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Response of the West Florida Shelf circulation to
climatological wind stress forcing

Huijun Yang and Robert H. Weisberg

Department of Marine Science, University of South Florida, St. Petersburg

Abstract. The response of the west Florida continental shelf circulation to monthly
mean climatological wind forcing is investigated by using the three-dimensional,
primitive equation Princeton Ocean Model. Two basic seasonal patterns of
circulation and sea surface elevation occur under a barotropic setting: a winter
pattern from October to March and a summer pattern from April to September. An
interesting finding in winter is an anticyclonic gyre over the northeastern (Florida
Big Bend) region that merges with a northwestward flow from the south. The
Big Bend Gyre is caused by a convergence of two separate flows: a nearshore
along-shelf southeastward flow and an offshore northwestward flow. Winter
circulation characteristics also include offshore surface transport, coastal upwelling,
and relatively low coastal sea level. The summer pattern features a continuous
northwestward directed flow, onshore surface transport, coastal downwelling, and
relatively high coastal sea level. Transitions between the two seasonal patterns show
either a development or relaxation of the Big Bend Gyre. These three-dimensional
circulation patterns result from wind-driven Ekman transports and their resulting
surface-slope-induced geostrophic flows. Qualitative agreement exists in some
respects with recent in situ observations, historical drift bottle retrievals, and tide
gauge data. However, climatological wind stress forcing alone does not account for -
- the seasonally varying southeastward currents observed at midshelf. Thus it may be
concluded that for depths less than 50m the seasonal winds may play a dominant:
role in the seasonal variation of the shelf circulation; and beyond this limit seasonal
density related effect must also be a factor in the seasonally varying circulation on

the West Florida Shelf.

1. Introduction

The west Florida continental shelf (Figure 1) is char-
acterized by broad, gently sloping topography that ex-
tends approximately 200 km from the coast to the shelf
break. It is semienclosed, bounded by the Florida Keys
in the south and the Florida panhandle in the north.
The shelf circulation is subject to the seasonally varying
wind stress, buoyancy inputs, and the influence of the
Loop Current that enters the Gulf of Mexico through
the Yucatan Channel and exists as the Gulf Stream
through the Florida Strait.

Many important biological phenomena occur within
t%16 West Florida Shelf region that may be related to the
¢irculation. These include episodic, seasonal blooms of

-~ (red tide) toxic dinoflagellates thought to originate at

midshelf [Steidinger, 1983; Vargo et al., 1987}, the sea-
sonal formation of high-concentration pigment plumes
lear the shelf break [Gilbes et al., 1996], and the sea-
sonal succession of fisheries’ recruitment. Despite the
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potential importance of the circulation in determining
water properties and for promioting organism growth
and distribution, relatively little is known about the
annual cycle of the west Florida continental shelf circu-
lation.

Low-frequency variations of the circulation near the
shelf break over the southern portion of the region were

-noted by Niiler [1976] and Maul [1977] in relation to the

Loop Current. However, it is unlikely that a direct in-
fluence of the Loop Current can extend to the midshelf
or inner shelf. Drift bottle release studies from the mid-
dle portion of the West Florida Shelf [ Tolbert and Sals-
man, 1964; Williams et al., 1977] suggested a seasonal-
ity in the surface circulation evidenced by returns to the
north for releases in summer versus returns to the south
for releases in winter. Recently, relatively long term in
situ current measurements at midshelf [ Weisberg et al.,
1996] confirmed that seasonal reversals in the circula-
tion do occur. Others have documented shorter term
observations of the responses of the midshelf and inner
shelf currents and sea level to synoptic scale weather
forcing [e.g., Mitchum and Sturges, 1982; Blaha and
Sturges, 1981; Cragg et al., 1983; Marmorino, 1982;
Mitchum and Clarke, 1986].
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Figure 1. Bathymetric map of the West Florida Shelf region and model domain. USF1 and
USF?2 are two University of South Florida buoy locations at 28°N, 84°W and 27° 49N, 83° 25°W,
indicated by a cross and star, respectively. A tide gauge station is located inside of Tampa Bay
at St. Petersburg, indicated by “t”. The drifter release area of the Hourglass project is indicated
by the region between Tampa Bay to Fort. Myers to the 73 m isobath. An off Clearwater coastal

location is also indicated by number symbol.

While the Gulf of Mexico in its entirety has been
the topic of several numerical model studies [e.g., Oey,
1995], only two such studies exist for the West Florida
Shelf. Hsueh et al. [1982] investigated the responses to
a prototypical winter storm using a linearized, barotropic
storm-surge model. Cooper [1987] applied a linearized,
three dimensional model to investigate the wind-driven
seasonal response but with very coarse horizontal reso-
lution and unrealistic coastal geometry. Neither of these
studies offers evidence of seasonal variations. Most full
Gulf of Mexico numerical models do not adequately re-

solve the West Florida Shelf circulation, and no evi-
dence has been offered for the seasonal variations over
the shelf.

