vi); + (CY )y + (KM v3),.

For intemal energy conservation,
Te=- V+(TV )+ (CX Tag + (CY Ty + (KH T2

For salinity ransport equation,
Se=-V+(SV)+(CX Sxh+ (CY Syh + (KS S:).

For hydrostatic approximation of vertical
momentum conservation,

P, =(p _Ex,y)g'

For incompressibility,
V-v-o

For equation of state,

=p@S,D

The DieCAST Model evolved from the
free-stream submodel of SOMS, which uses
an Arakawa “c” staggered grid, as described
by Dietrich et. al (1987), Dietrich (1992), and
Dietrich (1993). DieCAST is a refined and
extended version of the laterally "semi-
collocated” modified Arakawa "a" grid
approach described by Dietrich et al (1990).
The "a" grid has advantages in lateral-
boundary-fit curvilinear coordinates. These
coordinates have potentially great advantages
in coastal and semi-enclosed seas modeling.

DieCAST is a hydrostatic, incompress-
ible, rigid-lid, partially implicit, fully conserva-
tive ocean and lake model. The numerical
differences from the SOMS model stem only
from using an Arakawa “a" grid instead of the
Arakawa "c" gnd.




DieCAST solves all conservation equa-
tions on a common grid of cell-centered
control volumes. The incompressibility (mass
conservation) equation and pressure gradient
terms, which are the weak points of colocated
grids, receive special treatment as follows.

A special contravariant horizontal advec-
tion velocity is defined by using fourth order
interpolations of the covariant cell centered
results to the conventional staggered Arakawa
"c" grid locations. The incompressibility of
the staggered advection velocity is then satis-
fied by removing the divergence using a hydro-
static elliptic pressure adjustment that is identi-
cal to the method in SOMS and similar to the
one described by Dukowicz and Malone
(1992). The resulting overall advection
scheme for the transport of scalar celi-
centered quantities is identical to SOMS. It is
fully conservative, including quadratic energy
related quantities.

Similarly, the pressure gradient is approxi-
mated by fourth order differences. These use
grid data spaced over four full grid intervals
on the colocated grid. For well-resolved flow
components, these approximations are more
accurate than the standard second order
Arakawa "c" grid approximations using data
spaced over one grid interval.

The less accurate small-scale flow compo-
nents are also robust with the DieCAST fourth
order pressure gradient. As with SOMS,
DieCAST requires very little total dissipation
for numerical stability. Although boundary
points are less accurate, this can be compen-
sated by a lateral-boundary-fit version under
development.

The DieCAST model includes several
features not originally in SOMS. First, nearly
all controlling parameters are read from files
created by a front end program. The only
exceptions are the resolution parameters,
which must match those se: in the front end.
This streamlines DieCAST and avoids the
need to recompile for any parameter changes.

Second, a flexible open lateral boundary
condition procedure has been automated for
all points along the closed rectangular domain
boundary determined by the model resolution

parameters. Points on land are automatically
excluded from this procedure by masking
arrays. The remaining points are treated by a
combination of climatology, modified upwind
and integrated volume flux constraints. This
1s done using a streamlined procedure that can
be vectorized. All boundary values, except
normal advection velocity at the boundary, use
a modified upwind approach with external
values, when needed, specified from clima-
tology. At present, only advection normal to
the boundary is considered, but full upwind
can be implemented. The normal advection
velocity on the boundary is relaxed toward
climatology on a long-time scale. It is also
relaxed toward upstream values on a much
shorter time scale, but only for outflow. A full
upwind approach can be implemented for the
latter, if desired.

3. VALIDATION AND COMPARISON
OF THE DIECAST AND SOMS
MODELS IN THE GULF OF
MEXICO (GOM)

3.1 Extensive Comparison of the SOMS
Model with Observations

The GOM is an extensively observed
ocean basin. It is dominated by a 25 Sverdrup
Loop Current that feeds into the Gulf Stream
after passing through the Florida Strait. The
Loop Current sheds major eddies that propa-
gate westward and dominate the western
GOM circulation.

Previously, the SOMS Model has been
successfully applied with high lateral resolu-
tion (263 m) to Lake Neuchatel (Dietrich and
Zuur, 1990) and demonstrated grid conver-
gence in resolution sensitivity experiments
with a prototype ocean problem (Dietrich, et
al, 1990). SOMS was also recently applied to
a series of GOM studies as described by
Dietrich and Lin (1993) and in Section 5 of
this report.

Here we compare Case B3 of Section 5
extensively with observations. Further details
are given in Section 5. Case B3 uses 20 layer
vertical and 20 km horizontal resolution and is
run for seven model years with prescribed
time independent inflow into the Caribbean
patterned after observations (Schmitz and




Richardson, 1991). Open outflow conditions
are prescribed in the Florida Strait. Local
wind forcing and thermohaline effects are
ignored. Inflows are switched on full ampli-
tude the first time step. The results show shed
eddy size (300 km), phase speed (4 cm/sec),
and mean shedding period (254 days) that are
close to observations and theory.

Figures 1 through 5 compare various
aspects of a single model run (Case B3) with
corresponding observations. For a discussion
of our approach to contouring graphics, see
Appendix I to this report. Figure 1 compares
model results with rms sea surface height
anomaly derived from satellite altimetry.
Major features are in close agreement.
Figures 2 and 3 compare the mean
thermocline and empirical orthogonal func-
tions (EOF) derived from the full history of
available GOM data. Only winter data is
included, because the winter surface mixed
layer corresponds to the zero surface strati-
fication resulting from the insulated surface
condition used by the model. The model
accurately simulates the mean thermocline.
The model's deep water temperature is 6°C in
both the initial conditions and the water
entering the Caribbean, rather than the 5°C
observed. The linear equation of state used in
this study gives a bottom density at 6°C equal
to the true nonlinear value at 5°C.

Figure 3 compares model EOF modes for
verticat temperature profiles, derived from
Case B3, with the EOF modes derived from
observations (Ko, 1992). The observations
are derived from all available seasonal data in
deep water locations. Above 500 meters
depth, the model functions are quite similar to
those observed. Remarkable is the agreement
of the higher order modes 4 to 7 in this region,
because they contain relatively little energy
and thus are most susceptible to observation
errors. This agreement suggests that the obser-
vation errors have little effect even on these
modes, so the EOFs from observations are
probably quite reliable. It also shows that
deep water wind driving effects, not included
in the model simulations, are quite secondary,
because the response to wind driving is mainly
in a thin mixed layer with highly time
dependent thickness. The main difference
between the model functions and those

observed is that the model functions generally
have larger amplitudes in the 500 to 1500 m
depth range. This is a region where the model
thermal stratification is less than the observa-
tions, because of the initial and boundary
conditions used, which can favor stronger and
deeper eddies resulting from baroclinic
instability.

The Figure 4 series (a through c) com-
pares model results with a very extensively
studied eddy (Forristall, et al, 1992), and
shows that even secondary features are realis-
tically represented in the model. Figure 4a
shows a vertical cross-section of a recently
separated Loop Current eddy from Case B3.
The structure revealed is typical of recently
shed eddies in the model results. It is strik-
ingly similar to the cross-section from the fast
eddy shown by Forristall, et al (1992). This
similarity even includes such details as the
amplitude and location of the kink in the
isotherms in the outer part of the Loop
Current (for example, the 8 and 7 degree
isotherms change depth O(50)m in about 30
km distance in cross-sections through the
central part of the eddy), and the shallow pool
of cool water (upward bending 26°C isotherm
and downward bending of the below 26°C
isotherms). The cool surface water above the
warm central core is also evident in results
presented later. Although the observed eddy
1s quite asymmetric because of its recent
smaller ghost eddy shedding, previous
observations of recently shed eddies (Elliott,
1982; Kirwan and Lewis, 1987) generally
show similar structure.

The thin strongly stratified surface layer
in the observations does not occur in the
mode! results. It is a result of summer heating
not included in the model simulation. Such an
increased stratification layer can have signifi-
cant effect on eddy shedding.

There are many interesting features in the
Figure 4 series. The upward bowing of the
26 degree isotherm in Figure 4a probably
reflects the broad upwelling in the upper
levels of the Loop Current core indicated by
Figure 4b. (Vertical velocity is negative for
upward motions.) During the Loop Current
northward penetration, this bowing increases
along with maximum Loop Current speeds,




R
%
Q2
o
X
e2elossy
X

L0
% : SR
X 250 >3
o .~:;E? SOMS MODEL
% X & Years 3-6
3 : j
I.
0 oo bbb bbb
o8w asw 84w a2w aow

JON

28N

26N 26N

C
28N |z P4 r\\_
(@

24N

24N

I
2 —
22N \K -
20N Q

\

22N

GROSAT OBSERVATIONS 20N
11/86 to 10/88

t t i
1 ] 1 18N

18N

Figure 1. Comparison of model and observed RMS sea surface height anomaly. Both plots have
a 2.5 cm contour interval. To obtain rms height in centimeters multiply the single-digit contour
labels by 2.5. The model equivalent sea surface height is derived hydrostatically from top level
pressure.




Temperature (°C)
0 5 10 15 20 25 30

S00 -

1007 -

1500 -

2000 -

Depth (m)

2500 -

3000 -

3500

Figure 2. Comparison of model and observed
winter time vertical temperature profiles.
These are laterally and time averaged.
Standard deviations are also shown. The
thermally insulated free surface condition
used in this particular calculation results in a
well-mixed surface layer profile.

especially during the late stages just before
eddy separation. Although upwelling occurs
in the central core, leading to locally cool
upwelling water, the lownwelling of cooler
water recently sepaiated from the Yucatan
Shelf near the outer edges of the Loop Current
also shown by Figure 4b, results in a net
decrease of potential energy consistent with
the increased kinetic energy. There is net posi-
tive pressure work because the divergence at
the surface occurs at higher pressure than the
convergence into the core below. Although
baroclinic instability can occur at the Loop
Current front, this potential energy reducing
direct circulation is not clearly related to
baroclinic instability, because it involves
Yucatan Shelf boundary current separation.

This implied quasi-axisymmetric vertical
circulation in the upper levels of the Loop
Current is very likely consistent with quasi-

geostrophic dynamics governed by the omega
equation (Dietrich and Lin, 1993). For such
consistency, bottom drag and vertical diffu-
sion terms must be appropriately included in
the forcing function, as explained below.

The Yucatan shelf bottom boundary layer
is dominated by a balance among bottom drag,
Coriolis acceleration, and pressure gradient
forces. For high Reynolds number flow, it
separates near the westward bend of the
Yucatan depth contours. The bottom drag
thus disappears quickly. This leads to high
frequency oscillations and a net westward dis-
placement of the separated water. The oscilla-
tions are not of much interest because their
energy disperses rapidly, and they lead to little
net displacement on general circulatior time
scales. While the omega equation filters them,
it is useful for interpreting observations. It
includes longer term effects such as the net
westward displacement which is accompanied
by sinking of the coolest water from the
Yucatan shelf near the Loop Current front.
Thus vortex stretching occurs. Positive
vorticity advection limits this sinking, so the
front does not disappear. A similar phenome-
non occurs when the Florida shelf water sepa-
rates just upstream of the Florida Strait. Thus,
there is a net outward movement from the
upper Loop Current core, which increases the
velocity in the separated Loop Current
because of the Coriolis terms and creates a
shallow upper level pool of upwelled cool
water.

