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ABSTRACT

The Galt (1975) diagnostic model was used to investigate summer circulation on the Georgia shelf. The
steady-state model uses a finite-element method to solve the depth-integrated vorticity equation for sea
surface elevation over the model domain from which horizontal transports are derived. Good agreement
was found between predicted and observed flows for the mid-shelf region, between the 20 and 40 m isobaths.
The model was not applicable to the outer shelf due partly to the transient occurrence of Gulf Stream
meanders and eddies that produced large spatial and temporal variations in the density and flow fields; and
partly to the rapid depth changes in the continental slope region which made it difficult to resolve horizontal
gradients of the vertical averaged density.

The model was used to estimate a net northward along-shelf volume transport of 70 X 10’ m® s™! over
the model domain for the six-day averaging period. Along-shelf transport was primarily barotropic below
the pycnocline and a mixture of Ekman plus barotropic modes above the pycnocline. Net cross-shelf transport
was estimated at 40 X 10® m® s offshore, due mostly to offshore Ekman transport in the upper layer. This
cross-shelf transport is equivalent to a net exchange rate and was used to estimate a shelf residence time

VoLUME 12

of 3.8 months.

1. Imtroduction

The determination of the velocity and mass trans-
port fields over a continental shelf region requires a
larger set of current measurements than is normally
practical to obtain. However, with hydrographic sta-
tion data and a small number of current meters, one
can use numerical modeling techniques to enhance
estimates of velocity and transport fields.

A steady-state diagnostic vorticity balance model
was used to study summer circulation on the Georgia
shelf. This model was first used and described in
detail by Galt (1975) and Galt and Watabayshi
(1977). It incorporates the forcing functions of the
imposed surface wind stress, density field and surface
slope, and accounts for the interaction of the velocity
field with variable bottom topography.

Data requirements for the model include a grid
of STD stations to compute the density field, water
depth at each station, and wind measurements, to
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derive the local .wind stress. Current meter records
are used to verify the model results and to estimate
the sea surface slope boundary conditions. The equa-
tions of motion are simplified by dropping time-
dependent terms, thus making the equations diag-
nostic and steady-state. The flow modeled is rela-
tively slow so that nonlinear terms are neglected and
friction is considered to be important only in the
surface and bottom layers. ‘

The model is here used to depict shelf mean flow
conditions which occur on time scales of two weeks
or longer. Thus the effects of tidal, wind and Gulf
Stream forcing, which occur on time scales of less
than two weeks (Lee and Brooks, 1979; Lee et al.,
1981) are not accounted for. The model results will
be degraded to the extent that the effect of these
processes alias the measured density field.

2. Model formulation

A detailed derivation and discussion of the model
can be found in Galt (1975) and Galt and Wata-
bayashi (1977). A discussion of the finite-element
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solution procedure was made by Galt (1980) and a
recent application of the model to the New York
Bight was made by Han et al. (1980). A brief review
of the model formulation is presented here for com-
pleteness.

The model equation is a steady-state, integrated
vorticity balance

" pogl(E, d) + gJ(a, d) — gv(Via + poVit)

+k-VXr,=0, (1)

where £ is the sea surface elevation, d bottom depth,
po a reference density, g the acceleration of gravity,
« the vertically integrated density [= [%; pdz, where
z is the vertical coordinate positive upward and zero
at the surface], vy a bottom friction parameter equiv-
alent to the bottom Ekman layer thickness and given
a value of 500 cm, 7, the surface wind stress vector,
and J(a, b) = (da/dx)(db/dy) — (8a/dy)(db/dx) is
the Jacobian operator, with x positive to the east and
y positive to the north.

Eq. (1) specifies the complete vorticity balance
represented in the model and is solved for surface
elevation ¢ using a finite-element technique (Galt,
1980). Input data (d, a, 7,) are specified at the ver-
tices of the triangular grid elements in the model
domain, which is small enough so that f is considered
constant. The first term of (1) represents the vorticity
contribution from the interaction of the barotropic
field with bottom topography. The second is the con-
tribution from the interaction of the baroclinic field
with the bottom. The third term represents vorticity
input in the bottom Ekman layer due to frictional
coupling of the baroclinic and barotropic modes with
the bottom. Finally, the last term gives the vorticity
input due to the curl of the surface wind stress.

