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The continental shelf ocean circulation is driven by a combinat ion of local and 
deep ocean forcing, where the local forcing is by surface m o m e n t u m and buoyancy 
(heat and fresh water) fluxes and by land-derived fresh water fluxes, and the deep 
ocean forcing is by m o m e n t u m and buoyancy fluxes t ransmit ted across the shelf 
break. Whi le all continental shelves share the same response physics, their geom
etries, river distributions, and boundary currents make their individual behaviors 
unique . Here we consider the responses of the West Flor ida Cont inenta l Shelf 
(WFS) to external forcing on t ime scales ranging from the passage of synoptic scale 
weather systems to interannual anomalies. Our approach is to combine measure
ments made over several years with applied numerical model experiments , and we 
describe several features of the t ime and space varying circulation that may have 
relevance to the ecological workings of the W F S . These include the role of the bot
tom E k m a n layer in t ransport ing cold, nutrient-rich waters of deep-ocean origin 
to the nearshore; seasonal reversals of the inner shelf currents; seasonal reversals 
of the outer-shelf currents that can occur independent of the Gulf of Mexico Loop 
Current to provide a W F S pathway for Mississippi River water in spring and sum
mer; the formation of a spring cold tongue and the associated "Green River" phe
nomenon; and ventilations by deep-ocean water that may occur interannually. 

1. INTRODUCTION 

Continental shelves are the relatively shallow coastal 
regions that separate the land from the abyssal ocean. All 
with differing geometry, they share in common a point of 
bottom slope change, called the shelf break, seaward of 
which the water depth rapidly increases across the shelf 
slope toward the abyss. The coastal ocean circulation on all 
continental shelves is externally forced by a combination of 
momentum and buoyancy, input either locally (by surface 
winds, surface heat and fresh water fluxes, and by river or 
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spring-fed fresh water fluxes) or from the deep ocean (by 
momentum and buoyancy fluxes transmitted across the shelf 
break). The responses to such external forcing factors are 
governed by the same physical principles on all continental 
shelves, but differences in geometry and in the estuarine and 
boundary current interactions render each continental shelf 
environment unique. 

Much of the West Florida Continental Shelf (WFS), 
depicted in Figure 1, has a relatively simple geometry, with a 
gently sloping inner shelf that is dynamically separated from 
the shelf slope by virtue of the large shelf width. Geometrical 
complexities arise in the south, where the Florida Keys pro
vide both a barrier to the flow and a convergence of isobaths 
west of the Dry Tortugas, and in the north, where the iso
baths again converge in the DeSoto Canyon before making 
a right angle bend into the Mississippi Bight. The DeSoto 
Canyon is also the region of narrowest shelf width. 

Fresh water enters the WFS from various sources. From 
northwest to southeast there occurs a seasonal succession 
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Figure 1. The West Florida Continental Shelf and the locations referred to in the text. 

of fresh water inflows from direct river discharges, like 
the Mississippi River that peaks in spring, to the estuaries, 
springs, and the Everglades that peak in summer. Excepting 
tropical storm occurrences, the largest riverine fresh water 
inflows are in the spring season and over the northern por
tions of the WFS. 

Deep ocean fluxes occur at the shelf break and are par
tially controlled by the adjacent boundary currents, the Gulf 
of Mexico Loop Current (LC) for the case of the WFS. They 
are also partially controlled by local forcing through the 
wind-induced upwelling and downwelling responses that 
may transport deep ocean materials (salt, nutrients, etc.) 
across the shelf break. It is the interplay between the local 
and the deep ocean forcing that determines the material 
properties of the continental shelf. 