Motivated by direct observations of systematic, sea-
sonal variations in the west Florida Shelf currents and
sea level, this paper provides a numerical investigation
of the response of the west Florida continental shelf to
seasonally varying, climatologically averaged monthly
wind stress forcing. The primary goals are to estimate
the seasonal pattern of the West Florida Shelf circu-
lation attributable to the climatological wind forcing
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alone and to determine whether or not these patterns
can explain the seasonal current reversal found at mid-
shelf. To provide high spatial resolution with realis-
tic topography and coastal geometry, and to consider
the fully three dimensional flow fields, we have applied
the public domain, primitive equation Princeton Ocean
Model (POM). Section 2 discusses the model applica-
tion. Section 3 first discusses the anticyclonic gyre ob-
served in the model results over the northeastern region
in late fall and winter. The results of 12 model runs to
quasi steady state are then presented, one for each of
the climatological monthly mean wind fields of Heller-
man and Rosenstein [1983]. Comparisons with data are
made in section 4, followed by a summary in section 5.

2. Description of the Model

2.1. Model Formulation

Our main interest herein is the large-scale low-frequency
shelf water response to climatological monthly wind
forcing. Clarke and Brink [1985] showed that the re-
sponse is mainly barotropic and confined to the shelf
when |[Na/f| << 1, where N is the shelf-averaged
buoyancy frequency, f is Coriolis parameter and «a is
the average shelf slope. On the West Florida Shelf
for winter, N is about 1073, & is 5 x 1074, and f =
6.6 % 10~55s-1. These values give [Na/f| < 1072 << 1,
so that the wind-driven response is expected to be
barotropic on the West Florida Shelf [Mitchum and
Clarke, 1986]. We thus begin by considering the barotropi
response of the shelf circulation.

Three features of the POM, as developed and de-
scribed in detail by Blumberg and Mellor {1983, 1987],
made it an appropriate choice for this study. First,
the model uses a sigma coordinate system in the verti-
cal, so it can be applied with realistic shelf ‘topography.
Second, along with a mode-splitting technique, where
the depth-averaged and the depth-dependent circula-
tions are solved separately, the model allows the free
surface elevation to be calculated prognostically. Third,
vertical mixing processes evolve with the flow field us-
ing the turbulence closure model of Mellor and Yamada
[1982].

The model domain for the west Florida continental
shelf application (Figure 1) includes the region from
87°W to 81°W and 24°N to 30.3°N. From south to
north, the shelf broadens within the Florida Big Bend'
region between Clearwater and Apalachicola Bay. It

-‘b\f“ then narrows along the Florida panhandle. These re-

gional differences in geometry have an important influ-
ence on the circulation. For subsequent comparisons
b.etween model results and observations, Figure 1 also
gives the locations of two in situ current meter stations
(USF1 and USF2), an off Clearwater coastal location,
the‘ location of the St. Petersburg tide gauge, and the
region of drift bottle releases from the Hourglass Ex-
Periment [Williams et al., 1977].
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The basic equations are cast in a bottom-following,
sigma coordinate system, o = (z —n)/(H + 1), where
H(z,y) is the bottom topography; 7 is the sea surface
elevation; and x,y, z are the conventional Cartesian co-
ordinates. Thus ¢ ranges from 0 at the sea surface
(2 = n) to —1 at the seafloor (z = —H).

The equations governing the shelf circulation and the
surface elevation are

a(ng) N 6(23;/) %}; %g _o )
6(gtD) + 3(UaZD) 4 B(U(;;D) + 3(;]:)
~fVD+gD§g: 56; [%"i%g—] +F. (2
8(18’tD) 4 8(({9 ‘;D) + 8(Va‘ZD) + 3((;/:)
+fUD+gD%Z = 58}- [1—{5"1%‘2] +F (3

where the density is assumed to be constant; U, V are
horizontal velocity components; w is the vertical veloc-
ity component normal to the sigma surface; D = H +1;
K is a variable vertical kinematic viscosity modeled
according to the level 2.5 turbulence closure scheme of
Mellor and Yamada [1982]; f is the Coriolis parameter;
g is the acceleration due to gravity; and Fr and Fy are
the horizontal friction terms, defined as

i) 8
Fr = 8—:c(DTN) + 6—y(D7'y:c) (4)

g 3]
Fy = b‘;(Dsz) -+ %(DTyy) (5)

where U
Tez = 2AM'£
U oV
Toy = Tyz = AM(—ag + 79—;)
v
Tyy — 2AM—3‘;/—

and Aps is the horizontal viscosity modeled according
to the Smagorinsky formulation:

7]
where C is a constant taken to be 0.2.