3. Boundary conditions

To find the solution to (1) it is necessary to specify
the surface elevation ¢ around the perimeter of the
model domain. Available technology does not allow
for direct measurement of £ to the necessary precision
required and as a result an indirect estimation of the
barotropic field must be utilized. As originally ap-
plied by Galt (1975) the barotropic boundary con-
ditions were estimated from wind stress data and
then adjusted. Han et al. (1980) showed that current
meter observations taken along the boundaries can
be used to determine the barotropic/geostrophic
mode along the perimeter of the model domain. The
model perimeter for the Georgia shelf application is
composed of four boundaries: a shallow inner along-
shelf boundary defining the coastline, a deep outer
along-shelf boundary, and northern and southern
cross-shelf boundaries connecting the inner and outer
boundaries. The inner-shelf boundary has the strin-
gent requirement that there be no net transport
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through the coastline. The boundary conditions here
are determined by summing the Ekman, baroclinic,
and bottom frictional transport components perpen-
dicular to the boundary segments and setting them
equal and opposite to the barotropic transport. This
results in a V£ along the coast necessary to balance
the transports such that there is no net flux through
the inner-shelf boundary.

To determine the barotropic mode around the re-
mainder of the model perimeter, Han ez al. developed
a technique using averaged velocity measurements
from current meters positioned along the northern
and southern cross-shelf boundaries to construct a
smooth horizontal profile of geostrophic velocity per-
pendicular to the cross-shelf boundaries. The geo-
strophic relation

(2)

is then used to obtain V¢ along these two boundaries.
In the above equation k X u,(z) represents the com-
ponent of geostrophic velocity perpendicular to a
boundary segment, 4 is the current meter depth, and
d is the total depth of the water column. This pro-
cedure, however, produces only elevations relative to
other points along the boundaries. To produce the
absolute boundary elevations, we set the nearshore
station on the northern boundary to 10 cm, which
is an arbitrary value because only elevation gradients
are required. Then £ is determined along the near-
shore boundary by satisfying the no-flux condition.
Using the end points of the inner-shelf boundary we
now integrate V{ along the southern and northern
cross-shelf boundaries. The outer boundary values
are found by interpolating between the outer end-
points of the two cross-shelf boundaries.

Having specified the boundary conditions, (1) is
used to solve for the barotropic mode in the interior
of the model domain. However, these prescribed
boundary conditions will not necessarily produce the
best possible flow field. The formulation of the model
is such that continuity must be satisfied. In general,
specification of £ around the entire model boundary
is an over-specificiation of the boundary conditions
and can lead to errors in the barotropic transport
field. The model responds to an excess or deficit of
transport through the boundaries by veering the
barotropic interior flow near the southern boundary
so that the bottom Ekman transport satisfies the con-
tinuity condition. A discussion of this effect is in-
cluded in Galt (1980). The final tuning of the model
is accomplished by fixing £ on the northern boundary
and computing several solutions of (1) with different
slopes on the outer boundary until a bottom flow that
is parallel to the isobaths is obtained in the vicinity
of the southern boundary. This iteration process
changes the values of £ on the southern boundary but
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the values of V¢ are held constant except at the
boundary segment adjacent to the point defining the
coast. However, changes in the absolute £ field along
the scuthern boundary (which result from varying
the slope on the outer boundary) only affect the flow
in a narrow band north of the southern boundary.

After solving (1) for the £ field, a geostrophic ve-
locity profile is determined for each triangular ele-
ment by superimposing the barotropic and baroclinic
profiles. The barotropic current is uniform from sur-
face to bottom whereas the baroclinic profile is as-
sumed to have a linear vertical shear. Transports per
unit width are computed by vertically integrating the
geostrophic profiles and superimposing surface and
bottom Ekman transports.