With material fluxes occurring both across the shelf break 
and from land it is the shelf circulation that determines the 
distribution of properties across the shelf and how these 
properties may be flushed from the shelf. The mechanisms 
of across-shelf transport have therefore been a focal point 
for physical oceanographic research on the continental shelf. 
The dynamics are complex. Varying topography in the pres
ence of the Earth's rotation, together with stratification, 

constrains the shelf circulation. Even without rotation, water 
has difficulty flowing across sloping isobaths because of 
mass conservation and Bernoulli principle considerations. 
Angular momentum by rotation further constrains the flow. 
Combined we have the Taylor-Proudman theorem stating 
that the flow will tend along (rather than across) isobaths. 
Achieving across-isobath flow requires that the Taylor-
Proudman constraint be broken, either by frictional bound
ary layers, time dependence, or eddies. Stratification adds 
further complication by inhibiting mixing, either through 
the buoyant opposition to turbulence production or through 
the formation of fronts. 

This chapter considers the WFS circulation that occurs 
over time scales spanning the synoptic weather systems 
that regularly transit the region, the seasonal transitions due 
to winds and surface heat flux, and the anomalies that may 
occur interannually. It is on these subtidal time scales that 
particle excursions on the WFS may be large enough to effect 
across-shelf transports of materials, including planktonic 
organisms. Section 2 briefly provides the background mate
rials for the concepts just discussed, along with some previ
ous findings. Sections 3, 4, and 5 then focus on the synoptic, 
seasonal, and interannual time scale variability, respectively. 
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Section 6 attempts to draw these together since, while time 
scales provide a convenient delimiter for organizing discus
sions, the processes occurring on these times scales may be 
closely intertwined. As the distribution of material proper
ties, particularly nutrients relative to the euphotic zone, is 
what controls shelf ecology, an understanding of the coastal 
ocean responses to the combined effects of local and deep 
ocean forcing is of fundamental importance to sound eco
logically based management on the WFS and elsewhere. 

2. BACKGROUND 

Reviews on local wind, buoyancy, and deep ocean forcing 
effects on continental shelves are provided by Brink [1998a], 
Hill [1998], and Brink [1998b], respectively. The last of 
these also explicates the Taylor-Proudman theorem, which 
states that steady, frictionless, small Rossby number (rela
tive vorticity much smaller than planetary vorticity) flows 
must parallel the local isobaths, assuming that a complete 
baroclinic compensation does not occur above the bottom. 
Breaking this geostrophic (pressure gradient and Coriolis 
force balance) constaint requires frictional boundary layers, 
time dependence, or large Rossby number. Boicourt et al. 
[1998] adds to these theoretical discussions by reviewing 
prior WFS flow observations. 

The set up of frictional boundary layers by winds blow
ing over the coastal ocean was first discussed by Ekman 
[1905]. For deep regions, unbounded by land, a uniform 
wind stress impacts only the near surface, causing a net 
water transport to the right (in the northern hemisphere) of 
the wind stress within a thin surface (Ekman) layer. As the 
water depth decreases toward land and becomes less than 
the wind stress penetration (Ekman) depth, the stress of the 
moving fluid against the bottom modifies the flow, causing 
a more downwind transport. The coastline further modifies 
this by allowing water to be set up or down by the Ekman 
transport divergence, supporting an across-shelf pressure 
gradient and an associated geostrophic current that combines 
with the directly wind-driven current. By rubbing against the 
bottom the geostrophic current itself causes a bottom Ekman 
layer with a transport driven to the left of the geostrophic 
current because of the pressure gradient, and this process of 
Ekman/geostrophic coastal ocean response (spin-up) occurs 
over a pendulum day (roughly a calendar day for the WFS). 
The geostrophic portion of the flow is along isobath, consis
tent with the Taylor-Proudman theorem, whereas the surface 
and bottom Ekman layer flows have across isobath directed 
components. The Ekman layer thicknesses are highly vari
able due to the dependence of turbulent mixing on both flow 
and stratification. Bur chard and Peterson [1999] provide a 
particularly lucid discussion on this. 