The model uses an Arakawa C grid conserving both
linear and quadratic quantities such “as mass and en-
ergy. Time differencing is explicit in the horizontal
and implicit in the vertical. The implicit time differ-
encing removes the time step constraints on the ver-
tical spacing and allows fine resolution near the sea

surface and seafloor. Time integration is split into a
two-dimensional external mode, with a short time step,

.5_[]_)2
dx

ov

( v
dy

Ay = CAzAy [( B
z

oU
2 r—
g+
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and a three-dimensional internal mode, with a long time
step, based on the Courant-Friedrichs-Levy (CFL) con-
dition. The external mode equations are obtained by
integrating the internal model equations (1)-(3) over
depth, to eliminate all vertical structure.

The ‘boundery conditions in the vertical are both
kinematical and dynamical. Thus w = 0 at the sea
surface and seafloor (¢ = 0, —1). At the sea surface,
U and V are related to the wind stress components 77,
¥ by

Ky (OU 8V _L c
—D—<’5;,66)—p0(7'77')7‘7“>0 (6)

where pg is the water density. At the seafloor, the hor-
izontal velocity components are zero and the vertical
shear is specified by

Ku (OU OV _ o T3 VEU,V), 0= ~1 (7)
D dc’ bo

where
kz
[ln(l -+ O'kb_lH/Zo)]z !

Cz = Max { 0.0025} ,

k = 0.4 is the von Karman constant, zg is the rough-
ness parameter, and kb — 1 is the vertical level next to
the seafloor. Thus, while the sea surface stress is spec-
ified, the bottom stress is determined internally within
the model. From a state of rest, the surface motion
~ is first driven by the specified surface wind stress. This
generates an interior flow through the pressure gradient
and the vertical mixing of momentum according to the
Mellor and Yamada [1982] turbulence closure scheme.
The motion near the sea floor then generates the bot-
tom stress by (7) with the velocity equal to zero at the
seafloor.

The horizontal boundary conditions over the land in
the north and east are implemented by a land mask,
which ensures that the velocity over the land and the
normal velocity along the coast line are zero. The model
domain has open boundaries in the south, west, and east
over water. The depth-averaged transports normal to
these boundaries are specified to be zero. That is,

0 .
/ Udo =90
—1

on the western and eastern boundaries over water and

0
/ Vdo =0
-1

on the southern boundary. Thus there are no net hor-
izontal transports into or out of the domain, so the to-
tal water mass within the domain is always conserved.
However, depth-dependent flows occur into or out of
the domain across the open boundaries according to a
Sommerfield radiation condition [Orlanski; 1976]. For
example, on the western open boundary, the radiation
boundary condition is simply
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Figure 2. Hellerman and Rosenstein [1983] climato-
logical wind stress fields in (a) January and (b) July.

oU

=
Here, C;, the gravity wave speed, is equal to \/gH. Sim-
ilar boundary conditions are applied to the eastern and
southern boundaries.

In this application, an evenly spaced 4.6 km rectangu-
lar horizontal grid is used to resolve the circulation with
21 levels in the vertical, where the vertical spacing is
nonuniform to provide higher resolution within the sur-
face and bottom boundary layers. The maximum depth
is assumed to be 1500 m and the minimum water depth
is 5 m. Tests with different maximum water depth show
little effect on the shelf circulation pattern. The sur-
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face wind stress is specified by the monthly mean wind
stress climatology of Hellerman and Rosenstein [1983],
linearly interpolated to fit the model grid.

2.2. Climatological Wind Stress

Located in the eastern Gulf of Mexico, the West
Florida Shelf is influenced by the subtropical high-
Pressure pattern called the Bermuda High. In sum-
mer, when the Burmuda High is farthest north, the
castern Gulf of Mexico has prevailing southeasterly
winds, whereas in winter, when the Bermuda High
moV.eS equatorward, an anticyclonic cell forms over the
Continent, producing northeasterly flow over the east-
en gulf. Thus the circulation of the eastern Gulf is

10
(day)

pin-up process of the continental shelf circulation driven by January wind
stress. (a) Sea surface elevation time series and (b)

depth averaged current time series at midshelf

levation is in unit of meters and current is in unit of meters per second.

influenced in spring and summer by tropical air masses,
arriving from the south and southeast and by subtrop-
ical or continental air masses in late fall and winter.
Examples of the climatological wind stress fields for
the months of January and July are shown in Fig-
ure 2. During winter (Figure 2a), the northeasterly
to northerly winds are relatively strong. Downcoast di-
rected along-shelf wind stress is limited to the nearshore
region over the Big Bend. Over the remainder of the
shelf, the wind stress is mainly directed offshore. In con-
trast, during summer (Figure 2b), the winds are south-
easterly. The along-shelf component of the wind stress
therefore reverses over the shelf from winter to summer.
Similar climatological wind stress fields for each of the
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Plate 1. Model quasi steady depth-averaged current and the surface elevation perturbation

pattern in January after a 20-day integration.