The aforementioned vertically coherent
kink in the isotherms underlies the separated
Caribbean western boundary current water.
This is shown by the vorticity distribution in
Figure 4b, which clearly indicates the positive
vorticity water recently separated from the
Yucatan shelf. As noted above, the separated
water is locally unbalanced, resulting in
locally strong downwelling, which changes
the pressure throughout the water column
because of the hydrostatic relation. This
requires geostrophic adjustment in deeper
water, leading also to vertical circulation.
The vertical circulation is amplified by the
reduced deep water stratification, as governed
by the omega equation. This is shown by the
vertical velocity in Figure 4b. Further, the
separated boundary water has locally large
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vertical gradients of vorticity and density
advection, with small lateral scale. Under
such conditions, the maintenance of quasi-
geostrophic flows by vertical motions, gov-
erned by the quasi-geostrophic omega equa-
tion, implies overturning with small lateral
scale. The details of the resulting vertical
motions depend on time and angular location
around the shed eddy, so exact correspon-
dence with observations in Figure 4a is not
expected. However, qualitative correspon-
dence reflects the realistic behavior of the
SOMS model even for these detailed features.

Larger scales become more dominant as
the separated Loop Current eddy moves away
from the Yucatan. This is indicated by
Figure 4c. The deep water vertical motions
are consistent with a dominant beta term in the
omega equation.

Figure 5 compares Case B3 results to
observations of a paired eddy formation in the
western GOM reported by Brooks and Kelly
(1986). They are qualitatively similar to other
eddy interactions with the western GOM
shelfbreak in the Case B3 discussed later.
Case B3 is characterized by low lateral
diffusivities (20 m2/sec) and 25 Sverdrups
volume flow rate into the Caribbean. This
gives an O(104) Loop Current Reynolds
number. The good comparison is remarkable
because the model calculation assimilated no
real data. These extensive model comparisons
with observations make Case B3 one of the
most extensively validated runs ever in ocean
modeling.

The SOMS model gives these realistic
GOM results with reasonable computing
requirements. These results were calculated
using one processor of an SGI 4D/340 GTXB
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Figure 4c. Vertical cross-sections showing warm-core eddy structure at day 2025, and at the

same locations as in Figure 4b.

Workstation. Such single processor runs
SOMS at about 5 megaflops, compared to the
O(500) megaflops now obtainable on super-
computers. The computing cost, with the reso-
lution used, is about 20 hours per model year.

3.2 Comparison of the SOMS and
DieCAST Models

Figure 6 compares SOMS and DieCAST
results for Case B3. Neither model assimi-
lates data and both use the same initial/
boundary conditions, resolution, and physical
parameters. Thus, the difference between the
two is a measure of the truncation error differ-
ence between their grids. The first three major

Loop Current eddy shedding times agree
within a few days (near days 570, 900 and
1210). Even secondary features are similar
through the first three model years and nearly
identical through the first eddy shedding
cycle. The major eddy-scale advection time
scale is O(10) days. Thus, the remarkable
similarity even after O(1000) days supports
the quality of both models, as well as the
extensive data used in their validation. It also
suggests that if the boundary and initial
condition errors are known with errors smaller
than the truncation errors of these runs, the
GOM might be quite predictable through at
least two eddy shedding cycles.
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Figure 5. Paired eddy formation near the western GOM shelfbreak; observations and model
results with no data assimilation. The observations are 80 days apart, whereas the model results
are 75 days apart (Days 1935 and 2010 from Case B3). The maximum velocity in the region
shown in the results is about 50 cmi/sec. The model results are from a seven-year simulation of
the full GOM driven by realistic annual average Caribbean inflow.
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Figure 6. Intercomparison of SOMS and DieCAST models in the Gulf of Mexico. Rigid-lid
pressure (converted hydrostatically to free surface height anomaly) contours and velocity

vectors are shown.
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In Figure 6 DieCAST gives realistically larger
maximum Loop Current velocities, while the
total pressure range is slightly smaller than
from SOMS. Apparently, DieCAST gives
slightly more intense Loop Current fronts with
the 20 km resolution used. Thus, fronts which
contain a range of scales as in the Fourier
series of a step function, appear slightly better
represented by DieCAST. SOMS could also
be improved by using analogous fourth order
pressure gradient approximations, but the
improvement would be limited by the
accuracy of the Coriolis terms even with the
fourth order interpolations used.

3.3 Further Discussion

In concluding this section, observations
include an extensive base of time dependent
aspects of GOM general circulation as well as
detailed instantaneous snapshots. The close
agreement of SOMS with these observations,
even with steady inflow conditions and no
transient data assimilation, shows that the
natural time dependencies that develop
spontaneously with SOMS are very similar to
the observed ones. This supports the dynamic
similarity of SOMS and GOM. Such
similarity is critical to the reliable and useful
application of ocean models.

The close agreement of O(1000) day
simulations in GOM between the Arakawa "c"”
staggered grid SOMS and the Arakawa "a"
semi-colocated grid DieCAST shows that the
truncation error has secondary effect on major
time dependencies for at least O(1000) days in
both models. Thus, we have shown that
two full primitive equation ocean models are
dynamically similar to each other, as well as
to the real GOM even though they use entirely
different finite difference approximations
because of their different grids.

DieCAST is simpler and requires less
computation per time step than SOMS. It is
also more stable with substantially longer time
steps, because the closest data used in the
pressure gradient approximation is two grid
intervals apart, which reduces the frequency of
the smallest scale resolved internal waves
compared to SOMS. In the present GOM
simulations, the combination of reduced com-
putation, per time step and longer time step,

give about 30 percent net savings. (The time
step increase depends on the ratio of the
fastest flow velocity to the fastest internal
wave speed.) Of course, the spatial accuracy
of the smallest resolved scales is reduced
compared to the Arakawa "c" grid approach
even with the higher order approximations
used. About 80 megaflop-hours calculation
per model year are required with 20 km
horizontal resolution and 20 layers (83 x 60 x
20 grid) in the GOM simulations.

4. MODEL PARAMETER SENSITIVITY
STUDIES USING GOM EDDIES

Dietrich et. al. (1990) and Dietrich (1992)
studied the effects of lateral diffusivity and
resolution on a prototype flat bottom closed
rectangular ocean basin using SOMS. The
results showed that 20 km resolution is
adequate for typical eddies with scale O(100)
km, and that lateral diffusivity greater than
100 m2/sec leads to significant damping.

Dietrich and Lin (1993) showed that
20 km resolution is also adequate for model-
ing eddy shedding in an idealized GOM with
flat bottom and ports patterned after the
Florida and Yucatan Straits. They also
showed, by analysis of the quasi-geostrophic
omega equation for vertical velocity, that
buoyancy can significantly affect vortex
stretching. They also analyzed results with
realistic GOM topography, using 16 levels
vertical resolution and discuss the dissipation
of GOM eddies. Although a stretched (log-
linear) vertical coordinate was used, only two
levels are used to resolve the top 200 meters,
with nearly linear vertical resolution below
200 meters.

More recently, as shown in Section 5,
higher vertical resolution can be employed to
resolve dissipative GOM continental shelf
processes. Twenty levels are used, with levels
more concentrated near the top. The top level
horizontal velocity, pressure, and density are
10 m from the surface. A vertical grid
expansion factor of 1.19 is used to determine
the 20 layer interfaces (21, 46, 75, 111, 153,
203,..., 2920, 3500 m). Thus, six layers
resolve the top 200 m, so the continental shelf
is adequately resolved.




In Section 5, we will show that vorticity
creation and secondary vertical circulations
near shelfbreaks can strongly affect the
interior GOM long-term general circulation.
Notably, reducing lateral diffusivity, below
the range normally used, can stop the Loop
Current eddy shedding that dominates the
GOM general circulation. This is caused by
increased separation of cool positive vorticity
water from the Yucatan shelf, which blocks
the Loop Current (warm core negative
vorticity) water northward penetration needed
for eddy shedding. '

Here, we explore the effects of lateral
diffusivity and resolution on central and
western GOM eddies in relatively short model
simulations. A primary focus of these
parameter sensitivity studies is their effects on
cool core cyclonic eddies that form when old
warm core anticyclonic Loop Current eddies
approach the western GOM shelfbreak.
Observations by Brooks and Kelly (1986)
show an old warm core Loop Current eddy
approaching the western GOM shelfbreak,
leading to the formation of a paired cyclonic
eddy over a period of about 80 days. This is
followed by eastward movement of the old
warm core eddy, and then, by its return to the
shelfbreak region on a longer time scale. The
Case B3 model results between days 1935 and
2010 are quite similar as shown in Figure 5.

In Sections 4.1 and 4.2, we examine the
effects starting with the Case B3 results at day
1800 for initial conditions in all cases. Later
(Section 5.3) we discuss B3 in great detail. In
Section 4.3, we study resolution effects on an
isolated eddy, in a closed rectangular basin,
with latitude-independent western basin
continental shelf patterned after the GOM.

4.1 Lateral Diffusivity Effects on Paired
Eddy Formation

A common practice in modeling is to use
the smallest eddy diffusivity consistent with
numerical stability for a given resolution.
This often reflects the fact that smaller diffu-
sivities are more realistic. Sometimes, even
scale selective filters are used to reduce
unphysical damping of adequately resolved
flow components.
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With DieCAST, there is no need to use
larger-than-realistic eddy diffusivity purely for
numerical stability purposes. Indeed, using
conventional ocean model diffusivities with
our model eliminates certain observed features
such as paired cyclonic eddy formation in the
western GOM.

Thus, DieCAST's effective numerical
diffusion and dispersion are of interest. The
total numerical diffusion and dispersion
includes numerical effects associated with
averaging processes used in the control
volume formulation, as well as the model's
explicit diffusion and internal wave terms. All
ocean models exhibit numerical diffusion and
dispersion effects except in the limit of infinite
resolution. Diffusion and dispersion effects
can appear similar. For example, both decrease
the intensity of fronts and associated currents.

Figure 7 series (a-e) show the effects of
lateral diffusivity on model simulations
initialized by Case B3 results at day 1800.
The intermediate diffusivity results shown are
from Case B3 in Section 5. This is one of the
most extensively validated single runs in
ocean modeling. Besides the paired cyclonic
eddy formation, a large number of observa-
tions are in close agreement with the model
results, (Dietrich and Lin, 1993), including
spatial distribution of rms sea surface height
time variance from satellite measurements;
major Loop Current eddy shedding period;
shed eddy size, phase speed, decay and
dispersion rate, and vorticity; detailed Loop
Current and shed eddy structure (penetration
depth, cool pool near surface, and vertically
coherent kink under separated Yucatan bound-
ary current); small cool core eddy along
Florida shelfbreak just before eddy shedding;
small-scale eddies and waves along the Loop
Current front; major Loop Current penetration
along the Florida shelfbreak after eddy
shedding; mean thermocline structure; and
empirical orthogonal vertical structure
functions including higher order modes.

To determine whether similar paired
cyclonic eddies develop when larger values of
lateral diffusivity are used, we did a similar
calculation starting with the Case B3 results at
day 1800 for initialization. The only differ-
ence from Case B3 is the increased lateral




Figure 7a. Day 60 Top Layer Pressure and
Velocity.

Top Panel--lateral diffusivity = 2 m/sec,
maximum velocity = 104.9.

Center Panel--lateral diffusivity = 20 m2/sec,
maximum velocity = 101.2.

Bottom Panel--lateral diffusivity = 200 m2/sec,
maximum velocity = 79.4.
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Figure 7b. Day 120 Top Layer Pressure and
Velocity.

Top Panel--lateral diffusivity = 2 m?2isec,
maximum velocity = 115.5.
Center Panel--lateral diffusivity = 20 m2/sec,

maximum velocity = 112 8.
Bottom Panel--lateral diffusiviry = 200 m2/sec,
maximum velocity = 83.3.




Figure 7c. Day 180 Top Layer Pressure and
Velocity.

Top Panel--lateral diffusivity = 2 m2/sec,
maximum velocity = 112.5.