Time dependence modifies the Taylor-Proudman constraint 
through the oscillations of relative vorticity that occur as a 
negative feedback to the stretching of planetary vorticity fila
ments induced by the across isobath flows. Resulting from 
this planetary and relative vorticity interplay are continen
tal shelf (and coastally trapped) waves that propagate with 
shoaling isobaths (coastline) to their right (in the northern 
hemisphere). Gill [1982] derives these waves and explains 
their propagation asymmetry using a simple conceptual 
diagram (his Figure 10.18). By providing complete sets of 
basis functions for given continental shelf geometries it is 
possible to project wind-forcing functions onto these wave 
modes and integrate in time to calculate the response of the 
coastal ocean to wind forcing [Gill and Schumann, 1974]. 
Applications of such forced wave techniques to the WFS 
for cases of idealized wind forcing, including the effects 
of friction on the wave modes, are given by Clarke and 
Van Gorder [1986] and Lopez and Clarke [1989], using the 
coastal boundary condition derived by Mitchum and Clarke 
[1986a]. Mitchum and Clarke [1986b] demonstrate the utility 
of these techniques in accounting for coastal sea level vari
ability and for estimating the vertically averaged along-shelf 
currents calculated geostrophically from the model pressure 
solution. These authors conclude that analytical techniques 
are effective for estimating sea level and along-shelf currents, 
given the along-shelf winds, plus the sea level at Key West 
(to account for shelf wave responses to sea level variations 
at Key West by remote influences). Limitations, however, 
are that the model effectively eliminates much of the inner 
shelf by virtue of its coastal boundary condition that is 
applied seaward of the inner shelf (the region of overlapping 
surface and bottom Ekman layers in their model), and it 
cannot address the important topic of across-shelf exchange 
because it considers only the vertically averaged along-shelf 
geostrophic current from about the 25m isobath to the shelf 
break. Overcoming these limitations requires more complete 
analyses available through numerical circulation models, 
and initial examples of such model applications to the WFS 
are given by Marmorino [1982], Hsueh et al. [1982], and 
Cooper [1987]. 

The Taylor-Proudman constraint is even more severe sea
ward of the shelf break because of increased bottom slope. 
Whether or not deep ocean forcing along the shelf slope can 
project onto the shelf, either barotropically or baroclinically, 
is governed in part by the process of geostrophic adjustment. 
The relevant parameter is the ratio between the baroclinic 
Rossby radius of deformation evaluated at the shelf break and 
the shelf width. Studies by Janowitz and Pietrafesa [1980], 
Clarke and Brink [1985], Chapman and Brink [1987], and 
Kelly and Chapman [1988] address this topic. When this 
ratio is small, the pressure gradient adjusts baroclinically in 
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the vicinity of the shelf break such that flows imposed on 
the shelf tend to be barotropic and weak. Similarly, flows 
locally forced on the shelf tend not to penetrate onto the shelf 
slope. These studies conclude (on the basis of linear theory) 
that deep ocean forcing should be relatively ineffective at 
generating shelf currents. 

A case study confirming these predicted behaviors is 
provided for the WFS by He and Weisberg [2003a]. Figure 
2 shows the geostrophic currents (relative to the bottom) 
calculated from two hydrographic sections sampled about a 
month apart and observed at a time when the LC impacted 
the shelf slope offshore of Tampa Bay. The LC is constrained 
to the shelf slope with its baroclinic shear diminishing to 
zero within a Rossby radius of deformation (estimated to 
be about 25 km), and on the shelf the flow is weak. Moored 
acoustic Doppler current profilers (ADCP) confirmed these 
behaviors and provided absolute current determinations for 
separating the (smaller) barotropic and (larger) baroclinic 
portions of the flow. Simplified (constant density) numeri
cal model simulations (Figure 3) for the combined effects of 
deep ocean (LC) and local (wind) forcing further demon-
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Figure 2. Relative geostrophic currents calculated from hydro-
graphic sections sampled offshore from Sarasota Florida on June 
6 t h and June 28 t h 2000. The contour interval is 5 cm s"1, and solid 
lines denote southeastward flow (from He and Weisberg, 2003a). 
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Figure 3. Depth-averaged current maps calculated from idealized 
LC and wind-forced model experiments: a. LC only, b. LC plus 
0.1 N m"2 upwelling-favorable winds, c. LC plus 0.1 N m"2 down-
welling-favorable winds. The thick line along the open boundary 
is where the LC is controlled. The depth contours are the 20 m, 
50 m, 100 m, 200 m, 1000 m, and 2000 m isobaths (from He and 
Weisberg, 2003a). 
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strates the decoupling of these two effects, consistent with 
other ADCP observations made across the inner shelf. 