The color scale presents the surface elevation

perturbation. Solid lines are the surface elevation perturbation contour lines in units of meters.
The arrows are for the current vectors in units of meters per second.

12 calendar months were used for the surface forcing
fields in this study.

3. Main Results
3.1. Big Bend Gyre

The model spin-up from a state of rest using a con-
stant density and the climatological January wind stress
field is shown at a midshelf location in Figure 3. The
sea surface elevation and currents reach a quasi steady
state within 2 days, which is consistent with the finding
of Hsueh et al. [1982]. The northeasterly wind drives
water southwestward initially (within the first 6 hours
or so) and then northwestward (after less than 2 days),
causing a mass redistribution and a pressure adjust-
ment. The result is a combined Ekman and geostrophic
balance (shown in Figure 3a by the sea surface eleva-
tion). Thus the model spin-up time is essentially the
time taken to set up the sea surface slope. Since Ekman

dynamics provide a wind-driven transport to the right
of the wind stress, the Ekman transport is northwest-
ward in response to the northeasterly wind stress (see
Figure 3b). Combined with the geostrophic transport,
the resulting sea level and depth-averaged current pat-
terns after a 20-day integration are shown in Plate 1. In
response to a predominantly offshore wind in the south
and southerly wind in the north, a sea level depres-
sion occurs near the coast and a related southeastward
coastal jet emerges with a northwestward flow from the
south to form an anticyclonic gyre within the northeast-
ern Florida Big Bend region.

Dynamically, it is the along-shelf component of the
wind stress that primarily produces the along-shelf flow.
The water mass distribution then geostrophically ad-
Justs to this along-shelf low over the shelf, resulting in
a geostrophically adjusted cross-shelf slope of the sea
surface. In January (Figure 2a), the along-shelf compo-
nent of the wind stress is southeastward in the northern
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tion. Solid lines are the perturbation contour lines in

Plate 2. Model monthly sea surface eleva
latitude and longitude configuration as in Figure.l

units of meters. These plots have the same
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Plate 2. {continued)
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region. This generates the southeastward along-shelf
fow or the coastal jet and its geostrophically related
across-shelf sea surface slope. However, this alongshelf
wind stress is limited to the northern inner shelf region.
Qver the rest of the shelf, the wind stress is offshore,
and this offshore wind stress induces a northwestward
Ekman flow. The southeastward alongshelf flow and
the northwestward Ekman flow converge over the cen-
tral midshelf to produce an anticylonic gyre-like pat-
tern, which we call the Big Bend Gyre.

One can demonstrate that on the continental shelf,
local vorticity can be generated by two forcing mech-
anisms. One is the wind stress curl, and the other is
the alongshore component of wind stress. We can show
these processes as follows. Consider a coastline that,
at least locally, may be taken to be straight at z = z..
Suppose that in the region considered, the depth H of
the ocean is a function only of distance from the coast,
that is, H = H(z). On the west coast of the continent,
e.g., with the land to the east, H decreases eastward
with an z increase. The inviscid, linearized, vertically
integrated shallow water equations are

bu . 0n X
%I et ®
LIPS SNp S

where u and v are the depth-averaged components of
velocity in the onshore and alongshore directions, re-
spectively; and X and Y are the onshore and along-
shore components of wind stress acting on the ocean
surface, respectively, divided by the water density [Gill
and Schumann, 1974]. Taking the z and y derivatives
of the two equations and forming the vertical vorticity
equation, we have

wind stress

NONCNNAY

(a)
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¢ (8u 8v> 1 (6Y 6X> YdH
ot f 6r+3y AT 8y de’
10)
where ¢ = Ov/8z—Bu/dy is the vorticity. The left-hand

side is the local vorticity tendency, and the right-hand
side provides the vorticity generation terms. There are
two external forcing mechanisms: the wind stress curl
and the alongshore component of the stress.

Generally, the second mechanism dominates over the
first one. Thus it is alongshore wind stress that is ef-
fective at inducing the vorticity, which is cyclonic when
the stress has an alongshore component with the land
to the right and anticyclonic when the stress has along-
shore component with the land to the left. The physical
mechanism is simple. When the stress has an along-
shore component with the land to the right, it produces
an alongshore flow. However, as the water column be-
comes shallow toward the shore line, the alongshore flow
increases in magnitude and induces a coastal jet. This
cross-shore shear produces a cyclonic vorticity. Like-
wise, when the stress has an alongshore component with
the land to the left, it produces an alongshore flow with
shear of opposite sign and hence an anticyclonic vortic-
ity. Figure 4 illustrates these mechanisms.