4. Input data

The Galt model was applied to the Georgia shelf
using current meter and hydrographic data collected
during July 1977 (Lee, 1980; Atkinson et al., 1979).
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Location of the current meter moorings is shown in
Fig. 1. Current and temperature measurements were
obtained 17 m below the surface and 3 m above the
bottom using Aanderaa current meters at the 30 m
(moorings A and G), 45 m (mooring F) and 75 m
(moorings B, D and E) isobaths. Five transects of
CTD stations perpendicular to the coastline were
obtained by Skidaway Institute of Oceanography
during 4-8 July 1977 (Fig. 2). These stations define
the vertices of the triangular grid used in the model
(Fig. 3). Three fictitious density stations were in-
cluded in the grid between the Jacksonville and St.
Simons transects in order to avoid very elongated
triangles. This was done by interpolating the « and
depth fields between the transects. Station depths
used in the model ranged from about 15 m at the
inshore stations to about 65 m at the deep stations.
For reasons to be discussed later, our attempts to
include stations with depths exceeding 65 m. gave
poor results. Wind data were obtained from the Sa-
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FIG. 1. Location of current meter moorings A-G (©) and coastal sea level (A) and wind stations (@)
for the period 2 July to 10 November 1977.
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F1G. 2. Hydrographic station locations 4-8 July }977 from Atkinson et al. (1979).
Stations are shown by solid dots, and only the start and end stations of each transect

are numbered.

vannah Light Tower located in the northwest corner
of the model domain (Blanton et al., 1979).

The original current records were filtered to sup-
press tidal fluctuations using a 40 h low-pass Lanczos
filter and rotated 30° into an isobath-oriented co-
ordinate system where north is 30° T and east is
120° T. The resulting time series from the 17 m
depth for the four-month summer period are shown
in Fig. 4. Also shown are coastal sea level from Day-
tona Beach, Florida, and Charleston, South Caro-
lina, and local winds. The sea level data were “ad-
justed” to remove the static effect of atmospheric
pressure.

Low-frequency currents indicate that the shelf can
be separated into two distinct flow regimes according
to the physical processes controlling variability: in

the outer shelf (water depths > 40 m) subtidal flow
variability appears to be primarily produced by Guif
Stream forcing (transient wave-like meanders and
eddies); and in the mid- to inner-shelf (water depths
< 40 m) wind forcing has a significant influence on
low-frequency flow variability (Lee et al., 1981).
Density forcing may also be important in the inner
shelf off Georgia and north Florida due to river dis-
charge, which forms a low-salinity, alongshelf band
over the inner 10-20 km of the shelf (Blanton and
Atkinson, 1978).

The influence of the Gulf Stream is clearly seen
in data from the 75 m isobath (shelf break: moorings
BT, DT and ET). Current amplitudes in the upper
layer ranged from +40 to =80 cm s~! about a mean
northward flow of 55 cm s~ (Fig. 4). Energetic cur-
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F1G. 3. Triangular grid of model domain, deep stations excluded.
Numbers are for element identification.

rent fluctuations produced broad-banded spectral
peaks (not shown) at periods of 2.3, 3.5, 5 and 10
days that were coherent between the cross-shelf (u)
and alongshelf (v) components, with the cross-shelf

,leading by 90° in phase, suggestive of propagating
wave motion. Downstream current meter pairs of the
summer experiment revealed northward propagation
of subtidal velocity and temperature fluctuations that
were coherent over the 90 km alongshelf array spac-
ing at periods of 5-12 days in the upper layer. South-
ward propagation was observed in both upper and
lower layers at periods of 2~3 days. Temperature
fluctuations with amplitudes ranging from +2 to
+4°C were significantly coupled to the velocity vari-
ations. Largest temperature changes occurred in the
lower layer. Current and temperature fluctuations
were coherent over the 55 m vertical instrument sep-
aration at periods of 2-2.5 days.