Despite the above constraints there are instances when 
deep ocean effects are quite apparent on the WFS. We may 
account for these instances through the effects of the fric
tional Ekman layers (even in the above case landward advec-
tion did occur in the bottom Ekman layer; we will return to 
this later), the region of relatively narrow shelf width within 
and east of the DeSoto Canyon, and the region of convergent 
isobaths at the Dry Tortugas. Narrow shelf width is impor
tant because features with sufficiently large relative vortic
ity (large Rossby number) can overcome the small Rossby 
number, Taylor-Proudman constraint over the relatively 
short distance. Examples of eddies in the vicinity of the shelf 
break abound on the U.S. southeast coast, where Gulf Stream 
spin-off eddies are regularly observed; e.g., see the review 
by Boicourt et al., [1998], and Paluszkiewicz et al. [1983] 
provides an example for the WFS. At the DeSoto Canyon 
the shelf is sufficiently narrow such that eddy effects can 
permeate the entire canyon head [Huh et al., 1981]. 

The Dry Tortugas region is particularly interesting for two 
reasons. First, it is the most upstream location on the WFS 
with respect to the propagation direction for continental shelf 
waves and second, deep- and shallow-water isobaths converge 
there because of the partial closure of the WFS by the Florida 
Keys. Consistent with continental shelf-wave dynamics, a 
pressure perturbation will propagate along isobath with the 
coastline on the right. Thus a deep ocean pressure perturbation 
impacting shallow isobaths at the Dry Tortugas can poten
tially affect the entire WFS (as included in the Mitchum and 
Clarke, [1986b] analysis). Csanady [1978] provides the basis 
for how this may impact the shelf in the presence of frictional 
damping, and Hetland et al. [1999] expands on this idea for 
the WFS. With the LC regularly penetrating into the Gulf of 
Mexico before shedding a large anticyclonic eddy and collaps
ing back to the south [e.g., Sturges and Leben, 2000], such LC 
impacts on the shelf slope near the Dry Tortugas occasionally 
occur, and when they do there is now ample evidence for their 
direct influence from the shelf break to the beach [Weisberg 
and He, 2003 and He and Weisberg, 2003b]. We will return 
to this in section 5, along with the finding that local forcing 
in the DeSoto Canyon region can combine with deep ocean 
forcing at the Dry Tortugas to cause highly anomalous condi
tions over the entire WFS. 

3. SYNOPTIC VARIABILITY 

A property of all continental shelves is a correlation between 
the local winds (the along-shelf component in particular) and 
sea level, and as a corollary (by geostrophy) there is a correla
tion between the winds and the along-shelf currents. The wind 

fluctuations on the WFS tend to be largest with the passage of 
synoptic-scale weather fronts in winter months. Frontal passage 
[e.g., Fernandez-Partegas and Mooers, 1975] generally entails 
southerly followed by northerly winds, as weather systems 
propagate across the region from west to east with a stochastic 
interval of some days to weeks. Reports on the WFS responses 
to synoptic scale weather are given by Niiler [1976], Marmorino 
[1982,1983], Mitchum and Sturges [1982], Craggetal. [1983], 
and Weatherly and Thistle [1999]. With the exception of sea 
level these studies are of limited duration and water column 
sampling. More recent observations using ADCPs over longer 
duration and with larger vertical resolution show spatial struc
tures and response behaviors to be discussed in this section. 