In the northern region of the West Florida Shelf, the
wind stress has an alongshore component with the land .
to the left in winter. Thus it generates an anticyclonic
vorticity tendency over the Big Bend region. Accord-
ingly, the southeastward along-shore wind stress over
the West Florida Shelf may be able to generate such
an anticyclone. To test this idea, we ran the model
forced by an unidirectional alongshore wind stress. The
model, however, failed to generate such a Big Bend
Gyre. Therefore the alongshoi'e component stress alone
is not sufficient to generate and maintain the Big Bend

NN\

wind stress
<

(b)

Figure 4. Schematic of the local vorticity and coastal jet generation by the alongshore compo-
nent of wind stress. (a) Vorticity tendency is cyclonic when the wind stress has an alongshore
component with the land to the right (b) Vorticity tendency is anticlyclonic when the stress has
an alongshore component with the land to the left. In both cases, a coastal jet can be generated.
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northwestward flow

Figure 5. Schematic of the formation of the Big
Bend Gyre due to the convergence of two flows. The
southeastward alongshelf component of wind stress in
the northern inner shelf generates the anticyclonic vor-
ticity tendency and southeastward directed coastal jet
whereas the alongshelf component of wind stress in the
south and offshore produces a northwestward flow.

Gyre. It is combination of the alongshore wind stress
near the shore in the north and wind stress as it turns
offshore over the rest of the shelf that produces the Big
Bend Gyre. In essence, it is the convergence of two flows
over the Big Bend region as depicted in Figure 5 that
provides the possible mechanism for the generation and
maintenance of the Big Bend Gyre in the model. In
Figure 5, the southeastward alongshelf wind produces a
negative vorticity tendency over the shelf and a coastal
Jet. The wind stress in the north and offshore produces
a northwestward flow. The two flows meet in the north
and result in the Big Bend Gyre.

3.2. Depth-Averaged Circulation and Sea Level

Using monthly climatological wind stress and con-
stant density, 12 separate numerical experiments were
conducted, one for each month. The quasi-steady sea
surface elevation patterns after a 20-day integration
are presented in Plate 2 and the corresponding depth-
averaged circulation patterns are given in Figure 6. The
annual variations of the West Florida Shelf circulation
in response to the annually varying climatological wind
fields are clearly evident, particularly in the annual re-
versals of the circulation over the Florida Big Bend re-
gion and the coastal sea surface elevation changes. Two
basic shelf circulation and sea surface elevation patterns
emerge: a winter pattern from October to March, and
a summer pattern from April to September. with tran-
siiional patterns in between.

In late fall and winter, the along-sheit -omp.uent of
the wind stress is southeastward in t“ oarrthern re-
gion. This generates a southeastward along-shelf flow
and a geostrophically adjusted coasts! jst (Figure 6),

YANG AND WEISBERG: RESPONSE OF WEST FLORIDA SHELF CIRCULATION

eastward flow

manifest in the across-shelf slope of the sea surface
and the set down of sea level at the coast (Plate 2).
However, this along-shelf wind stress is limited to the
northern inner shelf. Over the rest of the shelf, the
wind stress is offshote. This offshore wind stresg in-
duces a northwestward Ekman flow. The southeagt.
ward along-shelf flow and the northwestward Ekmap
flow converge over the central mid-shelf producing the
anticylonic gyre-like pattern (Plate 2). This gyre joins
a relatively strong, northwestward directed jet centered
approximately along the 50 m isobath at midshelf.

In summer, the alongshelf component of the wing
stress is northwestward and it induces a northwestwarq
flow. The associated geostrophically adjusted sea syp.
face level decreases offshore over the entire shelf. The
reason the shelf circulation structure is simpler in sum.
mer than in winter is that during summer the wing
stress is weak and almost unidirectional toward the
northwest.

In spring, the Bermuda High moves back toward
the north. The winds over the West Florida Shelf
change from northeasterly to easterly and southerly,
and the anticyclonic gyre over the northeastern Florida
Big Bend region disappears. Coastal sea surface eleva-
tion increases and peaks in late summer. The result-
ing elevated coastal sea surface results in a continuous
northwestward coastal jet along the entire West Florida
Shelf. The jet is strongest along the Florida panhandle,
where the isobaths converge. This pattern persists into
September. '

The transitional seasons therefore show either devel-
opment (in late fall) or relaxation (in spring) of the
Big Bend Gyre and its associated circulation patterns.
The coastal jet along the Florida panhandle, however,
appears 1 month earlier in spring and 1 month later
in winter. For example, even though the Florida Big
Bend Gyre and the associated fall-winter circulation
pattern appear as early as October, the Florida panhan-
dle coastal jet is still in the summer pattern. Similarly,
in March the circulation pattern is still in the winter
pattern, but the coastal jet is already in the spring-
summer pattern.