Center Panel--lateral diffusivity = 20 m2/sec,
maximum velocity = 99.6.

Bottom Panel--lateral diffusivity = 200 m2/sec,
maximum velocity = 81.4.
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Figure 7d. Day 210 Top Layer Pressure and
Velocity.

Top Panel--lateral diffusivity = 2 m/sec,
maximum velocity = 106.5.
Center Panel--lateral diffusivity
maximum velocity = 91.9
Bottom Panel--lateral diffusivity = 200 m2/sec,
maximum velocity = 804.

20 m2isec,




Figure 7e. Day 180 Top Layer Temperature.
Top Panel--lateral diffusivity=2 ml/sec.
Center Panel--lateral diffusivity =20 m?2/sec.
Bottom Panel--lateral diffusivity = 200 m2/sec.
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diffusivity from 20 to 200 m2/sec at day 1800,
giving a Loop Current Reynolds number
0(103). We also ran an experiment with
lateral diffusivity decreased to 2 m2/sec, giv-
ing a Loop Current Reynolds number O(105).
The smallest diffusivities give a large cell
Reynolds number O(104), which is not
numerically acceptable for most applications
(Roache, 1976) because of possible contami-
nation of large scale effects by nonlinear
interaction with energetic small scale flow
components. However, energy dissipation by
bottom drag, dispersion by internal waves,
numerical dispersion and dissipation effects,
and the quasi-linear behavior of large-scale
ocean flows tend to limit accumulations of
energy in poorly resolved flow components.

The results of these experiments are
summarized in Table 1, which shows the
variation of maximum current speeds with
specified lateral diffusivity. All cases use the
same initial conditions (from Day 1800 of
Case B3), thus the time is relative to
Day 1800. The Table 1 data imply that the
effective numerical diffusivity is less than
0(100) m?2/sec; otherwise, less effect of
decreasing the lateral diffusivity would occur.
The Figure 7 results show that 200 m2/sec
diffusivity is too large to model the observed
paired eddy formation and also leads to signifi-
cant reduction of Loop Current front intensity
in less than 15 days. Separation of cool,
positive vorticity water from the shelf region,
needed to get the observed paized eddies, does
not occur with 200 m2/sec diffusivity.
Instead, the positive vorticity spreads along
the shelfbreak as the warm core elongates.
The smaller diffusivities also result in
realistically larger maximum velocities and
more concentrated fronts. These results show
that such small diffusivity is needed to model
the observed paired eddies.

Figures 7a-d show top layer P and V
vectors for days 60, 120, 180, and 210. The
maximum velocity is given in cm/sec for each
panel. P is given in units of equivalent free
surface height anomaly in centimeters.

All cases shown use equal momentum and
thermal diffusivity. To emulate Lagrangian
layered models, such as used by Hurlburt and




Table 1. Effects of Lateral Diffusivity on Maximum Velocity

Lateral Diffusivity

Time/ 2 m2/sec 20 m2/sec 50 m2/sec 100 m2/sec 200 m2/sec
Days my/sec m/sec m/sec m/sec m/sec
15 95.7 94.6 92.9 90.3 85.5
30 94.6 93.5 91.9 88.6 81.2
45 102.7 99.2 94.4 86.6 80.3
60 104.9 101.2 94.7 87.6 79.4
75 95.9 94.2 90.2 88.7 82.0
90 109.0 102.0 96.2 93.2 83.0
120 1158.5 112.8 102.6 97.3 83.3
150 1139 112.4 105.3 94.4 79.3
180 112.5 99.6 89.4 85.8 814

Thompson (1980), one must use zero thermal
diffusivity. To approximate this condition, we
repeated the above experiment with
200 m2/sec momentum diffusivity and
20 m?2/sec thermal diffusivity. This gives
paired eddy formation similar to the lower
diffusivity experiments shown in the Figure 7
series; however, both the old warm core eddy
and the paired secondary eddies are less
intense.

The difference between the lowest
diffusivity used of 2 m2/sec and the intermedi-
ate 20 m2/sec case is much less than the
200 m?/sec case and the 20 m2/sec case.
However, longer term results such as shown in
Figure 8 indicate that the case with 2 m2/sec
diffusivity compares best with the Brooks and
Kelly (1986) observations. The paired
cyclonic cool core eddy is slightly more
intense. In both cases, the old warm core
anticyclonic eddy is advected eastward by the
cool core eddy. However, it returns to the
shelfbreak region, similar to the observed
eddy, but only in the lower diffusivity case. In
the higher diffusivity case, it merges with an
incoming new warm core eddy before return-
ing to the shelfbreak region.

The small difference between the two
lowest diffusivity calculations is not surpris-
ing, because the Reynolds number based on
the eddy scales is very large in both cases,
indicating very small diffusivity effects. How-
ever, results in Section 4.3 suggest that
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increasing lateral resolution t¢ 10 km might
lead to more significant differences.

4.2 Other Dissipative and Dispersive Effects

Our use of small lateral diffusivities
raises the question of what is our effective
lateral diffusivity? Or, what lateral diffusivity
would affect front intensity and maximum
velocity in a way similar to the combined
effects of our lateral diffusivity and numerical
effects? Effective values O(100) m2/sec or
larger would be inconsistent with the Figure 7
series results. To address this, we performed
experiments to assess numerical effects that
could act like increased lateral diffusivities.

Our time filter weight parameter (FLTW)
described by Roache and Dietrich (1988)
could have a diffusivity-like effect in transient
flows. We apply a weak time filter at the end
of each time step by taking a weighted aver-
age of the leap frog intermediate value, and a
time filtered value equal to the average of the
forward and backward values. The result is
used for the initial value for the next leap frog
time step. This is similar to the Asselin
(1972) filter and is analyzed by Roache and
Dietrich (1988). Case B3 uses FLTW = 0.1
(90 percent leap frog plus 10 percent filtered),
as do all other cases except the one shown in
Figure 9. Figure 9 shows results using
FLTW = 0.5. Comparisons with Case B3
results (Figure 7) shows that the time filter has
little effect on the dominant time scales in
these calculations.




= 2

.

day 255: max vel = 92.5

lateral
diffusivity
m’/sac

lateral
diffusivity
= 20 m’/sec

day 315: max vel = 109.3

Figure 8. Longer term lateral diffusivity effects. Similar to Figures 7a-d except that days 255
and 315 are shown for the two lower diffusivity cases.

Our fully implicit backward treatment of
the Coriolis and vertical diffusion terms could
also have a diffusivity-like effect. Accord-
ingly, we did an experiment with a non-
damping trapezoidal (half implicit) treatment
of the Coriolis terms. Figure 10 comparisons
with Figure 7 show that the time damping
associated with the backward differencing
used in Case B3 has very little effect.

Probably the largest numerical diffusivity-
like effect results from the interpolations used
in evaluating the Coriolis terms. This effect
increases with decreasing time step. Thus, we
performed an experiment with a time step of
18 instead of 36 minutes, as shown in
Figure 11. Comparisons with Figure 7 shows
noticeable effects, but these are less than the
effects of increasing lateral diffusivity to more
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conventional values (O(100)m2/sec or larger).
This implies interpolations used for the
Coriolis terms have little effect, especially
with the 36 minute time step used. Dietrich
(1993) shows that dispersion errors in the
popular energy conserving Arakawa scheme
used by "c" grid modelers are much larger
than the errors in the present scheme.
However, it is also clear that the present
scheme would benefit by using a larger time
step, which requires implicit internal wave
treatment not in the present model.

In summary, the most realistic physical
behavior occurs when smaller than
0O(100) m2/sec lateral diffusivity is used by
DieCAST, which has relatively small
additonal numerical dissipation.
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Figure 9.
Parameter.
Case B3 in Figures 7a-c except the time filter
parameter is 05.

Effects of FLTW Time Filter
Like intermediate diffusivity

MAX VELOCITY (cmisec)
Day :
60 101.1 1012
120 112.8 112.8
180 99.7 99.6

Day 180
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Figure 10. Effects of fully implicit (backward)
Coriolis treatment. Like Case B3 in
Figures 7a-c except non-damping trapezoidal
(half implicit) wreatment is used for the
Coriolis terms instead of fully implicit
treatment.

MAX VELOCITY (cmisec)

Day  Present Cgse  Cuse B3
60 104.1 1012
120 1035 112.8
180 91.3 99.6




Figure 11. Effects of interpolations in
evaluating Coriolis terms. Like diffusivity
Case B3 in Figures 7a-c except the time step
is reduced to 18 minutes instead of

36 minutes.
V [ /
Day Y
60 96.6 1012
120 97.5 112.8
180 105.1 996

4.3 Resolution Effects

To reduce the calculations required, we
use a smaller rectangular basin to address
resolution sensitivity. The basin modeled is
860 km wide, corresponding roughly to the
western GOM. Its latitudinal extent is
1200 km, slightly larger than the western
GOM. An idealized latitude-independent
western continental shelf is specifiea. Its
structure is indicated in longitudinal cross-
section plots discussed below. The depth is
3500 m everywhere else.

Instead of specifying a drag coefficient to
paramaterize t:..om boundary layer effects,
we Jse a non-slip condition and vertical diffu-
sivities which are largest at the bottom and
decay away from it. A bottom value of
100 cm2/sec and a vertical decay scale of
100 m are prescribed. This allows the calcula-
tions to resclve a continental shelf Ekman
layer without having significant deep water
effects. The flow is entirely determined by
initial conditions, since the basin is closed and
there are no wind stress/thermohaline effects.

The initial temperature distribution is
determined from the first eddy shed by the
Loop Current of the Case B3 simulation soon
after shedding (day 600). A window of data
containing the eddy is first transplanted to the
eastern part of the rectangular 860 by 1200 km
basin. The transplanted data is then extended
outside the window in the new 860 by
1200 km rectangular basin.

The initial temperature extension is done
as follows. A two-dimensional Laplace
equation is solved for temperature at each
level. Temperature at the window boundary
provides Dirichlet inner boundary conditions
for the extended region. In deeper layers, the
window becomes irregular as it fills with
bottom topography. Insulated conditions are
specified on the rectangular outer large-basin
boundary. (Even reasonable Dinchlet condi-
tions, such as specified constant temperature
equal to the mean on the window boundary,
can result in substantial breakup of the eddy as
it propagates westward in the larger domain.)




Figure 12 shows the resulting initial top
level temperature, while Figure 13 shows the
initial temperature in a longitudinal/vertical
cross-section near the center of the eddy.
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Figure 12. Initial Top Level Temperature.
Contours show the horizontal structure of the
transplanted GOM eddy used to initialize the
resolution sensitivity study. Boundary tick
marks show the lower resolution grid line
locations. This is 20 km resolution with a
43 x 60 grid. The higher resolution case uses
10 km resolution with an 86 x 120 grid.

The initial velocity conditions are also
transplanted from the GOM window to the
rectangular basin. Outside the window, the
initial velocity is zero, but it quickly adjusts to
the relatively weak pressure gradients outside.
The resulting eddy remains coherent and
propagates in a manner similar to the Case B3
calculations.
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Figure 13. Initial Longitudinal Temperature
Cross-Section Near Eddy Center. Vertical
structure of transplanted GOM eddy used in
initialized resolution sensitivity study.
Boundary tick marks show the expanding
vertical grid used in the lower resolution case.
This is 20 levels with top layer being 20.9 m
thick. The double resolution case is 40 levels
with top layer being 10.0 m thick and the
second layer being 10.9 m thick, every second
level exactly matches the corresponding level
of the lower case.

