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An upwelling case study on Florida's west coast 

Robert H. Weisberg, Bryan D. Black, and Zhenjiang Li 
Department of Marine Science, University of South Florida, St. Petersburg 

Abstract. Using a combination of satellite sea surface temperature imagery; in situ 
currents, temperature, and sea level data; and a numerical circulation model, we describe 
an upwelling event observed along Florida's west coast. Although ubiquitous features of 
continental shelves, descriptions of coastal upwellings (or downwellings) are generally 
complicated by the continuum of processes in which they occur. For the case study 
presented the winds were light, and the baroclinic background currents were steady for 
several days prior to the event. These conditions allow the evolution of a specific wind- 
driven upwelling event to be viewed as an initial value problem. The data and the 
numerical model analysis show that the route of adjustment by the sea level and currents 
is a classical Ekman-geostrophic one. Sea level drops due to an offshore Ekman transport, 
causing a geostrophic alongshore jet, and the associated onshore flow within the bottom 
Ekman layer accounts for the appearance of cold water at the surface. This surface 
manifestation occurs as an elongated feature, centered about the 25 m isobath, that spans 
roughly half of the Florida peninsula from just north of Tampa Bay to Key West. The 
coldest water is observed offshore from Tampa Bay, and we explain this region of locally 
maximum upwelling on the basis of the coastline and isobath geometries. 

1. Introduction 

Upwelling and downwelling events occur regularly on con- 
tinental shelves [e.g., Smith, 1995]. Here we define upwelling 
(or downwelling) as the vertical motion resulting from hori- 
zontal divergence. For the case of wind-driven upwelling, sur- 
face waters are transported offshore within the surface Ekman 
layer primarily because of the alongshore component of wind 
stress [e.g., Gill, 1982]. Coastal sea level drops, an across-shelf 
pressure gradient sets up, resulting in an alongshore coastal jet, 
and an associated onshore transport occurs within the bottom 
Ekman layer. Upwelling connects the oppositely directed sur- 
face and bottom Ekman layer flows, completing the circuit and 
maintaining continuity. The most obvious evidence of this be- 
havior is the correlation observed on nearly all continental 
shelves between the subtidal sea level and wind variations. 

Examples for the West Florida Shelf (WFS) are given by 
Mitchurn and Sturges [1982] and Marmorino [1983a, b]. 

Upwelling (or downwelling) events are important because 
they facilitate the across-shelf transport of material properties. 
This occurs within the surface and bottom Ekman layers be- 
cause there friction provides the means for overcoming the 
potential vorticity constraint imposed by the sloping topogra- 
phy. Given these boundary layer-induced across-shelf trans- 
ports, if the background hydrographic conditions are favorable 
for cold water to be advected shoreward and mixed to the 

surface, then the upwelling will manifest as a change in the sea 
surface temperature (SST). 

While conceptually simple, describing the evolution of spe- 
cific upwelling events is oftentimes difficult. Such events are 
not always evident in satellite SST imagery because the back- 
ground hydrography is not generally preconditioned to provide 
a surface expression. On the WFS, for instance, the inner shelf 
tends to be well mixed in both summer and winter. Addition- 
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ally, the wind stress variations generally occur as a continuum, 
and this has the effect of smearing one event into another. 
Over the course of a 16 month long mooring deployment on 
the WFS all of the necessary ingredients for observing the 
evolution of a large-scale, spatially coherent pattern of coastal 
upwelling coalesced in spring 1994. We discuss the evolution of 
that upwelling event. 

The study region and the in situ data are described in section 
2. These data show a coastal ocean spin-up to switched on wind 
stress that follows a classical Ekman-geostrophic route [e.g., 
Brink, 1998]. We test this spin-up hypothesis numerically in 
section 3 by applying the Princeton Ocean Model (POM) to 
solve initial value problems using realistic geometry. The up- 
welling distributions obtained in the model experiments agree 
with the satellite SST observation, including a region of local 
maximum in upwelling just offshore from Tampa Bay. While 
the WFS may generally be characterized by gently sloping 
topography and smooth, slowly varying coastline, subtle varia- 
tions in both the isobath and coastline geometries are found to 
have large regional effects. These are discussed in section 4, 
where the local maximum in upwelling observed offshore of 
Tampa Bay is attributed to a near-bottom flow field confluence 
that is steered both dynamically and geometrically. 