The seasonal change in the coastal sea level is clearly
one of the major features in these experiments. These
model results show that, in general, the coastal sea level
is relatively high in the summer and low in the win-
ter (Plate 2). However, the annual variability differs
greatly from the Florida Keys to the Florida Big Bend
and the Florida panhandle, and this variability gener-
ally increases from south to north. For example, while
there is no appreciable seasonal change in the Florida
Keys, the annual change is as big as 12 cm in the north.
The sea level reaches its maximum in April and Septem-
ber and minimum in January.

3.3. Vertical Structure of Shelf Circulations

The vertical structure of modeled shelf circulation
patterns are shown in Figure 7 at sigma levels 1 (sur-

i
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Figure 7. Vertical structure of model horizontal circulation patterns in (left) January and in
right) July, showing (top) the surface current (on sigma level 1), (middle) the middepth current
on sigma level 11), and (bottom) the near-bottom current (on sigma level 20). These plots have

the same latitude and longitude configuration as in Figure 1.
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face), 11 (middepth) and 20 (near bottom) for win-
ter (January) and summer (July) months. In winter,
coastal surface currents tend to be in the direction of
wind stress because of direct wind forcing. Farther off-
shore, the surface currents tend to be at a 45° angle to
the right of the wind stress, in accordance with Ekman
dynamics. At sigma level 11, the middepth currents are
similar to the vertical average as discussed above. A rel-
atively strong southeastward directed flow also appears
inside the 20 m isobath. This coastal jet occurs because
offshore transports in the surface circulation depress the
coastal sea level; in turn, the coastal depression induces
a southeastward directed coastal jet by geostrophic dy-
namics. Farther offshore from midshelf, as the depth
increases, current vectors veer to the right near the sur-
face, also in accordance with Ekman dynamics. They
gradually align with the bathymetry at depth. At sigma
level 20, the near bottom currents decrease in magni-
tude and veer to the left of the middepth currents. A
northwestward directed flow with a center line along the
50 m isobath exists in midshelf at both the middle and
nearbottom sigma levels.

In summer, the alongshore currents are all directed
northwestward in the inner shelf and the coastal jet be-
comes a continuously salient feature because the anticy-
clonic gyre over the Florida Big Bend region disappears.
The inner shelf across-shore current is directed onshore
near the surface and offshore at middepth and near the
bottom. Thus the seasonal reversals that occur from
January to July include the direction of the coastal jet,
its associated sea level, and the onshore and offshore
transports, which, in turn, induce upwelling and down-
welling, respectively.

3.4. Upwelling and Downwelling

The vertical velocity normal to the sigma surface w
and the onshore or offshore horizontal transports along
the sloping topography contribute to the vertical mo-
tion in the z direction. Vertical motions in the z direc-
tion are called upwelling or downwelling and Figure 8
shows the model results near the bottom for January
and July. January is characterized by three distinct
regions (Figure 8a): an upwelling region onshore from
the midshelf (50 m isobath), a downwelling region off-
shore from the midshelf; and the shelf break region with
alternating up and down motion. These upwelling and
downwelling regions are controled by the offshore or on-
shore horizontal transports along the sloping shelf to-
pography. July, in contrast, is characterized by two
regions (Figure 8b): a downwelling region over most of
the shelf, and the shelf break region with alternating up
and down motion. Therefore an annual reversal of the
vertical motion occurs over the inner shelf.

4. Data Comparison

By design, the above experiments excluded the Loop
Current and density-related effects. Since these factors
are important for the shelf circulation near the shelf

YANG AND WEISBERG: RESPONSE OF WEST FLORIDA SHELF CIRCULATION

a)

Figure 8. Model vertical velocity in z direction near
the bottom in units of 1075 meters per second in (a)
January and (b) July. These plots have the same con-
figuration as that in Figure 1. The pluses and minuses
denote the upward and downward motions, respectively.

break and vertical stratification increases in summer,
our model results are most relevant for the inner shelf
during winter. However, our goal is not a realistic sim-
ulation of the shelf circulation, rather, an investigation
of how the shelf may respond to seasonal wind forcing
alone.