We found “hat transplanting only the top
1000 m of the <hed eddy into a 1000 m deep
basin results i <c:-aration of substantial parts
of the eddv. ¢+ :hough the deep water flow
is weak. Thi. mooaies that deep water vortex
stretching is an unportant part of the eddy
dynamics. which 1s a result of reduced deep
water stratification as discussed later. We
have also found that the long term eddy
dynamics near the shelfbreak are significantly
affected by the reduced longitudinal extent of
the basin, because circulation of the vorticity




around the basin occurs more rapidly.
However, the goal here is not to mimic actual
GOM conditions, but simply to explore
resolution effects.

The Figure 14 series (a. Days 30, 60, 90,
120, 150, 180, 210, and 240/ b. Days 90 and
180) show the evolution of the initial warm
core anticyclonic eddy as it propagates
westward and interacts with the western
shelfbreak, resulting in the generation of
paired cool core cyclonic eddies. The results
are shown for 20 km resolution with 20 levels
and 10 km resolution with 40 levels. These
results show that higher resolution results in:
a more intense eddy front and other small-
scale nonlinear features (especially evident in
Figure 14b); increased maximum velocity,
especially during nonlinear interaction and
dissipation in the shelfbreak region; stronger
intensification of the original warm core eddy
near the shelfbreak; and a longer lasting warm
core eddy. However, the deep water eddy
propagation speed is affected very little.

The Figure 15 series shows vertical cross-
sections from both 20 km and 10 km
resolutions. The day 30 panels of Figure 14
show the locations of these cross-sections.
With 10 km resolution, small-scale secondary
vertical circulation results in the intensifica-
tion of the warm core eddy front (see
Figure 15a). This is reflected by the increased
velocities shown in Figure 14 (Day 60).

Small-scale effects are more evident in
vertical velocity than in other fields, because it
is related nonlinearly to the density field,
while horizontal velocity and pressure are
related linearly according to quasi-geostrophic
dynamics. Even density appears less domi-
nated by small-scale features; this is probably
because the horizontal velocity tends to be
nearly parallel to temperature contours thus
decreasing the magnitude of the nonlinear
terms needed to produce smaller scale
features. This nonlinearity results in the verti-
cal velocity field showing larger resolution
effects than the other fields. Nevertheless, the
larger scale vertical velocity components that
are dominated by the linear beta term in the
quasi-geostrophic omega equation are less
affected. In deep water, this term produces
downwelling (solid contours) ahead of the

warm core eddy and upwelling (dashed
contours) behind the warm core eddy.

As the eddy pushes onto the shelf, the
downwelling ahead of the warm core eddy is
at least partly compensated by upwelling
associated with the sloping Ekman layer near
the shelfbreak. Smaller scales develop and the
flow becomes more nonlinear. The difference
between the 20 km and 10 km resolution
results increases more rapidly. Notably, the
10 km case shows a much more intense and
longer lasting warm core eddy during its
nonlinear evolution and dissipation near the
shelfbreak. The separated paired eddies
propagate around the old warm core eddy to
the southwestern region of the basin until the
old warm core eddy energy has been sapped.
They then merge near the southwestern comer
of the basin to produce a strong cool core
cyclonic circulation. Rossby wave effects
tend to oppose eastward advection of the
separated vorticity away from the corner.

In both resolutions, there is a stronger
tendency for separated positive continental
shelf vorticity and upwelled cool water to be
advected around the dissipating warm core
eddy than in Case B3. This reflects a more
energetic warm core eddy and perhaps also the
latitude independence of the shelfbreak. (The
Case B3 eddy is transplanted closer to the
western continental shelf in the present
calculations, leaving less time for its energy to
disperse and dissipate before reaching the
shelfbreak than in Case B3).

These results show that 10 km or better
resolution is desirable for accurate description
of eddy interactions with shelfbreaks, and also
for accurate front descriptions in deep water.
The front description is especially important
when modeling multiple interacting deep
water eddies.

In concluding this section, it has been
shown that more realistic modeling of GOM
eddies and their interaction with continental
shelf flows occurs when using less than
100 m?/sec lateral diffusivity. We also have
shown that although 20 km resolution appears
adequate for deep water modeling, better than
20 km resolution is desirable for the shelf
region.
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day 30: max vel = 61.6 day 60: max Q;i ;Asé_él... -

day 30: max vel = 67.8 day 60: max vel = 60.7
Figure 14a. Top Level Results (P and V) for Days 30 and 60. The upper panels are results with
20 km resolution and 20 levels. The lower panels are results with 10 km resolution and
40 levels. Contour increments are 1/10 the difference between the maximum and minimum
values of pressure or temperature. Maximum velocities are given in cmisec.
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: max vel = 52.8

dav 90: max vel = 52.2

jay 90: max vel = 65.3 day 120: max vel = 60.6

Figure 14a (Continued). Top Level Resulis (P and V) for Days 90 to 120.
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day 180: max vel = 82.6

Figure 14a (Continued). Top Level Results for (P and V) for Days 150 and 150.




day 210: max vel = 78.2 day 240: max vel = 56.5

Figure 14a (Continued). Top Level Results for (P and V) for Days 210 and 240.
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Figure 14b. Top Level Results (T) at Days 90 and 180.
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Figure 15a. Longitudinal cross-sections of results from resolution sensitivity study (for
pressure). The upper panels are results with 20 km resolution and 20 levels. The lower panels
are results with 10 km resolution and 40 levels. The left panels are at day 60; the right panels
are at day 180. The locations of these cross-sections are indicated in the Day 30 panels of
Figure 14. Pressures ranges are given in equivalent free-surface-height anomalies in cm.
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day 180

day 60 Voo day 180

Figure 15b. Longitudinal cross-sections of results from resolution sensitivity studies (for
temperature).
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Figure 15¢. Longitudinal cross-sections of results from resolution sensitivity study (for vertical
velocity). Negative contours are dashed (but only in upper part of plot). The maximum and
minimum are given in microns/sec (multiply by 0.6 to get meters/week).
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The idealized shelf problem is good for
high resolution studies of shelfbreak inter-
actions. The longitudinal coordinate could be
stretched to get better resolution near the
shelfbreak, where it is needed most. This
problem can also be used to assess potential
benefits of a domain decomposition approach
in which a lateral-boundary-fit coastal regime
model is fully coupled to a deep water model.

5. NUMERICAL STUDIES OF THE
GOM GENERAL CIRCULATION
AND COMPARISONS WITH
OBSERVATIONS

The Gulf of Mexico is an appropriate
place to study many phenomena and to
evaluate ocean models because: it is small
enough to be readily modeled, and yet has
main physical parameters (Rossby number,
Rossby radius of deformation, large Reynolds
number for major eddies) similar to most
ocean regions; its general circulation is
simpler and better known than most ocean
regions; and its boundary conditions, which
are critical in modeling physical systems, are
simple and quite accurately known. Although
certain aspects have been analyzed, the
phenomena involving the interaction between
deep water and shelf regions are not
understood in detail.

Cooper and Thompson (1989, a-b)
analyzed the response of coupled shelf and
deep water regions to a hurricane by modeling
a basin with a longitudinally independent
continental shelf and deep water patterned
after the northern GOM. Gawarkiewicz and
Chapman (1991) applied a simplified linear
three-dimensional free-surface model to
address generic shelf flows. Their flows were
forced by along-shelf inflows at the upstream
direction relative to the propagation of coastal
trapped waves. They note that buoyancy
effects not addressed by their simplified study
might be significant. Their results show that
bottom boundary layer flows can lead to a
shelfbreak front of passive scalars independent
of buoyancy effects. Smith and O'Brien
(1983) explored nonlinear deep water topo-
graphic effects on isolated quasi-geostrophic
eddies. Topography-induced vortex stretching
is well represented by their 2-layer model
formulation. Their lower layer eddies do not
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encounter bottom stress until reaching the
sloping bottom. (Although lateral gradients
associated with the slope are involved, they
are similar in effect to bottom stress.) Their
eddies have smaller scale and larger Rossby
number than typical old warm core eddies in
the western GOM. Also, bottom drag-like
effects are not well resolved vertically,
because the topography is totally contained in
the bottom layer for numerical reasons.

The detailed interaction of deep water
features with continental shelf processes has
received less attention. Major water flow
features can move into shallow water, as on
western continental shelves, because of
Rossby wave effects. Rossby wave dynamics
are analyzed in detail by McWilliams and
Flierl, 1979. When this happens, the bottom
stress can greatly increase, because in deep
water the energy is usually concentrated in the
top 1000 m, with bottom flows being
relatively small. Secondary bottom boundary
layer flows can reduce the bottom pressure
gradient and thus make the deep water drag
even smaller (Peggion, 1984).

Dietrich and Lin (1993) applied the
present model to the GOM and northwestern
Caribbean. Lateral resolution and parameter
(mainly stratification) sensitivity tests were
done in an idealized flat bottom basin with
ports patterned after the GOM. With
two levels (Eulerian z-level vertical representa-
tion), the results were quite similar to those
from two-layer (Lagrangian) simulations in
the GOM work by Hurlburt and Thompson
(1980, 1982). Dietrich and Lin (1993) showed
that 20 km resolution is adequate for
addressing the main features of Loop Current
penetration and eddy shedding, whose scales
are O(300) km. They also included a higher
16-level vertical resolution run using real
GOM topography. The results compare well
with many observed GOM features and
indicate that dissipation of old Loop Current
eddies involves higher order baroclinic modes.

Vertical stratification effects were also
analyzed according to quasi-geostrophic verti-
cal motion omega equation and vortex dynam-
ics. Stratification effects were shown to be
significant for scales smaller than the Rossby
radius of deformation. Thus, for the smaller




scales of interest in GOM dynamics, espe-
cially those involving continental shelfbreak
effects that are of interest here, conservation
of absolute potential vorticity ignores signifi-
cant buoyancy effects as well as bottom drag.

In this research, we resolve shallow
continental shelf regions in the GOM by
increasing the vertical resolution so that
six layers are included on the continental
shelf. We do not resolve the shelf bottom
boundary layer, but realistic bottom drag is
used to paramaterize the main effects.

Our model setup is described in
Section 5.1. In Section 5.2, we address lateral
diffusivity effects in cases using our early
"best guess" of Caribbean inflow conditions.
In Section 5.3, we slightly modify the
Caribbean inflow to reflect larger inflows
from the Windward Passage reported by
Schmitz and Richardson (1991) and further
address sensitivity to lateral diffusivities. We
include a run with a constant 25 Sverdrups
total Caribbean inflow instead of the
29 Sverdrup value based on the Schmitz and
Richardson data. We thought this was our
best case even before finding that 25 Sverd-
rups is a better estimate for the annual mean
(Hamilton, 1992). This best case is described
in detail. Section 5.4 analyzes results
described in Sections 5.2 and 5.3. Section 5.5
addresses truncation error effects. This
includes runs designed to address the effects
of the staircase boundary approximations

5.1. Model Formulation

The phenomena are controlled by the
Yucatan Strait inflow and associated Loop
Current and separated eddies. These can lead
to significant shelf flows and dominate the
cross-shelfbreak flow, especially in the
western GOM. Except for occasional intense
events such as hurricanes, local wind forcing
leads to very little cross-shelfbreak flow.
Outside of thin boundary layers, the wind-
forced shelf flow tends to follow constant f/H
contours, where f is the local Coriolis
parameter and H is the local depth. Thus,
although local wind forcing is important in
vex'yl shallow water, it leads to little
tota

volume flow across the shelfbreak. Even in
shallow regions, the wind-independent
circulation component is of interest. We
ignore local wind forcing in this early shelf-
resolving study. We also ignore local
thermohaline forcing and annual inflow cycles
into the Caribbean.