Lee et al. (1981) have shown that cyclonic cold-
core eddies forming along the Gulf Stream front
make up a major component of the low-frequency
current and temperature variability over the Georgia

outer shelf during all seasons in the 2-day to 2-week
period band. The occurrence of an eddy has been
observed to produce a cyclonic perturbation of the
mean northward flow coupled to a sharp decline in
the temperature (Fig. 4, events 4-11). The influence
of eddies on the velocity and density fields can extend
35-40 km shoreward from the shelf break. Down-
stream dimensions of these features can reach 100-
200 km in the region from Jupiter, Florida, located
170 km south of Cape Canaveral, to Charleston,
South Carolina.

Gulf Stream meanders have been observed to pro-
duce onshore-offshore displacements of the surface
front 15 km from the shelf break in the Georgia
shelf region (Bane and Brooks, 1979). These mean-
ders are believed to be produced by waves traveling
to the north at about 40 cm s™! with wavelengths of
100-200 km and periods of ~10 days (Legeckis,
1979; Niiler and Mysak, 1971; Orlanski, 1969).

Low-frequency current fluctuations at the 30 m
isobath (mid-shelf) were highly coherent andl nearly
in phase over the 90 km array separation distance
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F1G. 4. Time series of 6 h rotated current and wind vectors, and corrected sea level from
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cation.

[Fig. 4; also see Lee et al. (1981)]. Current ampli-
tudes ranged from +10 to +40 cm s™' with little
vertical shear, indicating a barotropic fluctuation.
Current variations were also significantly correlated
with local winds and coastal sea level changes.
Northward (southward) winds, which were coherent
over alongshelf distances of 600 km in this region?,
lead coastal sea level set-down (set-up) at Daytona
and Charleston by about 12 h and northward (south-
ward) currents at moorings A and G by about 20 h.
Thus at mid-shelf a significant fraction of the sub-
tidal current variability appears to be largely in re-
sponse to wind-induced cross-shelf sea level slopes.
Northward winds produce an offshore surface Ek-
man transport which causes coastal sea level to set-

2 Hamilton, 1981, unpublished report to Bureau of Land Man-
agement.

down, creating a cross-shelf pressure gradient that
drives a northward barotropic alongshelf flow. The
opposite response occurs with southward winds,

A similar coastal sea level and current response
to local wind forcing was found for winter conditions
on the New England shelf by Beardsley and Butman
(1974) and Scott and Csanady (1976); on the Geor-
gia shelf during winter by Lee and Brooks (1979)
and Tebeau and Lee (1979); and on the Washington
shelf by Hickey and Hamilton (1980).

A blow-up of the subtidal current vectors over a
17-day period that includes the hydrographic cruise
dates (4-8 July 1977) are shown in Figs. 5 and 6.
The hydrographic data are shown in Fig. 7. It is
apparent from these data that the outer shelf was
under the influence of a Gulf Stream disturbance
during the period of the hydrographic cruise. On 4
July the Gulf Stream front was located offshore of
the shelf break at Savannah and upwelling appears
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FI1G. 5. Blow-up of 6 h current v

to have occurred along the bottom due to the pres-
ence of uplifted cold temperatures. A flow reversal
occurred at the 45 and 75 m isobaths in the lower
layer where the mean flow is weak. In the upper layer
where the northward mean is strong there was a de-
crease in northward speeds. There also appears to
be more freshwater in the inner shelf off Savannah
than in the sections to the south, presumably due to
run-off from the Savannah River. At the Ossabaw
section, 20 km to the south, on 5 July the front was
slightly closer to the shelf break and flow conditions
were similar to those observed at the Savannah sec-
tion. However at the St. Simons section the Gulf
Stream front was located shoreward of the shelf

—_

13

S—

12 14 15 16 17 18
ectors for 2-18 July, top meters.

break on 6 July which appears to have produced the
strong northward flow in the upper and lower layers
at the 75 m isobath (current meters BT and BB) and
increased temperatures along the slope. On 7 and 8
July off Jacksonville the Stream edge was again ob-
served offshore and upwelling is indicated by the
colder temperatures at the shelf break. Following the
offshore meander at Jacksonville a large decrease in
current speed was observed from 7 to 12 July off St.
Simons in the upper and lower layer and appeared
to produce the observed current reversal off Savan-
nah (FT and ET) from 12 to 16 July.