4.1. Recent in Situ Current Data

Two relatively long term in situ current data sets
at midshelf have resulted from recent mooring deploy-
ments (Figure 1). One derives from a surface mounted
acoustic Doppler current profiler (ADCP) at 28°N, 84°W,
labeled USF1, for the period of October 1993 to Jan-
uary 1995 [ Weisberg et al., 1996]; and the other is from
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Figure 9. Monthly mean depth-averaged in situ observations at USF1, located at 28°N, 84°W,
from October 1993 to January 1995; and at USF2, located at 27°49°N, 83°25’W, from July 1995

to January 1996.

a subsurface mounted ADCP at 27°49°N, 83°25°W, la-
beled USF2, for the period of July 1995 to January
1996. Figure 9 gives the monthly mean depth-averaged
currents from both locations. A seasonal reversal of
the alongshore transport is evident in these midshelf
data. The transports at both sites tend to be along-
shore, byt reversing from upcoast in late summer and
fall to downcoast during the remainder of the year. Fig-
ure 10 shows corresponding model depth-averaged cur-
fents at a Clearwater coastal location and at the USF2
and USF1 sites (Figure 1). .

These in situ current observations are too short to
"present the climatological condition at the midshelf
ad t0o sparse to resolve the spatial features observed
1“ the modeling results. Despite these shortcomings,
"¢ model results at the USF2 site capture a seasonal

reversal that depends upon offshore position. In this
sense, a qualitative agreement is achieved. However, for
the region farther offshore, the reversal is not evident in
the model, which suggests that some relevant physical
factors are missing in the model.

4.2. Drifter Data

Lagrangian-like drifters provide very important infor-
mation about the shelf circulation, even though they are
far from perfect. Results from two drifter studies-are
available for the region. The first derives from drift bot-
tle data during the Hourglass program [ Williams et al.,
1977] and the second is from satellite tracked drifters
deployed during a recent, Minerals Management Service
(MMS) program [P. P. Niller et al., personal comm-
nunication, 1996). The Hourglass data come from a se-
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ries of cruises on the continental shelf between Tampa
Bay and Fort. Myers during 28 months from August
1965 to November 1967 (Figure 1). Drift bottles were
released at. each station to study the surface circula-
tion. A total of 4460 drift bottles were released with
32% retrieval rate. These data are summarized in Ta-
ble 1. More than 80% of the retrieved drift bottles were
found to eventually flow southward over the shelf dur-
ing fall and winter months from November to March.
For example, during January and February, all drifters
were found to the south, and only 11%, 17% and 19%

of the retrieved drift bottles were found to the north
in December, March, and November, respectively. In
contrast, more than 40% of the retrieved drift bottles
were found north of their deployment sites from April
to September. For example, 53%, 57% and 52% of the
retrieved drift bottles were found to the north in July,
August, and September, respectively. This suggests a
seasonal variability in the surface shelf circulation and a
possible seasonal reversal of the net transport direction.

Accordingly, Figure 11 shows the surface circula-

tion patterns from the model results. From April to

Figure 11. Model monthly surface shelf circulation patterns, showing an offshore surface trans-
port during the period from October to March and a northwestward and an onshore surface
transport during the period from April to September over the central and scuthern West Florida
Shelf. These plots have the same latitude and longitude configuration as in Figure 1.
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Table 1. Percentage of Retrieved Drift Bottles
That Flow to North and South, Based on the
Hourglass Drift Bottle Data

North South

“Jan. 0 100
Feb. . 0 100
Mar: - 17 . 83
Apr. 46 54
May 48 52
Jun. 41 59
Jul. 53 47
Aug. 57 43
Sep. 52 48
Oct. 28 72
Nov. 19 81
Dec. 11 89

Data are based on Williams et al. [1977).

September, the surface shelf circulation is predomi-
nantly northwestward alongshore and onshore. There-
fore the model results are consistent with the Hourglass
drift bottle retrievals found to the north. In contrast,
from October to March, the surface shelf currents are
offshore over most of the shelf. It is well understood that
there is a southward directed flow off the shelf break
due to the Loop Current, particularly in the southwest
region. Assuming that over the southwest continental
shelf, offshore surface currents result in drifters mov-

Sea Level at St. Petersburg
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ing into the southward directed Loop Current (which j
not included in the model), then the model results hay, ;
the following implications: from October to March, t},
offshore surface currents may bring the surface driftey
farther off the shelf break and into the Loop Current, f; =
turn, the Loop Current may eventually drive the drifter, -
to the south. Therefore the model results are also cop.
sistent with those found to the south if we invoke an off.
shore transport \that leads to entrainment by the Loop
Current.

The MMS drifter data provide a more detailed de.
scription of the surface Lagrangian circulation for the -
West Florida Shelf during February 1996 to May 1997
While these data are in their initial stages of analysis
they also imply a seasonality to the West Florida Shelf -
circulation [P. P. Niller et al, personal communication

1996).