Here we vse a modified version of the
original SOMS model. To save computation,
the modified version does not include the
Mellor-Yamada levei 2.5 turbulence closure
scheme (Mellor and Yamada, 1982) or the
SOMS thin shell bottom boundary layer
submodel. The modeled region includes the
northwestern Caribbean, with time independ-
ent inflows specified at the eastern and
southern boundaries of the modeled Caribbean
region. The southern boundary inflow is a
barotropic western boundary current. The
eastern inflow, independent of latitude, is
related to the inflow density distribution by
the thermal wind relation based on geo-
strophic and hydrostatic assumptions, and is
mostly trapped above a realistic sloping
thermocline.

Temperature and salinity are dynarmically
coupled to the flow only through their effects
on density through the equation of state. With
equal heat and salinity diffusivities and a
linear equation of state, the salinity effects can
be parameterized in the temperature initial and
boundary conditions (see Appendix II).

The lateral resolution is 20 km. The main
difference from Dietrich and Lin (1993) is in
the much higher vertical resolntion in the
upper levels. Using 20 layers instead of 16,
and an expanding vertical grid with expansion
factor of 1.19, the top six layer interface
depths are: 21, 46, 76, 111, 153, and 203 m.
The deepest interface, at the bottom of layer
20, is at 3500 m depth, where deeper GOM
water is truncated. This should not signifi-
cantly affect the GOM general circulation,
because there is very little deeper water and its
velocity is very small.

Initial conditions are zero velocity and
horizontally constant density with vertical
variations patterned from observations. The




inflows are switched on full at the first time
step. Because of the rigid-lid approximation,
this initial kick gives a non-geostrophic tflow
everywhere. However, the flow quickly
becomes quasi-geostrophic.

Vertical heat and momentum diffusivities
are 1 cm2/sec plus an additive variable numeri-
cal contribution that decreases with increasing
resolution. The numerical contribution is
chosen such that the local vertical cell
Reynolds number matches the user specified
value, where we use 10. The resulting
maximum vertical diffusivities are less than
10 cm?2/sec in the simulations reported, and
are much smaller away from shelf regions.
Lateral heat and momentum diffusivities are
constant in all runs. Lateral diffusivities and
other main parameters varied in the runs
described in Table 2. Lateral boundary
conditions are free-slip and insulated.

In all cases, we use insulated bottom
conditions and a drag coefficient of D = 0.002.
The magnitude of the drag acceleration is
D*u2/DZ, where u is the bottom layer velocity
magnitude and DZ is the bottom layer thick-
ness. Its direction is opposite to the bottom
layer velocity. We use lateral diffusivites
from 2 to 200 m2/sec, in the range of physi-
cally plausible parameterizations of subgrid-
scale eddies. Cases B1, B1A, and B2 shed
only one eddy during the first 1800 days, so

are not considered in a regular shedding
regime. All eddy phase speeds are 4.0 to
4.5 cm/sec. Cases BO and BOA are run with a
straight (latitude-independent) western Carib-
bean continental shelf.

5.2 Effects of Lateral Diffusivity on Eddy
Shedding

Case Al is based on our early "best
guess” of Caribbean inflow conditions. It
produces regular eddy shedding after an initial
delay. The delay appears related to a ccol
core cyclonic eddy on the north side of the
Loop Current that slows its early northward
penetration. The results show that this posi-
tive vorticity eddy forms as a result of the
separation of cool positive vorticity water
from the Yucatan continental sheif. Suspect-
ing that such separation depends on Reynolds
number we ran Case A1B that is identical to
Case Al except for its reduced lateral
diffusivity.

5.2.1 Low Diffusivity: Case Al

The first case uses 20 m?2/sec lateral
diffusivity. The result is regular eddy
shedding. Six major warm core eddies are
shed during the calculation. After the first
eddy shedding at day 590, five more eddies
are shed during the next 1380 days, giving an
average eddy shedding period of 276 days as
shown by Figure 16.

Table 2. Summary of Model Parameters

Lateral Caribbean Inflows Eddy Shedding

Diffusivity Sverdrups Period
Case m2/sec Total Eastern Days
Al 20 27.5 4.43 276
AlB 2 27.5 4.43 no shedding
BO 2 29.0 7.27 no shedding
BOA 200 29.0 7.27 180
Bl 20 29.0 7.27 800 (1 only)
BlA 40 29.0 7.27 600 (1 only)
B1B 100 29.0 7.27 225
B2 20 27.5 7.27 600 (1 only)
B3 20 25.0 7.27 254
B3B 100 25.0 7.27 240
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The 276-day eddy shedding period is
close to the 37-week average period observed
(Sturges and Welsh, 1991). Figure 16 also
shows that the phase speed of the shed eda.es
is about 4 cm/sec. This is close to values from
observations, theory, and previous GOM
simulations (Vukovich and Crissman, 1986).

The first eddy shedding is delayed by the
early development of a cold core cyclonic
eddy on the north side of the Loop Current
(Figure 17), which temporarily slows the Loop
Current penetration needed for major warm-
core eddy shedding. Figure 18 shows the ume
average top layer pressure for the six year
simulation.

5.2.2 Ultra-Low Diffusivity: Case A1B

This development of 1 cold-core cyclonic
eddy on the north side of the Loop Current
involves the separation of cool positive
vorticity Caribbean western boundary current
water from the continental shelf. This separa-
tion generally depends on the Reynolds
number.

To examine the Reynolds number effects
on this cool positive vorticity boundary
current separation, a second run, Case AIB
(Table 2), was done with lateral diffusivity
reduced to 2 m2/sec. We justify using this
unconventionally small value in Section 5.2.3.
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Figure 16. Longitude/Time Section of Equivalent Free Surface Height Anomaly (P) for the Eddy
Shedding Case Al. The free surface height is calculated hydrostatically from DieCAST top layer
pressure (at depth 10 m). The period shown covers days 840 1o 1440. The longitudinal dimension

is 1660 km.

The diagonal line corresponds to a phase velocity of 4 cmisec.

The

pressure is averaged over the band of latitudes. Tick marks on the ordinate axis indicate the
10-day spacing of the data saved. Tick marks on the abscissa correspond to the model resolution
(20 km). Ten contours are uniformly distributed. P gy - Pmin = 41 cm.
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Figure 18. Eddy-Shedding Case Al Time Average Free Surface Height Anomaly for Days 0 to
2160. Ten Contours are uniformly distributed between the maximum and minimum.

Pmax - Pmin = 46 cm.

The result is no eddy shedding at all during a
four-year simulation. There is a persistent
cyclonic block, as indicated by the time
averaged flow (Figure 19). This cyclonic
block contrasts with the time averaged flow of
the eddy shedding case (Figure 18). The eddy
shedding Case A1 shows an anticyclonic time-
averaged flow in the deep water of the central
GOM becausc of the regular anticyclonic shed-
eddy passage. On the other “and, the non-
eddy-shedding Case A1B <" x: a cyclonic
deep water flow, although # rci..iwely narrow
Loop Current figure occ.-icnally bulges
northward along the Florida oucitvreak.

Siarting from the eddy shedding Case A1l
results at three years, with diffusivity reduced
to the AIB value, also leads to a non-eddy-
shedding regime; only one further eddy
shedding (at about day 1500) occurs during
" e next three years, while continuation of
Case Al with its larger 20 m2/sec diffusivity
leads to continued eddy shedding, with eddies
shed at days 1160, 1410, 1700, and 1970.

Thus, there is a high Reynolds number
cutoff to eddy shedding with the present
model. Such cutoff has not previously been
noted. This is consistent with all of our
results, as Table 1 indicates.
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Figure 19. As in Figure 18 except results are from non-Eddy-Shedding Case AlB for Days 0
and 1440. Case AlB is similar to Al except for smaller lateral diffusivities. Pnax - Pmin =

49 cm.

5.2.3 On Using Ultra-Low Lateral Using such small lateral diffusivity is
Diffusivity numerically acceptable only if enough

dissipation and dispersion occurs (by bottom

The small Case A1B lateral diffusivity  drag, vertical diffusivity, internal waves and

(2 m?/sec) is in the range of plausible values, numerical effects); energetic eddies with
although much smaller than typically used by  diameters 50 km or less must not dominate the
other models with 20 km resolution. We have  deep water flow, where the natural eddy scales

found (see Section 4.1) that the larger values: are larger. If the energy spectrum had a large
component in the smallest resolved scales, it

» Significantly reduce the maximum  would be desirable to increase the resolution

Loop Current velocities; and/or the lateral diffusivity.

» Strongly diffuse sharp fronts as Loop Three uniquely geophysical factors limit
Current eddies propagate through deep  the development of small scale flow compo-
water; and nents. First, the resolved flow is quasi-linear;

the momentum equations are quasi-

* Greatly reduce the strength of paired  geostrophic, with the barotropic mode being
cyclonic eddies that are similar to those =~ dominated by the linear beta term:; and even

that are observed in the western GOM. the omega equation for quasi-geostrophic
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vertical velocity is dominated by the linear
beta term. Second, the flow tends to be nearly
parallel to density contours, especially near
fronts, thus reducing nonlinear term ampli-
tudes in the density equation. Third, flow
variations that are small compared to the
Rossby radius of deformation tend to disperse
rapidly. These factors tend to reduce energy
cascades compared to other transient effects,
while allowing enstrophy cascades and front
formation. Although fronts contain small
scale components, they have more energy in
large scale components, as in the Fourier
series of a step function.

These uniquely geophysical factors
plus physical/numerical dissipative/dispersive
effects, are sufficient to keep the small scale
activity that develops at reasonable amplitudes
in the results. The numerical effects are smail
compared to the extra dissipation that would
occur by using the lateral diffusivities
normally used with 20 km resolution.
However, even with the unconventionally low
lateral diffusivity of 2 m2/sec used, the flow
does not become dominated by small scale
eddies.

Section 5.3.3 results show that short-lived
small-scale [O(100) km] eddies occasionally
develop in deep water. This occurs by
instability rather than by energy cascade near
sharp, shallow Loop Current fronts. These
apparent baroclinic instabilities are reasonably
resolved with the 20 km resolution used.
Otherwise, small-scale eddics tend to develop
only in shallow regions, especially near
shelfbreak fronts, consistent with the rela-
tively small local Rossby radius of deforma-
tion. When advected toward deeper water,
with larger local Rossby radius of deforma-
tion, these tend to organize into larger-scale
flows.

5.3 Simulations Based on Detailed
Caribbean Inflow Observations

After running the Section 5.2 cases, and
examining a study on the sources of the
Florida Current by Schmitz and Richardson
(1991), we decided to modify our Caribbean
inflows to more closely reflect this new
information. The main difference was to use a
time averaged Yucatan flow of 29 instead of
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27.5 Sverdrups, with a larger portion coming
through the Windward Passage than we
initially assumed.

The modeled region is north of the other
Caribbean main passages. It is reasonable to
assume that water entering these passages
organizes into a western boundary current
before entering the southern limit of the
Northern Caribbean region modeled. It is also
reasonable to assume the Windward Passage
water crosses the modeled Caribbean region
and forms a western boundary current,
because the weak Caribbean wind stress curl
does not support much latitudinal excursion.
In the present "first cut" calculation, which
starts west of the Windward Passage, we treat
this water as a latitudinally uniform inflow at
the model eastern boundary in the Caribbean.

5.3.1 Caribbean Inflow Conditions

A laterally constant initial temperature is
specified everywhere. The bottom tempera-
ture (at 3500 m depth) is 6°C. A vertical
temperature gradient of 0.2°C per kilometer is
then used to determine the initial temperature
up to about 200 meters depth, at which the
stratification is increased to 40°C per
kilometer and a temperature jump of 15°C is
added. This gives a maximum interior initial
temperature of about 26°C. The higher verti-
cal resolution used addresses deep water
stratification patterned after observations.