2. Observations and Analyses 
Bounded by the Gulf of Mexico in the west and the Florida 

peninsula in the east, the WFS (Figure 1) is broad and gently 
sloping with an -200 km width. The circulation on the WFS 
results from several factors. Because the WFS is so broad, its 
inner shelf, or the region of interacting surface and bottom 
Ekman layers [e.g., Mitchurn and Clarke, 1986; Lentz, 1994] 
that is most affected by local wind forcing, may be discussed 
separately from its middle to outer shelf regions where the 
direct influences of the bounding Gulf of Mexico are also 
important. 

The motivating observation for this paper is a satellite ad- 
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Figure 1. (a) The numerical model domain and the section 
sampled offshore from Sarasota FL. The model domain is 
open except for the coastline and the southeast corner because 
of the Florida Keys (indicated by a solid line). (b) the West 
Florida Shelf (WSF) and the measurement locations. 

vanced very high resolution radiometer (AVHRR) SST image 
for May 22, 1994 (Plate 1). A band of cold water, centered on 
approximately the 25 m isobath, is observed as a continuous 
feature from Tarpon Springs (just north of Tampa Bay) to the 
Florida Keys. Note that the coldest waters are found between 
Tampa Bay and Charlotte Harbor, with a local maximum just 
offshore from Tampa Bay. 

During this time a surface mooring was deployed on the 
47 m isobath at ---28øN, 84øW. It housed a downward looking 
600 kHz RD-Instruments acoustic Doppler current profiler 
(ADCP) that yielded horizontal velocity data at 1 m intervals 
between 3 and 43 m depths for the 16 months spanning Octo- 
ber 5, 1993, to January 26, 1995. Figure 2 shows sea level, 

surface wind stress vectors, temperature at 3 m depth, and 
horizontal current velocity vectors at depths of 5, 10, 15, 20, 30, 
and 40 m for the 10 days spanning May 15-24, 1994, that 
bracket the upwelling event. The sea level data are from the 
National Oceanic and Atmospheric Administration (NOAA) 
tide gauge in St. Petersburg; the wind data are from NOAA 
buoy number 42036 located at 28.5øN, 84.5øW; and the water 
temperature and velocity data are from our moored ADCP 
(see Figure 1 for these measurement locations). All of these 
data are low pass-filtered to remove fluctuations on timescales 
shorter than 36 hours. 

For several days prior to the mid-May 1994 upwelling event 
the winds are light, and the background currents are relatively 
steady and generally directed alongshore toward the south. 
While our measurements do not include simultaneous density 
data, we infer that the background flow is baroclinic from the 
pronounced vertical shear observed between the 20 m depth 
and the bottom and the persistence of this sheared flow 
throughout the spring [Weisberg et al., 1996]. This inference is 
consistent with subsequent springtime data (G. Kirkpatrick, 
unpublished data, 1999) from the WFS. Nature thus provided 
an opportunity to observe as an initial value problem the re- 
sponse of a stratified shelf to a rapidly switched on wind im- 
pulse. 