The above observations were most likely produced
by a northward propagating wave in the Guif Stream
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F1G. 6. Blow-up of 6 h current vectors for 2-18 July, bottom meters.

front. The phase speed of this wave was estimated
with the current meter data to be approximately 46
cm s”! to the north. The wavelength was roughly
estimated from the hydrographic data to be about
160 km. The wave period of the disturbance is es-
timated from the wave speed and length to be about
four days. These wave properties are in close agree-
ment with those estimated by Legeckis (1979) from
satellite images and may be a type of unstable con-
tinental shelf wave that is advected northward by the
strong current in the Gulf Stream.

At the mid-shelf locations (30 m isobath) the sub-
tidal flow appears to be relatively unaffected by the

wave motions at the shelf break during the period
of the hydrographic measurements. The velocity
fluctuations are strongly barotropic even though the
shelf is vertically stratified and significant visual cor-
relation with the wind is indicated.

In order to use the current meter data to determine
the sea surface slope boundary conditions for the
model and later for model evaluation, low-frequency
variations occurring on time scales of several days
were removed by averaging the low-passed velocities
over a six-day period beginning 6 July. The resulting
six-day averages (geostrophic velocities) for the bot-
tom meters at locations E, F and G (Fig. 1) were
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FiG. 7a. Transects of temperatures (°C), salinity (%) and density (o,) off Savannah, Ossabaw and Sapelo, Georgia (see Fig. 2
for locations).

used to determine the boundary conditions, i.e., sur-
face elevations along the northern boundary using
Eq. (2).

Velocity data along the southern boundary were
not available. Instead, the surface slope along this
boundary was estimated by using the geostrophic
bottom velocity data from the A and B bottom meters

which are actually located in the central portion of
the grid. The lack of appropriate velocity data for
determining the southern boundary conditions is ex-
pected to somewhat degrade the model results. How-
ever, as was pointed out earlier, the model solution
is dominated by the input along the northern bound-
ary. Therefore, improper specification of the slope
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F1G. 7b. Transects of temperatures (°C), salinity (%.) and density (o,) off St. Simons, Georgia, and Jacksonville, Florida
(see Fig. 2 for locations).

along the southern boundary is expected to only af-
fect the solution in the triangles adjacent to this
boundary.

5. Model results

The initial application of the Galt model to the
Georgia shelf included the deep hydrographic sta-
tions made seaward of the shelf break where the
cross-shelf depth gradient increases by an order of

magnitude over that of the mid-shelf-region (Figs.
1 and 2). The diagnosed velocity field at 20 m and
near bottom is shown in Figs. 8 and 9, respectively,
along with the six-day average observed velocities.
The predicted velocities at the shelf break appear to
have no relation to observed velocities nor does the
general pattern match the remainder of the model
domain. The only agreement is in the bottom veloc-
ities at mid-shelf.

The diagnosed velocity field in the deep regions
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Fi1G. 8. Diagnosed velacity at 20 m including deép hydrographic stations.
Averaged current meter velocities are indicated by heavy arrows.

is clearly anomalous and can be traced to two causes.
The first is a resolution problem. In evaluating J(«,
d) in the vorticity equation, the model must compute
relatively small differences between large quantities,
i.e., (da/dyNdd/dx) — (3d/dy)(a/dx). Recall that
a is the vertically integrated density, so that the
mode] is required to produce horizontal gradients of
a between shallow and deep stations. Therefore, in
regions of rapid depth change closely spaced stations
are required to adequately determine the horizontal
gradient of a. The second difficulty arises from lack
of the synopticity in the hydrographic data. In the
deeper shelf break regions, the vertical and horizon-
tal density field is strongly influenced by transient
Gulf Stream disturbances so that significant changes
can occur on a time scale of 1-2 days. As a result
a steady-state model will not properly diagnose a
realistic velocity field over the deep regions of the
model domain, which is strongly time dependent.