The eastern inflow temperature matches
the initial interior temperature except that a
latitudinal temperature gradient is added
which depends only on depth. Its largest
value is at about 200 meters depth (where it
has a total difference of 5°C between the
southern coast of Cuba and the southern
boundary of the modeled Caribbean region).
It drops rapidly away from that depth with a
decay scale of 50 m. It is added by integrating
northward starting by assigning the specified
initial stratified interior value for each depth at
the southern boundary of the eastern inflow
region. To get inflow trapped in the upper
layers, the temperature must increase with
latitude in this region.

The eastern inflow velocity is zero at the
bottom. Its remaining values are then derived




from the geostrophic thermal wind relation.
The resulting total eastern inflow is given in
Table 2. The remainder of the specified total
inflow is put in a barotropic western boundary
current inflow, a 60 km wide uniform jet. Its
inflow temperature matches the initial
stratified interior value at each depth.

The eastern inflow temperature distribu-
tion for all cases in this section is shown in
Figure 20. It is dominated by a sloping,
realistically strong thermocline.

As indicated previously by Figure 2, the
model accurately simulates the mean thermo-
cline. The model's deep water temperature is
6°C in both the initial conditions and the water
entering the Caribbean, rather than the 5°C
observed. The linear equation of state used is
optimized for the large gradient region near
the surface, and gives a bottom density at 6°C
equal to the true nonlinear value at 5°C.

5.3.2 Diffusivity Effects with 29 Sverdrup
Inflow

The first case with the estimated 29 Sverd-
rups Caribbean inflow (Case B1-Table 2) uses
the same lateral diffusivities as the eddy
shedding Case Al. The result is no eddy
shedding until day 800, and no more at least
through day 1440.

One might get regular eddy shedding with
the inflow and lateral diffusivities used in
Case B1 by using higher resolution including
the entire Caribbean with accompanying better
inflow representation in the simulation or
including a realistic annual cycle. However,
in view of the results in Section 5.2, it is
reasonable to increase the lateral diffusivity.
We found that increasing to 40 m2/sec still
does not lead to regular eddy shedding
(Case B1A-Table 2), although the single eddy
shedding occurs earlier. By further increasing
to 100 m2/sec regular eddy shedding results
(Case B1B-Table 2), the eddy shedding period
is about 225 days (Figure 21). Although a
temporary cyclonic block occurs early in time,
the cyclone quickly expands, propagates west-
ward because of Rossby wave effects, and
decays in Figure 22. Cases B1A and BIB are
identical to B1 except for their larger lateral
diffusivities.
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5.3.3 Low Diffusivity 27.5 and 25 Sverdrup
Cases

These results led us to two experiments,
which are identical to the non-eddy-shedding
low diffusivity 29 Sverdrup Case B1 except
the Yucatan flow is reduced. Smaller than
average inflows are of interest because there is
a substantial annual cycle. Case B2 (Table 2)
assumes 27.5 Sverdrups. The results still do
not show regular eddy shedding. Case B3
(Table 1) assumes 25.0 Sverdrups. After run-
ning B3, we found that recent observations
(Hamilton, 1992) give 25 Sverdrups as a best
estimate of the annual averaged flow through
the Florida Strait. This leads to regular eddy
shedding, with excellent agreement with many
observations.

After an initial transient, eight eddies
were shed during the seven year simulation.
The approximate eddy shedding times were:
570, 900, 1210, 1490, 1730, 1950, 2220, and
2480 days. This gives a mean eddy shedding
period of 254 ((2480-1210)/5) days after the
third eddy is shed, close to the observed
37 week average period (Sturges and Welsh,
1991). Figure 23 shows this eddy shedding
during the last 600 days. The upper level
GOM flow is in near statistical equilibrium
with eddy phase velocities about 4 cm/sec,
and significant intensification of eddy activity
occurs near the western GOM continental
shelf. This intensification is further indicated
by GEOSAT observations and model results
(rms sea surface height deviation from its long
term average) in Figure 24. The rigid-lid
SOMS gives better comparison with the rms
free-surface height anomaly from sateilite
observations than results from the two free-
surface models also shown in Figure 24. This
indicates that the model transient eddy activity
is consistent with observations.

All three models shown in Figure 24 use
an Arakawa "c" staggered grid for horizontal
representation. The NRL model uses a three-
layered vertical representation with constant
inflow and monthly wind forcing. The
Princeton model uses sigma vertical coordi-
nates with 21 levels. The SOMS model used
20 z-levels. All calculations were done with
about 20 km lateral resolution.
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Figure 20. Latitude/Depth Section of Eastern Boundary Temperatures. Twenty contours are
uniformly distributed between the maximum (26.7°C) and minimum (6.0°C). The single-digit
contour labels are given by N = MOD(M,10), where M = (T - 6.0) x 20.1{26.7 - 6.0). The flow is
weakly stratified (0.2 °C per km) in the deep water. No contours appear below 1000 m because
less than one degree variation occurs there.
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Figure 21. Longitude/Time Section of Equivalent Free Surface Height Anomaly (P} for
Case B1B covering Days 840 to 1440. P gz = Popin = 51 m.

Regards calculation time, the NRL model
was by far the fastest. The Princeton model
included the most physics and required the
most computation.

Both the amplitude and location of the
primary and secondary maximums from
SOMS agree well with observations. Further,
the decay of eddy activity west of the primary
maximum is in reasonable agreement with
observations. This clearly demonstrates the
applicability of rigid-lid models to the GOM
general circulation. Tidal effects have been
removed from the satellite data. Tides have
little effect on the much longer time scale flow
components that dominate the GOM general
circulation.

The excellent comparison of SOMS
results with the GEOSAT data reflects a
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combination of low dissipation, accurate
Coriolis term treatment (Dietrich, et al, 1990;
Dietrich, 1993), and realistic representation of
continental shelf processes.

Brooks and Kelly (1986) discuss the devel-
opment of a paired cool-core positive vorticity
eddy on the north side of an old warm-core
negative vorticity Loop Current eddy near the
western GOM shelfbreak. Qur results show
similar behavior each time an eddy reaches the
western GOM shelfbreak (see Figure 5).
Merrell and Morrison (1981) report a similar
paired eddy event (Figure 25). Similar com-
parison of NRL model GOM results with this
vortex pair is noted by Hurlburt (1984), and
qualitative similarity of idealized calculations
is noted by Smith and O'Brien (1983).
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Our model and the Brooks and Kelly Figures 23 to 27 and Figures 2 to 5 show
observations (see Figure 5) show the that our SOMS model simulates observed
formation of a paired cool-core cyclonic eddy  shelf and deep water phenomena even though
on the north side of an old warm-core Loop  no observations have been assimilated by the
Current eddy. Both show a small-scale paired  model. This clearly demonstrates its ability to
eddy at the shelfbreak early in the develop- address continental shelf and deep water
ment, and a larger-scale, stronger paired eddy  dynamics, including their interactions across
on the north side of the old Loop Current eddy  shelfbreaks. We now discuss this interaction
about 75 days later. The longer time sequence  in more detail, based on our model results.
in the Figure 26 series also shows that our
modeled old warm-core eddy moves eastward When an old warm core Loop Current
on a longer time scale similar to the Brooks eddy reaches the western GOM continental
and Kelly observations. Such western GOM  shelfbreak, cool positive vorticity water is
vortex pairs are common in our simulations.  generated on the shelf by the mechanisms
Figure 27 shows a sequence of GEOSAT SSH  described in Section 5.4. There is a rapid
measurements that is quite similar to  steepening and concentration of the isotherms
Figure 26, especially during the first 120 days.  above the shelfbreak as seen in Figure 28.

The longitudinal line in the first panel in
Figure 26 shows the location of these vertical
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Figure 24. Intercomparison of Princeton, NRL, and SOMS models outputs and GEOSAT data.
Princeton model output provided by Dr. Dana Thompson and Dr. Lakshmi Kantha. NRL model

output provided by Dr. Thompson and Dr. Alan Wallcraft. Contour intervals are 2.5 cm in each
case.
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Figure 25. Counter-rotating vortex pair in the
western GOM shown as the depth of the 15°C
isotherm (in meters) observed April 1978.
The cyclonic vortex is to the north and the
anticyclonic is to the south. The contour
interval is 25 m (Merrell and Morrison, 1981).

cross-sections. Figure 28 shows the sub-
stantial upwelling of about 5 meters per day
that occurs near the shelfbreak, along with
positive vorticity on the shelf. The vorticity
front, along with cool shelf water, can be
advected off the shelf by the northeastward
current maintained near the shelfbreak by the
westward movement of the old warm core
eddy. Figures 26 to 28 reveal this behavior.
Figure 26a-c show the time sequence of the
top level (10 m below surface) fields every
30 days between day 1920 and 2070.
Figure 26b shows that the central core
vorticity of the Loop Current and separated
eddies is nearly constant, indicating near-rigid
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body rotation. Eddy decay occurs primarily
through erosion of its outer fringe vorticity;
the central core negative vorticity remains
relatively constant while its diameter
gradually decreases.

The location and orientation of the front
and shelfbreak region flow at day 1920 is
similar to observations (Vidal, et al 1992).
As the separated cool positive vorticity water
is advected toward deeper water on the north
side of the old warm-core eddy, quasi-
geostrophic dynamics can result in its
organization into larger-scale eddies more
appropriate for regions with larger Rossby
radius of deformation as shown in Figure 26.
This time sequence of eddy interaction near
the western GOM shelfbreak is similar to the
results of Smith and O'Brien (1983). We note
the roles of the energy absorbing nonlinear
critical areas, and the upwelled cool-shelf
water advection off the shelf, in addition to
offshore advection of positive shelf vorticity.
Without the cool water reinforcement, the
offshore cyclonic eddy would not develop as
strongly as it does. The reason is that in the
absence of cool-water advection, upwelling
would occur under the region of offshore
positive vorticity advection according to the
quasi-geostrophic omega equation. The result-
ing upper level divergence would then reduce
the cyclonic surface vorticity. The cool water
offshore advection opposes this, resulting ..: a
stronger surface cyclone.

Sometimes the cold core cyclonic eddy
grows, at the expense of the dissipating old
warm core anticyclonic Loop Current eddy,
until it has more energy than the old warm
core eddy. It can then move southward, split-
ting the old warm core eddy, and/or reverse its
formation process. The latter leads to a new
warm core eddy, or an intensification of the
old one, on its south side. This involves down-
welling on the western GOM shelf as the cold
core eddy moves westward and dissipates.
This westward movement occurs due to its
increased size, and the greatly weakened
offshore advection by the old warm core eddy.
Atday 2040, we see that the dissipating cold-
core eddy has also advected the warm core
eddy easiward, where it is about to merge with
a new warm core Loop Current eddy. Again,
we note similar behavior by Brooks and Kelly.
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Figure 26a. Top Layer Case B3 results for Pressure and Velocity.
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Figure 26b. Top Layer Case B3 results for Vorticity.
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Figure 26c. Top Layer Case B3 results for Temperature.
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Figure 27. GEOSAT observations of SSH every 30 days from May 8. 1987 to March 3, 1988.
An area average has been subtracied out to help identify high and low areas. The zero line
defining the Loop Current and western GOM warm-core eddy locations is darkened.
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Typically, the offshore flow between the
eddies occurs in a jet spurt, with a front
between them. The warm-core eddy usually
occurs on the south side of the cold-core eddy
as they interact through nonlinear western
GOM continental shelf processes (relatively
small-scale vorticity generation and cool water
upwelling, followed by offshore advection),
but sometimes the parent eddy advects one or
more new eddies around itself before they can
collectively absorb a major part of the parent
eddy energy.