A starting point is the examination of the WFS responses 
to upwelling and downwelling favorable winds since frontal 
passages have phases of upwelling (northerly) and down
welling (southerly) directed wind stress. Li and Weisberg 
[1999a,b] respectively address the kinematics and dynamics 
of WFS upwelling and downwelling responses in the context 
of a primitive equation numerical model [using the Princeton 
Ocean Model (POM) of Blumberg and Mellor, 1987] with 
constant density, forced by spatially uniform, impulsively 
started winds. The focus is primarily on the inner shelf, ini
tially defined, as in Mitchum and Clarke [1986a], as the region 
of overlapping surface and bottom Ekman layers. A primitive 
equation model allows us to examine the structure of the inner 
shelf and discuss its behavior relative to the entire shelf. While 
subtle, the topographic variations of the WFS are important, as 
shown through the various cross sections sampled at regions 
of different shelf width, and these behaviors are also sensi
tive to the form of vertical turbulence parameterization. For 
flow-dependent parameterizations, such as the model default 
Mellor-Yamada level 2.5 closure scheme [Mellor and Yamada, 
1982], the flow fields are realistic, whereas with constant-eddy 
coefficients the flow fields are unrealistic. 

In these impulsively started wind experiments the coastal 
ocean spins up over a pendulum day, the velocity field, even 
with constant density, is fully three-dimensional, and the sur
face and bottom Ekman layers, the geostrophic interior, and 
their interactions (through the vertical velocity component) 
are distinguishable. Offshore of Tampa Bay the inner shelf 
extends out to about the 50 m isobath as a region of across 
shelf sea level slope initially set up by a surface Ekman layer 
divergence. Owing to shelf width this inner shelf region is 
separated from the shelf break and slope regions where the 
flow is much more variable due to eddy-like motions (caused 
by the interplay between planetary and relative vorticity). The 
midshelf region between the inner shelf and the shelf break 
is influenced by the partial closure of the Florida Keys, and 
this results in a return flow and a reversal in the across-shelf 
pressure gradient. These dynamically distinctive regions 
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across the wide WFS help to explain why earlier studies such 
as Niiler [1976] did not find large coherence between current 
measurements made at different locations (also see Meyers 
et al, 2001). 

These experiments also provide further definition for the 
inner shelf with respect to the flow field dynamics. Shown 
in Figure 4 for the case of upwelling winds are each of the 
terms in the vertically integrated along- and across-shelf 
momentum equations as functions of across-shelf distance. 
The across-shelf momentum balance between the pressure 
gradient and Coriolis forces is the simplest. A coastal jet peaks 
some distance from the beach, and the change in sign reflects 
the return flow induced by the partial domain closure of the 

Florida Keys. The along-shelf momentum budget shows addi
tional features. The spatially uniform, upwelling wind stress is 
balanced by several terms as follows. Beginning far offshore 
(beyond the inner shelf) we see a balance between the wind 
stress and the Coriolis force (i.e., a vertically integrated Ekman 
balance where the Coriolis force due to transport at a right 
angle to the wind balances the wind stress). Upon approach 
to the beach the Coriolis force begins to decrease as the bot
tom stress begins to increase, and of secondary importance is 
the along-shelf pressure gradient force that exists because the 
WFS is not two dimensional. The region over which the verti
cally integrated Coriolis force gives way to the bottom stress 
is the region of the inner shelf. This definition is consistent 
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Figure 4. Along-shelf (top panel) and across-shelf (bottom panel) depth integrated momentum analyses for an across-
shelf section sampled offshore of Sarasota for the case of northwesterly upwelling-favorable winds. The pressure gradient 
term is the bold dotted line; the Coriolis term is the dash-dotted line; the wind stress term is the bold dashed line; the 
bottom stress term is the thin dashed line; the advection term is the bold solid line; and the local acceleration term is 
the thin solid line (from Li and Weisberg, 1999b). 
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Figure 5. Time series of temperature at 3 m depth and horizontal current velocity vectors at 5 m, 10 m, 15 m, 20 m, 
30 m, and 40 m depths from a mooring positioned offshore of the Florida Big Bend on the 50 m isobath, surface wind 
velocity from a nearby NOAA buoy 42036, and sea level at St. Petersburg, all low pass filtered to remove fluctuations 
on time scales shorter than 36 hrs. The vector orientation follows the standard compass rose with north vertically up 
and east to the right. The coastline and along-shelf isobath orientations are at approximately 330° such that the upper 
ocean currents at the time of maximum wind stress and rate of sea level drop are oriented to the right of the wind and 
perpendicular to the coast, [from Weisberg et al., 2000] 

with, but somewhat different from, the definitions given by 
Mitchum and Clarke [1986a] and Lentz [1994]. 