Beginning on May 19, the wind stress increases in an up- 
welling favorable direction, peaking in magnitude on the morn- 
ing of May 20. Simultaneous with the increase in wind stress, 
we observe a rotation to the right in the near-surface velocity 
vector such that when the wind stress peaks, the near-surface 
velocity vector is oriented ---35 ø to the right of the wind stress 
vector. Sea level during this time is falling at the coast. The 
maximum rate of sea level change occurs when the wind stress 
is a maximum and the near-surface currents have their largest 
right-hand rotation relative to the wind stress. Recognizing 
that the coastline is oriented at ---333 ø with respect to true 
north, the sea level drop is readily explained by the nearly 
shore normal direction of the near-surface velocity vectors. 
Thus sea level responds in a classical Ekman manner to 
switched on wind stress. We infer that this drop in coastal sea 
level causes an across-shelf pressure gradient force that must 
be balanced by an evolving Coriolis force. This inference is 
evident in the rotation of the near-surface velocity vector that 
tends back toward an alongshore orientation, concomitant with 
the drop in sea level. Such rotation is explained by the evolving 
geostrophic alongshore coastal jet that adds linearly to the 
across-shelf near-surface Ekman flow. With sea level reaching 
its lowest value (and hence the across-shelf pressure gradient 
force reaching its largest value) on the morning of May 21 the 
coastal jet response is also a maximum, as evidenced in the 
velocity vectors at all depths. In particular, note the continually 
increasing amount of left-hand rotation of the velocity vectors 
with depth. This starts near the surface where the geostrophic 
flow adds to the surface Ekman layer flow, causing a left-hand 
turning with depth, and it continues toward the bottom where 
the bottom Ekman layer flow, in reaction to the geostrophic 
interior flow, adds an additional left-hand turning. The maxi- 
mum in onshore flow near the bottom lags the maximum in 
offshore flow near the surface for this event by ---18 hours 
(consistent with the statistical analyses between winds and sea 
level by Mitchum and Sturges [1982] and Marmorino [1983a, b]. 
It is this bottom Ekman layer response that ultimately trans- 
ports the cooler water shoreward that upwells to produce the 
May 22 SST image (Plate 1). A decrease in SST during this 
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Plate 1. Sea surface temperature by satellite advanced very high resolution radiometer (AVHRR) on May 
22, 1994. Note the continuous band of cold water centered about the 25 m isobath from Tarpon Springs to the 
Florida Keys, with the coldest water located offshore from Tampa Bay. 

time is also evident in the moored ADCP temperature record 
at 3 m depth (although data are not available to determine the 
relative importances of horizontal advection, vertical advec- 
tion/mixing, and net surface flux cooling at this location). 

The surface manifestation of the coastal spin-up is thus the 
end result of the fully three-dimensional circulation that sets 
up in response to the switched on winds. Only as the coastal sea 
level drops because of the offshore-directed near-surface Ek- 
man transport does the coastal jet and its related onshore 
bottom Ekman layer transport evolve, culminating in upwelling 
and the appearance of cold water at the sea surface. The May 
22 image is the first and best defined of the SST images that 
coincide with this event. Earlier images are obscured by clouds 
and do not show the feature. As the winds abate, so do the sea 
level and currents responses, and the satellite images after a 
similarly well defined May 23 image show that the SST gradi- 
ents dissipate within a few days. 

3. Numerical Model Simulation 

To test further the hypothesis that the Plate 1 SST image 
results from a classical Ekman-geostrophic response to wind 
forcing and to diagnose the observed spatial patterns, we per- 

formed numerical model simulations using an adaptation of 
the POM developed by Blumberg and Mellor [1987]. The POM 
employs a topography-following sigma coordinate system in 
the vertical, an orthogonal curvilinear coordinate system in the 
horizontal, and an embedded turbulence closure submodel for 
determining vertical mixing. The WFS model domain, with an 
average horizontal resolution of---9 km and 16 sigma layers in 
the vertical, is shown in Figure 1. Li and Weisberg [1999a, b] 
describe this WFS model and its application to upwelling fa- 
vorable alongshore and offshore wind forcing under constant 
density settings. Here we report on initial value problems be- 
ginning from a state of rest by instantaneously switching on a 
spatially uniform, 1 dyn cm -2 wind stress directed toward 210 ø 
as observed in Figure 2. Two cases are presented. The first is 
with constant density, and the second is with an initial strati- 
fication estimated from the thermal wind relationship. Al- 
though density data are not available for this period of obser- 
vation, more recent hydrographic measurements in spring 
show an ---4 o-, change in density across a 15 m thick pycnocline 
that begins at 20 m depth. This Op/Oz, along with the the 
vertical current shear observed in Figure 2 prior to the wind 
stress intensification, implies a pycnocline that slopes up be- 
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Figure 2. Time series of temperature at 3 m depth, sea level, surface wind stress, and horizontal current 
velocity at depths of 5, 10, 15, 20, 30, and 40 m for May 15-24, 1994, all low pass-filtered to remove fluctuations 
on timescales shorter than 36 hours. The vector orientation follows the standard compass rose with north 
vertically up and east to the right. 