These processes are “catalytic”, in that the
shelf regime dynamics results in significant
energy transfer among deep water eddies,
even when energy accumulation on the shelf is
relatively small. Potential energy is tempo-
rarily stored on the shelf, because of the cool
water upwelling driven by pressure forces,
then advected off the shelf by the deep water
eddies where it is converted to eddy kinetic
energy.

Thus, shelf processes act in a catalytic
manner to transfer energy between paired
deep water eddies. These processes are non-
linear, and involve bottom boundary layers,
shelfbreak fronts, nonlinear quasi-geostrophic
dynamics and, possibly, breaking internal
waves and nonlinear critical areas.

5.4 Further Interpretation of Results
5.4.1 Continental Shelf Water Formation

A mechanism for the cool positive
vorticity western Caribbean boundary current
water follows. Rossby wave effects act to
propagate the western boundary current onto
the shelf. The current then experiences
significant bottom drag in the shallower water.
This reduces the along-shelf flow near the
bottom, while creating a westward secondary
bottom boundary layer flow. The reduced
along-shelf flow, compared to the fast-moving
boundary current core at the same depth to the
east, implies positive vertical vorticity.

East of its axis, where its maximum
velocity occurs, the western boundary current
has negative vorticity. This reflects the beta
term in the vorticity equation. If one assumes
that the water entering the Caribbean has
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relatively little vorticity, then the magnitude of
the negative vorticity, in an element of
western boundary current water, depends
mainly on the difference between its latitude
and the latitude at which it entered.

Therefore, increasing Caribbean inflow
should have an asymmetric effect on the
Caribbean western boundary current, and lead
to a larger increase of positive vorticity on the
shore side of the current axis than the increase
of negative vorticity magnitude on the deep
water side. This asymmetry favors Loop
Current blocking by separated cool positive
vorticity water.

The aforementioned secondary westward
Ekman layer flow is toward shallower water,
and implies upwelling of deeper, cooler
bottom boundary layer water into shallower
shelf bottom boundary layer regions. As the
upwelling cooler Ekman layer water
approaches the coast, it tends to form a return
flow toward the shelfbreak in the upper levels,
as illustrated by Figure 29. Thus, reduced
velocity, cool upwelled water returns to upper
levels near shelfbreak. (This upper level
return flow opposes westward propagation of
the boundary current. Accordingly, a quasi-
balance between the off-shore advection by
the return flow, and westward Rossby wave
propagation, helps keep the positive vorticity
region of the boundary current in a con-
centrated jet near the shelfbreak. Its equilib-
rium scale is such that onshore movement
resulting from Rossby wave effects, roughly
balances its offshore advection, thereby
involving wave propagation, dissipation, and
nonlinear effects. Loss of negative vorticity
from the boundary current core by its west-
ward propagation and dissipation by shelf
bottom drag is opposed by the latitudinal
advection "beta” contribution.)

In summary, low velocity, cool water
accumulates in the shallow shelf regions. This
is reflected by a steep shelfbreak front with
concentrated vorticity.

5.4.2 Trapping of Separated Cool Positive
Vorticity Water

Some of the separated cool positive
vorticity shelf water can be trapped north of
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Figure 29. Schematic Shelf Flow. The arrows represent idealized mean flow that can lead to a
shelfbreak front similar to the model results discussed by Gawarkiewicz and Chapman (1991).

the Loop Current in spite of its tendency to
propagate westward due to Rossby wave
effects. Such trapping is expected in regions
where the off-shelf positive vorticity advec-
tion balances the westward propagation effect.
In Case A1B such region forms on the north
side of the Loop Current jet, where the
separated cool positive vorticity water remains
trapped (Figure 19). This trapping is affected
by the Florida shelfbreak. Such trapping can
also occur on the north side of separated Loop
Current eddies when they interact with the
western GOM continental shelf (Figures 3, 25,
and 26). Such regions can be called nonlinear
critical areas. These seem related but are not
the same as the nonlinear critical layers of
theoretical fluid dynamics (Warn, 1992). The
critical areas are not fixed, as the effective
advection velocity and Rossby wave speed of
the dominant scale of the cool positive
vorticity water vary with time. The dominant
scale is affected by advection, diffusion and
internal wave dispersion. Although a more
complete description of what occurs requires
discussion of absolute potential vorticity,
these qualitative effects are seen in the model.

The trapping of cool positive vorticity
water on the north side of the Loop Current

affects the eddy shedding dynamics.
Although positive vorticity water would occur
even without bottom drag, as a result of the
Caribbean western boundary current separa-
tion, the bottom drag can also have a signifi-
cant role. This trapping relates to the high
Reynolds number cutoff of eddy shedding
noted in Section 5.2.2.

Blocking by separated cool positive
vorticity Caribbean shelf water constrains
Loop Current penetration needed for eddy
shedding. Even if the Loop Current pene-
trates, the separated positive vorticity can
counteract the tendency for westward bending
caused by quasi-geostrophic divergence
effects.

Increasing lateral diffusivity eliminates
the smallest scales in the narrow current of
separated positive vorticity water. This
facilitates its westward propagation together
with the negative vorticity Loop Current core
by Rossby wave effects. This favors eddy
shedding, unless the diffusivity is so large that
even the Loop Current core is strongly
affected. More rapid eddy shedding is also
expected with increasing diffusivity (compare
Cases B3 and B3B). These interpretations are




consistent with our runs (Table 2). Thus,
there is a diffusive destabilization of the Loop
Current for intermediate diffusivities and
stabilization for very large diffusivities.

The tendency for the larger-scale negative
vorticity Loop Current core to propagate
westward, more rapidly than the separated
positive vorticity water immediately to its
west, suggests a potential for the development
of small-scale disturbances in this region. Our
model results show many disturbances that
mix the opposite vorticity water. The result-
ing diffused positive vorticity water can then
propagate westward more rapidly.

Higher Reynolds number flows tend to
separate sooner and more completely than
lower Reynolds number flows. Thus, the very
small Case A1B lateral diffusivities result in
more complete separation of the Caribbean
western boundary current than in Case Al; a
larger portion of cool cyclonic vorticity water
near the coast separates compared to the warm
core negative vorticity water on the east side
of the boundary current. The boundary
current also separates further upstream, rather
than following the Yucatan shelf depth
contours around to the west, thus leading to
separated positive vorticity water accumula-
tion on the north side of the Loop Current.
This leads to cyclonic flow dominating the
GOM interior (Figure 19), and to a long term
cyclonic block of the warm core Loop Current
penetration needed for warm core eddy
shedding.

In Case A1B, Rossby waves propagate
the separated cool positive vorticity water
westward until the entire GOM interior is
filled with a cyclonic gyre, which then breaks
up. The Loop Current penetration continues
to be blocked by newly separated cool positive
vorticity water from the Caribbean western
boundary current although occasional narrow
extensions propagate northward along the
Florida shelfbreak and shed small short-lived
warm-core eddies north of the persistent
blocking cyclonic flow.

These results suggest that the enlargement
of a blocking cool positive vorticity eddy,
leading to more rapid westward propagation
of the separated vorticity in westward-
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propagation Rossby waves, might sometimes
be the precursor of a major Loop Current eddy
shedding event. Such enlargement can be
caused by lateral mixing, trapping of separated
boundary current water in evolving nonlinear
critical areas, and/or quasi-geostrophic dynam-
ics through the nonlinear omega equation.

Finally, we note that cold core, positive
vorticity eddies also develop as the Loop
Current interacts with the Florida shelf, and
these can affect the eddy shedding process.
This is reinforced by the southward advection
of positive earth's vorticity. However, the
ultimate source of the large cyclonic blocking
gyre in the non-eddy shedding regime clearly
involves the separation of the Caribbean
western boundary current. The trapping of
cool positive vorticity Caribbean continental
shelf water north of the Loop Current plays a
major role.

5.4.3 Other Mechanisms

In full ocean basin simulations, with
thermohaline effects not included in these
GOM studies, there are other mechanisms
besides bottom drag on sloping bottoms for
the cool water coastal upwelling. Early work
with SOMS in a flat-bottom basin patterned
after the North Atlantic showed a western
boundary current with cool water coastal
upwelling and reverse undercurrents. The
western boundary current was found to be
significantly enhanced by thermodynamics.

The shelfbreak front implies a strong
thermal wind consistent with observed reverse
undercurrents in western boundary current
regions. Such undercurrents are maintained
by the supply of cool water from the polar
oceans. The cool water upwells, mixes with
warm surface currents, and provides energy
available for deep water baroclinic instabilities
after it separates from shallow shelf regions.

The cool water upwelling near western
boundary currents can play a significant role
in the deep water heat budget. It provides
locally downward heat flux, which opposes
the upward heat flux in the polar oceans that
occurs with cold water formation. There can
be no net vertical heat flux in an equilibrated
ocean with insulated bottom (Bryan, 1987).




Potential-to-kinetic energy converting vertical
heat flux must be compensated by conductive
and radiative downward heat transfer. Thus,
thermohaline processes in themselves prob-
ably do not give much net kinetic energy to
the ocean. Indeed, because of the upward heat
transport by small scales in the northern
oceans, one would expect the large-scale cir-
culation to transport heat downward and thus
be indirect. This does not favor baroclinic
instability being a dominant mechanism. A
majority of the kinetic energy dissipation thus
must be balanced by wind forcing.

Breaking internal waves can occur above
the shelf, especially when a strong current
occurs along the shelfbreak of a relatively
broad shelf. These can produce a wide range
of scales. The oscillation of steep isotherms
that sometimes occurs in the present model
results (Figure 28) suggests these phenomena.
However, fuil GOM models cannot resolve
the small-scale real phenomena that occur, so
only resolved scales show the effects. The
real phenomena would probably include
significant nonhydrostatic effects.

Thus, the shelfbreak effects extend
upward to the free surface. This can at least
partially justify a vertical wall approximation,
but the natural dynamics involve small
vertical scales that should be resolved to get
appropriately sharp fronts and vorticity.

Figure 26 showed a shallow instability of
the Loop Current front (Day 1920), rapid
northward penetration of a narrow Loop
Current extension along the Florida shelfbreak
starting about day 2010, and other observed
Loop Current eddy shedding features. The
day 2010 Loop Current extension occurred
immediately after the westward propagation of
the cyclonic eddy north of the Loop Current.
However, it also had scale similar to the
apparent baroclinic instability at day 1920,
suggesting that baroclinic instability mecha-
nisms might also be involved (Hurlburt,
1986). This relatively small scale suggests the
phenomena involve higher order baroclinic
modes with associated smaller Rossby radius
of deformation.

5.5 Truncation Error Effects

Previously (see Section 3.2) we compared
the Arakawa “c” grid SOMS model with the
Arakawa “a” grid DieCAST model. The
remarkably close comparison suggests that
truncation errors are quite small, especially for
the well-resolved major eddy dynamics.

Boundary current vorticity and other
shelfbreak phenomena can be affected by
truncation errors associated with our staircase
approximation to topography. However,
unlike drag effects and beta term effects, it is
not clear that these lead to systematic vorticity
generation. To check whether our high
Reynolds number cutoff to eddy shedding is
strongly influenced by such truncation errors
and more clearly link the Loop Current
blocking to the separation of cool positive
vorticity western Caribbean continental shelf
water, we did two simulations, Cases B0 and
BOA (see Table 2), with a straight latitude-
independent western Caribbean continental
shelf. The results are similar to those with the
realistic topography. Paired eddy formation
also occurs with a straight latitude-
independent western GOM continental shelf
and results with 10 km resolution and
40 layers are similar to those with 20 km
resolution and 20 layers (see Section 4).