4.3. Tide Gauge Data

While the dominant variance of the coastal water -
level variations in the synoptic band (roughly 2 day to -
2 week periodicity) is well explained by the wind on the *
West Florida Shelf [Mitchum and Clarke, 1986], it is not
so for the annual cycle. Even though the annual cycle :
has contributions from both the annual thermosteric
changes in the water column and atmospheric pressure, -
the across-shelf slope of the sea surface may be related
to the wind forcing, to some extent. The wind-induced °
contribution to the cycle may still be significant.
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Figure 12. Model and observed monthly sea level heights at St. Petersburg.
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The model results (Figure 12) show that there is an
annual change in the coastal sea surface elevation. The
clevation reaches its maximum in April and Septem-
ber and its minimum in January. This annual change
increases from south to north. These results are gen-
erally consistent with observations [Blaha and Sturges,
1981]. For example, both the model and observations
show relatively little sea level change at Key West. The
observed annual change of sea surface elevation in St.
Petersburg is about 16cm with the highest in Septem-
ber and the lowest in February. The model results show
» 6cm annual sea level change. The observed annual
sea level change at Pensacola is about 20 cm [Blaha
and Sturges, 1981)], whereas the model result 1s 8 cm
at Cedar Key and as high as 9 cm near Apalachicola.
Monthly wind climatology therefore accounts for about
one third of the total sea level change at St. Petersburg
and a larger fraction at the Florida panhandle coast.
The rest may be due to both steric and atmospheric
pressure effects. Therefore, the seasonal change of sea
surface level along the coast suggests a direct link be-
tween the wind and the sea level change shown in many
previous studies [Blaha and Sturges, 1981, Mitchum and
Sturges, 1982; Mitchum and Clarke, 1986]. However,
this linkage is not necessarily a local one because the
model includes both the shelf-wide and local impacts of
the wind [Mitchum and Clarke, 1986]. It is also clear
from our model study that not only the alongshore wind
is important; the across-shore wind contributes to the
coastal sea level change. For example, the offshore wind
in the southern region (Figure 2a) produces a relatively
low sea level near the coast (Plate 1).

5. Summary

The response of the west Florida continental shelf cir-
culation to monthly mean climatological wind forcing
was investigated by using a three-dimensional, primi-
tive equation numerical ocean model. Two basic sea-
sonal patterns of circulation and sea level emerge: a
winter pattern from October to March and a summer
pattern from April to September. The winter pattern
consists of an anticyclonic gyre over the northeastern
(Florida Big Bend) region that joins a northwestward
directed flow from the south. This pattern is char-
acterized by relatively low coastal sea level, offshore
surface transport, and coastal upwelling. The sum-
mer pattern has a continuous northwestward directed
flow, relatively high coastal sea level, onshore surface
transport, and coastal downwelling. The transitional
seasons display either the development or relaxation of
the anticyclonic gyre over the Florida Big Bend region.
These circulation patterns result from wind-driven Ek-
man transports and the resulting surface-slope-induced
geostrophic flows. The Big Bend Gyre is one of the most
m?eresting findings of this study in winter. The gener-
atlon of this gyre is due to the convergece of two wind-
driven flows, one from the inner shelf in the north and
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the other from offshore over the rest of the shelf. Model
results are in qualitative agreement with recent in situ
current observations, historic drift bottle retrievals, and
tide gauge data. The across-shelf transports and their
related coastal upwelling and downwelling may greatly
influence the distributions of continental marine mate-
rials with biological and geochemical importance for the
West Florida Shelf environment. However, climatolog-
ical wind stress forcing alone does not account for the
seasonal reversal in currents found at midshelf. It is
therefore concluded that one can reasonaably treat the
depth-averaged flow as governed by wind stress within
50 m depth contour based on the present study, and be-
yond this limit, seasonal density effects must also be an
important factor in the seasonally varying circulation
on the West Florida Shelf.

To explore this assertion, a similar set of numerical
experiments was performed with the Levitus [1982] tem-
perature and salinity climatology in attempt to account
for baroclinic effects. This climatological density field,
while vertically stratified, is almost horizontally uni-
form. It limited the circulation to the upper layer in a
very unrealistic way while failing to improve upon sea-
sonal variation. However, the density field, especially
its horizontal gradient, is likely to be very important
in determining the seasonal variation in the shelf circu-
lation as implied by remotely sensed satellite sea sur-
face temperature data and in situ observations. Resolv-
ing the seasonally varying shelf circulation, particularly
the southward directed flow observed at midshelf over a
large portion of the year, may require serially and syn-
optically sampled hydrographic data tied into several
absolute sea level points.
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