In view of these difficulties it was decided to re-
strict the model domain to the region shoreward of
the 65 m isobath where the depth gradient is small
and the density field changes more slowly. Figs 10,
11, and 12 show the effect of omitting the deep sta-
tions on the depth field, the « field in terms of ver-
tically averaged o,, and the diagnosed ¢ field, re-
spectively. The « field in Fig. 11 was obtained by
fitting a third-order polynomial to the « versus depth
relationship. The field was then smoothed by re-
quiring all values to be less than or equal to one-half
standard deviation from the polynomial fit. Both the
measured density field and predicted surface eleva-
tion distribution showed significantly larger cross-
shelf gradients than along-shelf. The predicted sea
surface elevation stands about 3-4 cm higher at the
outer shelf compared to the inner shelf, with very
little along-shelf variation. The vertically averaged
density field indicates an along-shelf variation in the
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outer shelf due to the Gulf Stream disturbance men-
tioned earlier and cross-shelf gradients over the mid-
to inner-shelf. Discharge from the Savannah River
appears responsible for the increased cross-shelf den-
sity gradient in the northwest corner of the grid.

In computing vertical velocity profiles there is an
additional difficulty due to the assumption of a con-
stant vertical eddy diffusivity K, which is unrealistic
for the region in question. Downward penetration of
momentum induced by wind stress is not expected
to be constant since vertical stratification varies over
the model domain. Therefore the water column was
divided into two layers above and below the pycno-
cline depth for each grid triangle by taking the av-
erage pycnocline depth for the three stations com-
prising a triangle. The Ekman transport was com-
puted from 7,/ f and 7,/ f for the surface and bottom
layers respectively. The baroclinic velocity profile
was determined from the density distribution, and
combined with a constant barotropic velocity derived
from the sea surface slope to obtain the geostrophic
profile.

Figs. 13, 14 and 15 show the results of modeling
the velocity field at the surface, 20 m and bottom.
The measured currents are also shown at 20 m and
near bottom and compared to the predicted values
in Table 1. As expected there is rather poor agree-
ment between observed flow at the shelf break (moor-
ings B, D and E) and the diagnosed flow due to the
Gulf Stream influence over the outer shelf. However,
the results look more promising for the mid-shelf
region.

The surface velocity field was computed from the
combination of surface Ekman and barotropic ve-
locity components (Fig. 13). Surface currents are
primarily wind driven, in an offshore direction ~30°
to the right of the wind. The predicted currents at
20 m and bottom in the mid-shelf region are quite
similar in magnitude and direction and agree rea-
sonably well with the measured flow. These levels are
either within or below the pycnocline at mid-shelf
(Fig. 7) and are also below the surface Ekman layer
depth (hg) which is estimated at ~10 m from h;
= 0.1p7" ! 7,//2 (Csanady, 1976). Thus the flow
below the pycnocline (lower level) results only from
the combined effects of barotropic (sea surface slope)
and baroclinic (horizontal density gradient) forcing.
The observed flow is northward, parallel to the iso-
baths, and with little vertical shear, which indicates
that the cross-shelf gradient of surface elevation
(8¢/93x) was the main driving force of the lower layer
flow.

6. Volume transport

Volume transport into and out of the model do-
main was computed for both the upper and lower
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Fi1G. 9. Diagnosed bottom velocity including deep hydrographic
stations. Averaged current meter velocities are indicated by heavy
arrows.

layers and total water column. Transport in the upper
layer was computed by vertically integrating the geo-
strophic velocity profile from the surface to the pyc-
nocline and combining with the surface Ekman trans-
port. For the lower layer, the velocity profile, com-
posed of geostrophic plus bottom Ekman components,
was vertically integrated from the pycnocline depth
to the bottom. The transport per unit width for the
upper and lower layers are shown in Figs. 16 and 17
respectively. Transport through the south, outer and
north boundaries was determined for each layer by
multiplying the length of the boundary triangle seg-
ments by the component of transport perpendicular
to the segment. The component of the transport due
to barotropic and baroclinic modes and the surface
and bottom Ekman layers was computed separately.
The results are given in Table 2 along with total
transports through the model boundaries.