6. PRELIMINARY APPLICATIONS OF
DIECAST IN THE SOUTH CHINA
SEA, STRAIT OF SICILY, LABRA-
DOR CURRENT, AND GREAT
LAKES

This report extensively discussed the
application and validation of SOMS to the
general circulation of the Gulf of Mexico and
showed that DieCAST produced very similar
results. This included extensive discussion of
parameter and resolution sensitivity.

In the area of relocatable models, it is a
complex process to set-up a numerical ocean
model for any given region of the world,
particularly in coastal and semi-enclosed seas.
The modeler has the tedious task of manualily
assembling the various model components.
The necessary datasets of bathymetry, wind-
forcings, tides, observations, and transports
exist in different formats and resolutions.




After such data are selected and extracted,
they need to be interpolated to the model grid
in its coordinate scheme. The model and
graphics postprocessors are often run on
different computer systems. Thus, it is highly
desirable to have an ocean model wherein
each of these steps can be easily performed
within the same environment. DieCAST, in
conjunction with applications developed by
the MSU CAST, appears to provide both the
model and environment needed to accomplish
this. DieCAST facilitates this by first having
a user-friendly front end for all data input.
This not only helps relocatability, but also
avoids having to recompile the model unless
resolution parameters are changed. The model
is set up to use the full arrays defined by the
resolution parameters, SO as not to waste
storage. Second, DieCAST has an automated
robust open boundary condition on the
rectangular logical grid boundary defined by
the resolution parameters. The lateral open
boundaries and (optionally) surface layer
restore toward specified values which can be
derived from climatology or larger-domain
models. When there is outflow, a semi-
upwind approximation is automatically com-
bined with the climatological restoring. At
this point, only the normal flow on the rectan-
gular boundary is included in the upwinding,
but later more fully upwind outflow approxi-
mations are planned. All boundary condi-
tions, including these open lateral conditions,
are done with efficient clean coding that
vectorizes on the boundaries by using masking
arrays. It should be noted that the model uses
centered differencing at all interior points.
Third, all DieCAST plotting and animation is
performed by postprocessors, including
interactive previewing each plot with options
for postscript hardcopy generation. Fourth,
DieCAST does not require any topography
filter, thus avoiding the aggravating compro-
mise between accuracy and numerical stability
required by other models. And, finally
DieCAST is being fully integrated into the
total CAST data base management, graphics,
and model evaluation environment. We now
show “first cut” applications of DieCAST to
other geographical areas of the globe.

wn
wn

6.1 South China Sea

A closed basin approximation, forced by
climatological annual average winds and
30-day restoring to surface temperature and
salinity climatology, is used in this “first cut”
simulation shown 1n Figure 30. Initial condi-
tions are also from Levitus climatology. Unfil-
tered realistic topography was used with
1/6 degree lateral resolution and 10 layers. A
“first cut” run with lateral diffusivities of
100 m2/sec is compared to an almost identical
twin run with diffusivities reduced to
10 m2/sec being the only change. This work
was done in cooperation of Dr. Le Ngoc Ly of
the Naval Postgraduate School.

6.2 Labrador Current

“First cut” results from applications to a
northeastern section of the North Atlantic
Ocean using 1/4 degree resolution and
20 layers are shown in Figure 31. This
included restoring to surface climatology and
the general open boundary condition. This
work was done in cooperation of Dr. Richard
Greatbatch of Dalhousie University.

6.3 Strait of Sicily
A rectangular Mediterranean region

Including the Strait of Sicily was simulated

using 1/12 degree resolution and 10 layers as
shown in Figure 32. This included initial and
open boundary stratification patterned after
climatology. A “first cut” run with lateral
diffusivities of 100 m2/sec showed greatly
decreased eddy activity and 30 percent smaller
maximum velocity compared to an almost
identical twin run with diffusivities reduced to
10 m2/sec. The larger diffusivity also elimi-
nated a significant cross-strait current which
separated from the western side of the Strait.
This work is being done in collaboration with
Dr. George Heburn of the Naval Research
Laboratory.

6.4 Great Lakes

The modeling of Lake Erie (Figure 33) is
being done in collaboration with Dr. William
O’Connor of the Great Lakes Environmental
Research Laboratory. Dr. O’Connor has also
modeled Lake Michigan as shown in
Figure 34.




Figure 30. South China Sea. Day 360 top layer (depth = 10 m) velocity and pressure from first
cut simulation. Climatological annual average wind siress is used, with 30-day restoring to
surface remperature and salinity. Maximum velocity = 84.4 cmisec.
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Figure 32. Strait of Sicily. Day 360 top layer (depth = 20 m) velocity and pressure from first cut
simulations. Open boundary conditions include reverse undercurrents.
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Figure 33. Lake Erie. Top layer (depth = 0.9 m) flow resulting from strong wind event.
Vertical mixing is limited by strong stratification.

7. CONCLUDING REMARKS

Shelf resolving GOM studies reveal signi-
ficant, complex interaction between shelf and
deep water flows that are addressable only by
high resolution fully nonlinear numerical
models. Our SOMS and DieCAST results
have been validated extensively by obser-
vations, theory, and previous model results.

This interaction should be investigated in
more detail, including the different physical
effects as indicated by term balances in the
vorticity equation and quasi-geostrophic
omega equation. This is a substantial under-
taking in view of the possible major roles of
fronts, breaking internal waves, and nonlinear
critical areas. While easy to evaluate local
advection, it is difficult to evaluate the advec-
tion of a dynamic, evolving feature that inter-
acts with the advecting background flows, for
which appropriate values are difficult to
determine. The finite differencing of the
omega equation itself requires great care to
make it correspond to the finite difference
equations used, and requires a 3-D elliptic
solver in general geometry. Even then, it is
only an approximation to the equations used.
Thus, detailed analysis is truly a major effort.

Herein, we include many confirmations of
the model results, all from a single run
(Case B3) forced only by specified Caribbean
inflows based on annual average observations.
The spatial distribution of rms sea surface
height deviation, from its time average in the
model, agrees with satellite data in both the
amplitudes and locations of the primary and
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secondary centers of transient eddy activity.
The mean thermocline, vertical density
profile, and vertical empirical orthogonal
functions are in close agreement with those
derived from observations. The average Loop
Current eddy shedding period is about 254
days in the model compared to 259 days
observed in the GOM. The shed eddy size,
phase speed, dispersion rate, and vorticity are
close to observations and theory. The location,
amplitude, and development time for paired
cyclonic eddies near the western GOM
shelfbreak are similar to observations. Loop
Current and shed eddy structures reflect
observations in remarkable detail, including
scale height, cool pool near surface, and a
small-scale vertically coherent kink under
separated western Caribbean boundary current
water. A small-scale cool core eddy occurs
along the Florida shelfbreak just before eddy
shedding in both model and observations.
Small-scale eddies/waves develop and
propagate along the Loop Current front as in
observations and previous model results.
Rapid northward penetration of a narrow Loop
Current extension occurs along the Florida
shelfbreak after eddy shedding.

These confirmations support the credi-
bility of SOMS and DieCAST. Notably, they
occur without assimilating any time dependent
observations or initial conditions into the
model, and clearly demonstrate the model's
dynamic similarity to the GOM, even
when using resolution permitted on modern
workstations.  Such dynamic similarity is
needed for success not only in independently
addressing general circulation features, but
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Figure 34. Lake Michigan. Top Layer (depth




also in coupled atmosphere/ocean nowcast/
forecast applications that assimilate real data
as it becomes available. This dynamic
similarity is as important as using advanced
data assimilation schemes.

As demonstrated by diffusion and other
parameter sensitivity studies, suck dyna-ic
similarity is possible because of the model's
robustness with realistically low dissipation.
Also, the special dominant term treatment
used by SOMS and DieCAST allows dynamic
similarity with lower resolution than conven-
tional treatments.

In the future, to increase accuracy and
efficiency in modeling shelf processes, an
attractive approach would be to use special
shelf region models with lateral boundary
fitted coordinates that have extra high resolu-
tion normal to the shelfbreak. This should be
most beneficial to sigma coordinate models,
by greatly improving horizontal density
gradient approximation near shelfbreaks.
Also, more accurate description of the shelf
region bottom boundary layer is desirable. To
efficiently resolve the bottom boundary layer,
a sigma coordinate system (Blumberg and
Mellor, 1987) or a thin shell bottom boundary
layer submodel (Dietrich, et al, 1987) could be
used. In either approach, a turbulence closure
scheme such as the Mellor-Yamada level 2.5
scheme should be included in the shelf region
model. Such shelf model, properly coupled to
a deep water model, would accurately and
efficiently address important shelf processes
such as those affecting the dynamics of paired
eddies in the western GOM, and the
Caribbean western boundary current separa-
tion near the Yucatan Strait.

APPENDIX I

APPROACH TO CONTOURING
GRAPHICS

Our contour plots use computer-
automated one-digit semi-random contour
labeling. Such one-digit labeling is useful
when showing plots with detailed structures.
Contour levels are given mod(10) so that
an arbitrary number of levels can be labeled.
For example, the 25°C temperature contour
is labeled with a "5". Negative contours are
dashed. When a contour segment passes
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sufficiently close to a cell center, and there
are no other contours in the cell and no
contour labels in a user-specified neighbor-
hood, we draw the contour label instead of the
segment. The gap in the contour thus shows
the contour to which the label belongs. This
approach allows automatic, unambiguous,
space-saving and unobtrusive (not clashing
with nearby contours) contour labeling.
In some plots, the contours drawn are
distributed uniformly between the field
maximum and minimum. In others, including
ternperature, the contours are chosen specially
to show round-number characteristic values of
the field, as is often done with published
observations; observations generally show the
location of the 15 or 20 degree isotherm rather
than fractional values such as 17.216.
Temperature contour labels are given by:

N = MOD(T,10)

where T has units °C. Again there is no
ambiguity, because top level temperature is
always between 20°C and 30°C.

Pressure is converted hydrostatically to
equivalent free surface height anomaly in
centimeters, because the latter is closely
related to satellite measurements. Pressure
contours are labeled by single digit integers,
whose formula is:

N = MOD((P + 50)/5,10]

where P is the free surface anomaly. Thus,
the contour interval is Scm and N=6 for
P = -20 or for P = 30. This leaves no
ambiguity, because the contours are also
dashed for negative P.

Vorticity contour labeling is similar for P
except its units are per week. Thus, a vorticity
value of 4 pi (12.5664) corresponds to one
rotation per week. For a value of 10, its
contour label would be "2".

APPENDIX II
LINEAR EQUATION OF STATE

For sufficiently small ranges of
temperature (T) and salinity (S), the following
linear equation for density (D) is a good
approximation:

D = D0 + A*(S-50) + B*(T-TO) (D




where A and B are constants, and DO is the
reference state density (when S = SO and
T =TO).

Then:

dD/dt = (dD/9S)*dS/dt + (0D/aT)*dT/dt
= A*dS/dT + B*dT/dt

=V « K5V (A*S) + V+ K1V (B*T)
-7 )

where Kg and Kt are turbulent diffusivities of
Sand T.

If K5 and Ky are roughly equal, then:
dD/dT =V [KV (A*S + B*T)J = V. {KV D}
where K = Ks=Kr i i (3)

It follows that a separate transport equa-
tion for salinity is dynamically redundant, if
the range of S and T experienced by typical
fluid material elements is small (during typical
GOM eddy life cycles). The excellent
agreement of DieCAST with GOM obser-
vations, while using a linear relation for
density as a function of T, only confirms this
approximation.

More intuitively, a typical fluid element
entering the GOM experiences a relatively
small range of density, temperature, and
salinity during its residence time compared to
the existing variations and its incoming fluid.
Thus, interior density is accurately determined
by incoming fluid density. It follows that
salinity is dynamically redundant in the GOM.
Thus, we assume a linear equation of state and
parameterize salinity effects on density into
the temperature field.
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