An observed upwelling event [Weisberg et al., 2000] sup
ports the findings of this idealized experiment. Following a 

several day period of weak winds, strong upwelling favor
able winds were observed to switch on rapidly in May 1994 
(Figure 5). Over the course of a pendulum day, sea level at 
St. Petersburg dropped and at a maximum rate while the 
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near-surface currents at the 50m isobath were directed per
pendicular to the coastline and to the right of the wind stress. 
With both time and depth the currents rotated cyclonically to 
the left in response to the generation of a geostrophic current 
in balance with the across-shelf pressure gradient. Additional 
cyclonic turning near the bottom resulted in onshore flow 
within the bottom Ekman layer induced by the geostrophic 
flow, thereby completing the Ekman-geostrophic route to 
coastal ocean spin-up. 

This upwelling case study also considered model simula
tions under both constant density and stratified conditions 
to aid in explaining the position of maximum upwelling 
seen in a concomitant satellite image. By inhibiting verti
cal mixing and concentrating the bottom Ekman layer flow 
closer to the bottom, stratification shifts the region of cold 
water outcrop farther to the south and closer to the beach 
than the results obtained under constant density conditions. 
Confirmation of such stratified inner shelf behaviors are 
provided by Weisberg et al. [2004]. 

Momentum budget analyses are also informative since 
they help in interpreting the across-shelf distribution of the 
along-shelf flow and in identifying response asymmetries 
that may arise by stratification. Weisberg et al. [2001] 
describe a succession of fronts and their associated coastal 
ocean responses during April 1998, along with numerical 
model simulations of these using spatially uniform, but 
temporally varying, winds. Term-by-term comparisons of 
the along-shelf momentum balances, both in across-shelf 
sectional views at specific times and in time and depth 
sequences at a specific location, show that the primary bal
ances in these simulations are between the pressure gradi
ent, Coriolis, and vertical friction terms. The friction terms 
arise primarily from the surface and bottom Ekman layers 
so upon vertical integration the momentum balance is geo
strophic as indicated earlier. The vertical distribution of the 
currents, with a middepth minimum, is consistent with the 
linear summation of the (surface and bottom) Ekman lay
ers with the geostrophic interior, and the relative near-bot
tom maximum is consistent with the oscillatory behavior 
of these flows. An unexpected finding is an asymmetry 
between responses to upwelling and downwelling favorable 
winds. Under stratified conditions the upwelling responses 
were found to be of larger magnitude and to extend farther 
offshore than the downwelling responses, both in the data 
and in the model simulations. Analyses of the along-shelf 
component of vorticity shows this to be a consequence of 
thermal wind effects in relation to the bottom Ekman layer. 
Buoyancy torque adds constructively (destructively) with 
planetary vorticity tilting under upwelling (downwelling) 
requiring that the bottom Ekman layer be more (less) devel
oped under upwelling (downwelling). Since the evolution of 

the across-shelf surface slope depends on the surface and 
bottom Ekman layer divergences operating in tandem, one 
feeding the other, if the bottom Ekman layer can extend 
farther offshore, so can the entire coastal ocean response. 
Thus in the stratified case the offshore scale of the inner 
shelf is no longer accounted for by the region of overlapping 
Ekman layers; rather it is the region of interacting Ekman 
layers through divergence. By stratification allowing for 
increased bottom Ekman-layer response under upwelling 
the entire coastal ocean spin-up can extend farther offshore 
and with larger magnitude. 