tween the 50 m isobath and the coast. Thus, for the stratified 
case we chose a pycnocline at the 50 m isobath, as given above, 
composed of four density surfaces that are equally spaced 
between the 20 and 35 m depths. Seaward of the 50 m isobath, 
the density surfaces are initially flat, whereas between the 50 m 
isobath and the coast they slope up uniformly. To achieve this 

initial density state in the sigma coordinate model we interpo- 
late between sigma surfaces seaward of the 50 m isobath while 
following sigma surfaces shoreward of the 50 m isobath. This 
initial state is then allowed to evolve freely with the wind 
forcing. 

As by Li and Weisberg [1999a, b], the model spins up rapidly 
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Figure 3. Cross-sections of the alongshore, across-shelf, and vertical velocity components sampled offshore 
from Sarasota on day 2 of the numerical model simulations. Solid contours denote flows toward the south, 
onshore, and up for the respective velocity components. The contour intervals are 4 cm s- ] for the alongshore 
and across-shore components and ] x ]0 -3 cm s -• for the vertical component. Figures 3a, 3c, and 3e are for 
the stratified case, and Figure 3g includes the Jsopycna]s (with a contour interval of ] •r, unit). Figures 3b, 3d, 
and 3f are for the constant density case. 

over the course of a pendulum day, with the surface Ekman 
layer divergence, the geostrophic coastal jet response to the 
evolving pressure field, and the bottom Ekman layer excitation 
by the coastal jet all developing in unison over the inner shelf. 
The model spin-up closely follows the databased description of 
section 2 for both the constant density and stratified cases. 
Offshore mass transport produces an onshore-directed pres- 
sure gradient force that supports a southward coastal jet, and 
all of this occurs over a pendulum day timescale. As the coastal 
jet evolves, so does the onshore flow in the bottom Ekman 
layer, which induces the upwelling by its across-isobath com- 
ponent. The end results of these behaviors are shown in Figure 

3 for a cross-section sampled offshore from Sarasota on day 2 
of the model integration. The coastal jet, being centered ap- 
proximately between the 20 and 30 m isobaths, induces a max- 
imum onshore acrøss-isøbath flow in that vicinity. Conse- 
quently, the upwelling induced by the kinematic bottom 
boundary condition is also a maximum there, as shown in 
Figures 3e-3g. 

The primary differences between the constant density and 
stratified cases are as follows. First, stratification increases the 
magnitude of the current response in all three coordinate di- 
rections. By surpressing the turbulence kinetic energy in the 
interior the surface and bottom Ekman layers are decoupled 



11,464 WEISBERG ET AL.: AN UPWELLING CASE STUDY ON FLORIDA'S WEST COAST 

Figure 4. Mid-depth vertical velocity component field sampled on day two of the numerical model simula- 
tions. The top (bottom) panels are for the stratified (constant density) cases. Solid (doted) contours denote 
upwelling (downwelling), and the contour interval is 1 x 10 -4 cm s -•. 