The total transport indicates a net northward flow
with an offshore component. The offshore component
was produced largely by offshore transport in the
upper layer of 123 X 10° m® s~ that was only par-
tially balanced by an onshore transport in the lower
layer of 38 X 10° m?s™'. Cross-shelf flow in the upper
layer was primarily due to an offshore Ekman trans-
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F1G. 10. Depth field used in model excluding depths greater than 65 m.

port of 120 X 10° m® s™!, Along-shelf flow in the upper
layer was complicated by a significant northward
barotropic component ranging from about 70 to 100
X 10° m® s™! that was opposed by a southward Ekman
transport of about 70 X 10° m® s~ and a southward
baroclinic component of about 30 X 10° m?s™!, which
appears to have been an effect of Savannah River
freshwater discharge for it only acts at the northern
boundary. These flows were superimposed to produce
the complex upper layer transport pattern (Fig. 16).

Transport in the lower layer was more uniform
and consistent than in the upper layer (Fig. 17).
Transport in this layer was northward at about 50
to 60 X 10° m® s™! and on-shore at 38 X 10° m>s™!.
Along-shelf transport in the lower layer was north-
ward and almost totally barotropic, ranging from 70
to 80 X 10° m* s™'. The baroclinic along-shelf trans-
port was insignificant in the lower layer. Cross-shelf
transport in the lower layer occurred primarily in the
bottom Ekman layer as an onshore barotropic flow
of 85 X 10> m? s™! that appears to be a consequence
of the frictional interaction of the northward baro-

tropic flow. This onshore barotropic transport was
partially opposed by an offshore baroclinic compo-
nent in the bottom boundary layer of 42 X 10° m?
s~!, which appears to be much larger than could rea-
sonably be expected from the weak southward lower
layer baroclinic transport and is therefore question-
able.

The baroclinic transports appear to be weak, ex-
cept for localized effects near the Savannah River,
and are also somewhat questionable in the bottom
Ekman layer along the outer boundary. If we neglect
the baroclinic transport then the total volume trans-
port is to the north at about 70 X 10* m*® s™! and
offshore at 40 X 10° m® s™'. The upper layer part of
the total transport is offshore at 120 X 10° m? s7!
and northward at about 10 X 10* m®s™"'. In the lower
layer the transport is northward at about 60 X 10°
m? s7! and onshore at 80 X 10®> m® s™'. By dividing
the lower layer transport by the average cross-sec-
tional area gives an average northward velocity of
about 4.5 cm s~' which agrees well with the observed
bottom velocities (Table 1).
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Fi1G. 13. Diagnosed surface velocities with stations deeper than 65 m excluded.

TABLE 1. Comparison of diagnosed velocity components (cm s™') to six-day non-rotated velocity averages from top

and bottom current meters (hydrographic stations deeper than 65 m have been excluded).

Bottom** Top**
Observed Modeled Observed Modeled
Water velocity velocity velocity velocity
Current depth Triangle
meter (m) number* u v u v u v u v

A 30 19 0.1 4.7 -0.4 45 ' 0.2 2.9 -1.4 4.6
B 75 53 7.4 12.7 4.4 6.9 38.8 97.7 44 6.9
D 75 25 -0.4 2.7 0.4 43 36.1 65.9 0.4 4.3
E 75 9 -0.1 4.1 1.8 4.6 20.7 239 1.8 4.6
F 45 7 -3.1 5.2 1.2 3.1 -0.6 6.7 1.2 3.1
G 30 6 0.3 9.0 37 7.2 2.3 8.7 3.7 7.2

* * Triangle numbers specify triangular grid elements in Fig. 3.
** Top meter is located 17 m below surface; bottom meter is 3 m above bottom.
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TABLE 2. Volume transports (X10°> m® s™') through the bound-
aries of the model domain for top and bottom layers (minus in-
dicates flow into the domain and plus is for outward flow).