relative to the constant density case, and this allows for faster 
interior geostrophic flow and more pronounced velocity vector 
turning within the surface and bottom boundary layers. Faster 
along-isobath flow in the interior and increased turning results 
in larger across-isobath flow near the bottom and hence larger 
upwelling. Second, the effects of the evolving boundary layer 
responses are evident in the vertical structure of the along- 
shore current and the formation of a front at the transition 

region between upwelling and downwelling. Third, frontal for- 
mation as a result of stratification causes the upwelling re- 
sponse to be more spatially confined when compared with the 
constant density case. The spatial extents of these constant 
density and stratified upwelling responses are provided in pla- 
nar view at middepth in Figure 4. Upwelling occupies the 
entire length of the WFS from just north of Tampa Bay to 
Florida Bay in general agreement with Plate 1. Relative to the 
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Figure 5. Near-bottom horizontal velocity vectors sampled on day 2 of the numerical model simulations: (a) 
stratified case and (b) constant density case. 

constant density case, the stratified case shows a coastal up- 
welling that is larger in magnitude, narrower in offshore extent, 
and centered closer to the coast. 

The model also simulates the region of maximum upwelling 
that is observed just south of Tampa Bay. For the constant 
density case this occurs directly offshore from Tampa Bay, 
whereas for the stratified case the local maximum is shifted a 

little southward. The modeled location is dependent upon the 
initial guess at the stratification. For instance, results from an 

experiment (not shown) in which we initialized the pycnocline 
to be level (as opposed to sloping up toward the coast) show 
the ensuing upwelling pattern is intermediate between the con- 
stant density and stratified cases shown. In all of these cases the 
origin of this maximum upwelling region is explained by the 
near-bottom currents. Because of the isobath and coastline 

geometries, a flow field confluence occurs offshore and to the 
south of Tampa Bay as shown in Figure 5. The isobaths provide 
a dynamical onshore steering as the velocity vectors are turned 
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Figure 6. Cross-sections of the across-shelf momentum balances sampled offshore from Sarasota on day 2 
of the numerical model simulation for the constant density case. (a) the Coriolis force, (b) the pressure 
gradient force, (c) the sum of Figures 6a and 6b, (d) this residual from geostrophy balanced primarily by the 
frictional force, (e) the residual of the three primary forces (Coriolis, pressure gradient, and friction), (f) the 
advective acceleration, (g) the residual of the Coriolis, pressure gradient, friction, and advective acceleration 
terms, and (h) the remaining local acceleration. 

to the left (relative to the geostrophic interior) by the bottom 
Ekman layer, and the Florida Big Bend coastline provides a 
geometrical steering. Taken together, the region offshore from 
Tampa Bay is effectively a funnel within which a convergent, 
downstream accelerating coastal jet and maximum upwelling 
occur. An effect of stratification is to increase the importance 
of the dynamical onshore steering by the bottom Ekman layer 
relative to the geometrical steering by the coastline, thereby 
shifting the maximum upwelling region southward and shore- 
ward. Farther south, the coastal jet begins to diverge as it 
encounters an adverse pressure gradient force because of the 
partial closure of the WFS by the Florida Keys. 

The structure of the coastal jet and the interactions between 
the surface and bottom Ekman layers may be further under- 
stood from the across-shelf momentum balances given for the 
constant density and stratified cases in Figures 6 and 7, respec- 
tively. Figures 6a and 7a are the Coriolis forces, and Figures 6b 
and 7b are the pressure gradient forces. Their sum is given in 
Figures 6c and 7c. This residual from geostrophy is balanced 
primarily by the frictional force (where the frictional force is 
essentially vertical) in Figures 6d and 7d. Figures 6e and 7e are 
the residual of the three primary forces (Coriolis, pressure 
gradient, and friction), and Figures 6f and 7f are the advective 
acceleration. Finally, Figures 6g and 7g show the residual of 
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Figure 7. Same as Figure 6 but for the stratified case. 

the Coriolis, pressure gradient, friction, and advective acceler- 
ation terms, and Figures 6h and 7h show the remaining local 
acceleration. 

For the constant density case the pressure gradient force 
extends seaward to just beyond the 50 m isobath. Shoreward of 
this is the inner shelf coastal jet, and seaward is a small coun- 
tercurrent. The residual from geostrophy is accounted for al- 
most entirely by vertical friction, particularly that arising from 
the bottom Ekman layer. This bottom Ekman layer propensity 
is a peculiarity of the wind stress direction. With the wind stress 
directed at nearly a 45 ø angle to the coastline the frictional 
force evaluated at the surface is in the alongshore direction. 
For this reason the effect of the bottom Ekman layer stands 
out more clearly in these across-shelf momentum balances. 
The inner shelf may be defined as the region of significant 
ageostrophic motion by virtue of the frictional force that arises 

primarily from the bottom Ekman layer for this wind stress 
direction. 

For the stratified case the across-shelf momentum balance is 

similar but with some interesting modifications. The Coriolis 
force, which mimics the coastal jet, exhibits more structure. 
This is not simply the result of thermal wind, however, since 
over most of the domain the pressure gradient force is only 
slightly modified in the vertical from that in the constant den- 
sity case. The explanation for the increased structure lies in the 
vertical friction, which is largely modified by stratification. 
Note the wedge in the geostrophic residual at middepth that 
separates the surface and bottom regions and how the geostro- 
phic residual is largely accounted for by the frictional force. 
This wedge, or region of nearly geostrophic interior flow, be- 
tween the surface and bottom Ekman layers seaward of about 
the 30 m isobath accounts for the difference in vertical struc- 
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ture of the coastal jet between the constant density and strat- 
ified cases. The remaining acceleration terms are of lesser 
importance with the local acceleration being larger than the 
advective acceleration. Compared with the constant density 
case that reaches a quasi-steady state very quickly, the strati- 
fied case evolves a little more slowly because of the varying 
density field and its affects on the surface and bottom Ekman 
layers. 

4. Discussion and Summary 
We presented a case study of a coastal upwelling event on 

the WFS for which the hydrographic and wind conditions cul- 
minated in a clearly discernable band of cold SST in a set of 
satellite AVHRR images. Although upwelling and down- 
welling circulations regularly occur on continental shelves, un- 
ambiguous examples of their three-dimensional evolution are 
limited. On the WFS, for instance, measurements have lacked 
sufficient spatial resolution, and the inner shelf region has not 
been resolved. On other continental shelves with more steeply 
sloping topography the inner shelf has largely been ignored. In 
fact, elegant boundary conditions [Mitchurn and Clarke, 1986] 
have been advanced to enable wind-driven shelf circulation 

models [e.g., Clarke and Van Gorder, 1986] to bypass success- 
fully the complications of the inner shelf. Yet, it is the inner 
shelf wherein material properties are transferred between the 
estuaries and the deep ocean, and these transferences are 
important for phytoplankton, zooplankton, and juvenile fish 
distributions. It is also within the inner shelf where phenomena 
such as red tide have marked environmental impacts. 

We combined data on in situ currents profiled over the water 
column at the 47 m isobath (the outer reaches of the inner 
shelf) with coastal sea level data and numerical circulation 
model simulations to describe the evolution of a specific up- 
welling event. In the context of an initial value problem the 
coastal ocean spin-up for our case study follows a classical 
Ekman-geostrophic route. This route begins with an offshore- 
directed surface Ekman layer transport that concomitantly 
leads to a geostrophic coastal jet and an associated bottom 
Ekman layer response. The bottom Ekman layer returns fluid 
shoreward, induces upwelling by across-isobath flow, and 
closes the on-offshore circulation loop. While this seemingly 
two-dimensional construct is appealing, we also find that subtle 
variations in the coastline and isobath geometries can lead to 
significant three-dimensional effects. One of these is a region 
of locally maximum upwelling found offshore from Tampa Bay 
that we explain by a near-bottom flow field confluence that 
funnels fluid into a downstream accelerating coastal jet. Far- 
ther downstream, beyond the confluence region the jet decel- 
erares against an adverse pressure gradient force induced by 
the partial closure of the WFS by the Florida Keys in the south. 