Boundaries

Volume transport South Outer North
Top barotropic -100.4 -0.4 +66.2
Bottom barotropic —-80.6 +6.6 +67.0
Total barotropic —-181.0 +6.2 +133.1
Top baroclinic +0.3 +2.8 -32.2
Bottom baroclinic -0.2 —-1.5 -3.5
Total baroclinic +0.2 +1.3 -31.6
Top Ekman +73.0 +120.8 —69.1
Bottom Ekman barotropic +9.3 -85.0 —-23.4
Bottom Ekman baroclinic +7.7 +42.0 +9.6
Total top layer -27.1 +123.2 -35.1
Total bottom layer —63.7 —38.0 +49.7
Total transport —90.8 +85.2 +14.6

The total cross-shelf transport of 40 X 10° m® s™
in the offshore direction is equivalent to a net ex-
change rate and can be used to estimate the shelf
residence time. The volume of shelf water within the
model domain (excluding depths greater than 50 m)
and including the shallow waters west of the domain
to the coast (Fig. 10) is approximately 40 X 10'° m’.
Therefore the shelf residence time is estimated at 3.8
months, which agrees reasonably well with the 2.5
month estimate of Atkinson et al. (1978).

7. Conclusions

Application of the Galt diagnostic model was
found to be useful for prediction of mean flow con-
ditions in the Georgia mid-shelf region. The model
is not applicable to the outer-shelf region for two
reasons:

1) The transient occurrence of Gulf Stream dis-
turbances (meanders and eddies) on time scales of
two days to two weeks produce large temporal and
spatial variations in the density and flow fields that
strongly alias results from a steady-state model. To
resolve this problem would require two to three ships
making quasi-synoptic three-dimensional maps of
density every day for one month. These data could
be time-averaged to produce a mean density field
that should be more representative of the mean
baroclinic flow over the outer shelf.

2) Depth increases rapidly at the continental
slope, making it difficult to resolve horizontal deriv-
atives of the vertical averaged density. To overcome
this problem would again require an increased num-
ber of hydrographic stations.

Galt (1975) also mentions that the model is not
applicable to shallow regions where the surface and
bottom Ekman layers merge, which indicates that
the model is probably not useful for depths < 20 m.
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Thus on the Georgia shelf the model is limited to
predicting mean flows in the mid-shelf region where
the water depth ranges from 20 to 40 m.

Model results indicate that wind forcing is a major
mechanism driving mean flows at mid-shelf. Wind
forcing occurs in two ways that are directly coupled:
1) in the upper layer wind-driven Ekman transports
produced the largest component to the cross-shelf
flow and a significant amount of the along-shelf flow;
and 2) cross-shelf Ekman transports can cause
coastal sea level variations that result in mean cross-
shelf sea level slopes and barotropic along-shelf
flows. The barotropic flow accounts for a significant
portion of the mean along-shelf transport in the up-
per layer and practically all of the along-shelf trans-
port in the lower layer. The baroclinic component of
the transport due to cross-shelf and along-shelf den-
sity gradients appears to be insignificant in the lower
layer and only marginally significant to along-shelf
flow in the upper layer.

The model predicts a six-day average along-shelf
volume transport of 70 X 10’ m* s~ toward the north
between the 20 and 50 m isobaths. In the summer
86% of this flow occurs below the pycnocline due to
the controlling effect of the barotropic mode in the
lower layer. The net cross-shelf transport is offshore
at 40 X 10° m? s7' for the six-day period and is
equivalent to a volume exchange rate. The shelf res-
idence time is estimated from this exchange rate at
3.8 months.

The Galt model could be made to be more appli-
cable to the Georgia shelf if it were modified to in-
clude variations in time, and coupled the sea level
response directly to surface wind stress. '
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