Upon comparing model results for constant density and 
stratified cases (where we estimated an initial stratification 
from the thermal wind relation using the vertical shear ob- 
served prior to the onset of the wind forcing) we find that the 
process of coastal ocean spin-up is similar with or without 
stratification. However, stratification results in a more vigorous 
circulation in all three coordinate directions by virtue of de- 
coupling the surface and bottom Ekman layers. With turbu- 
lence surpressed in the fluid interior the Ekman layers are 
thinner [e.g., Weatherly and Martin, 1978], and the velocity 
vector turning within the boundary layers (necessary to dissi- 
pate relative vorticity induced by planetary vorticity tilting 

[e.g., Pedlosky, 1987] is larger. Consequently, stratification in- 
creases across-isobath flow, and upwelling (arising primarily by 
the bottom kinematic boundary condition) likewise increases. 

By affecting the onshore flow in the bottom Ekman layer, 
stratification also modulates the region of local maximum up- 
welling observed in the vicinity of Tampa Bay. The mechanism 
of flow field funneling (dynamically by the bottom Ekman layer 
and geometrically by the curving coastline) occurs in either 
case, but by increasing the relative magnitude of one effect 
over the other, stratification alters the position of the local 
maximum. Similar three-dimensional effects leading to an- 
other region of local maximum upwelling is seen just south of 
Apalachicola Bay, and evidence for upwelling there exists in 
seasonally occurring phytoplankton blooms [Gilbes et al., 
1996]. 

The simplicity of the inner shelf Ekman-geostrophic expla- 
nation that we provide must be tempered by the fact that our 
currents observations for this case study are at the outer 
reaches of the inner shelf and that our model applications use 
a crudely estimated initial stratification. On the basis of our 
WFS POM applications, Li and Weisberg [1999b] show that the 
inner shelf extends out to about the 50 m isobath. This model 

finding is consistent with the observations presented in Figure 
2 in that we clearly see the surface Ekman layer response with 
a substantial offshore directed transport. It is also consistent 
with the analytical findings of Mitchurn and Clarke [1986]. 
Despite the turning observed with depth, however, there is not 
a substantial onshore directed transport at this location. Such 
onshore directed transport occurs farther inshore as is evident 
in the model simulation. Recent data (R. Weisberg, unpub- 
lished data, 1999) confirm this, but not for the case study 
presented here. These data and the model experiments also 
show the effects of stratification in ways very similar to what we 
present here. For instance, winter data from the 20 m isobath 
show relatively small turning with depth under well-mixed con- 
ditions, while spring data from the same location show pro- 
nounced turning with depth under stratified conditions. 

Because the Ekman depth depends upon the vertical turbu- 
lence distribution, which in turn depends upon stratification, it 
is not feasible to determine these properties from the available 
data that do not include direct measurements of density. Fig- 
ure 2 shows that the largest rate of turning and amplitude 
diminution within the surface Ekman layer occurs over the 
upper 15-20 m of the water column. However, without density 
data to sort out thermal wind veering from Ekman turning or 
to assess the effects of stratification on the turbulence param- 
eterization it does not seem fruitful to pursue this line of 
inquiry further. In the future, with more complete data sets we 
will attempt to provide quantitative statements about season- 
ally varying Ekman depths and turbulence parameterizations 
and how they impact upwelling distributions as a function of 
wind stress magnitude and direction. 

In summary, we provided a case study of upwelling on the 
West Florida continental shelf for which we described the 

evolution of the three-dimensional circulation that culminated 

in a band of cold SST observed in satellite imagery. From the 
perspective of a wind-driven initial value problem we argued 
on the basis of data and numerical model simulations that the 

inner shelf responds in a classical Ekman-geostrophic manner 
and that stratification and alongshore geometry variations have 
large effects on the inner shelf responses to wind forcing. In 
particular, the region just offshore from Tampa Bay is shown 
to be one of local maximum upwelling. By determining mate- 
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rial property distributions the physical workings of the inner 
shelf are important for primary productivity, larvae distribu- 
tion, sediment resuspension/transport, and the inherent optical 
properties due to these factors. Multidisciplinary efforts are 
presently underway on the WFS to understand these interac- 
tions better. 
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