In combination, the observed velocity profiles and the 
modeled momentum balances provide information on the 
vertical scales of the surface and bottom boundary lay
ers under varying stratification conditions. Figure 5, for 
instance, suggests a surface Ekman layer of only about 
10-15 m. Term-by-term momentum analyses in Weisberg et 
al. [2001, 2002] suggest that the surface and bottom Ekman 
layers merge out to about the 50 m isobath under constant 
density conditions (consistent with the flow-dependent eddy 
viscosity calculated in Li and Weisberg [1999b]), whereas 
these layers are less than 10 m deep under stratified condi
tions. Even without overlap, however, the surface and bottom 
Ekman layers may interact through divergence such that the 
scale of the inner shelf under synoptic scale oscillatory winds 
is similar with and without stratification. As noted above, 
however, stratification changes the scale for upwelling rela
tive to downwelling winds. 

Additional definition of the inner shelf follows a posteriori 
from a vertically integrated vorticity analysis. The inner 
shelf corresponds to the region in which the primary balance 
is between the bottom pressure torque (the across-isobath 
flow that stretches planetary vorticity filaments) and the 
bottom stress torque, whereas the outer shelf is the region in 
which the primary balance is between the bottom pressure 
torque and the rate of change of relative vorticity indicated 
by eddy-like motions, and these two regions are dynamically 
separate over the wide portions of the WFS. 

Expanding data sets and improved model capabilities are 
leading to more realistic simulations and more extensive 
model and data inter-comparisons. He and Weisberg [2002] 
and He and Weisberg [2003b] consider spring and fall sea
son transitions, respectively, to be discussed in section 4, 
but they also provide quantitative comparisons between sea 
level sampled along the coast from Pensacola to Naples and 
velocity data sampled at several locations across the inner 
shelf from the 10 m to the 50 m isobaths. Good agreements 
are generally achieved with the sea level and currents by 
using realistic time- and space-varying forcing fields, and 
these agreements justify the use of the model simulations for 
diagnosing the temperature budgets and how these partition 
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between surface heating and the advection and mixing by 
the ocean circulation. At synoptic weather scales the fully 
three-dimensional ocean advection effects are important, and 
data analyses, including in situ measurements of the surface 
heat flux [Virmani and Weisberg, 2003] support the model 
findings. In addition to the vertical distribution of turbulence 
affecting the Ekman depth, buoyancy effects can also alter 
the mixed layer depth. Hence in fall, when the heat flux 
changes sign from warming to cooling, convective overturn
ing can deepen the mixed layer beyond that of the Ekman 
depth by direct wind mixing alone. Related observations on 
the ocean circulation and surface heat flux influences on the 
North Carolina inner shelf temperature budgets are given by 
Austin andLentz [1999] and Austin [1999]. 

The three-dimensionality of the WFS velocity and temper
ature fields necessitates the use of three-dimensional models 
for WFS water property predictions. For instance, the cold 
water observed to upwell between Tampa Bay and Charlotte 
Harbor in the Weisberg et al [2004] case study originated at 
the shelf break some 300-400 km away to the northwest. To 
see how this may happen, consider as an example the mod
eled upwelling response to a synoptic-scale weather event 
sampled at the narrowest part of the WFS offshore of DeSoto 
Canyon. The Figure 6 panels show snapshots of tempera
ture, and across-shelf and along-shelf velocity components 
sampled on four different days during a March 1998 synoptic 
scale event response. Beginning with an upwelling transition 
from a previous downwelling event, the March 10 t h panels 
show onshore flow and an accelerating eastward coastal jet. 
By March 12 t h the coastal jet peaks, strong onshore flow 
continues at the shelf break, and deep waters of 18°—19° C 
temperature are upwelled onto the shelf. Upwelling contin
ues, and by March 14 t h the entire DeSoto Canyon shelf is in 
the range of 18°-19° C and waters of 17°-18° C are broach
ing the shelf break. Downwelling then commences, peaking 
on March 19 t h . Independent of any deep ocean forcing (the 
LC was omitted from the Figure 6 model simulation) this 
sequence shows how deep-water properties may be advected 
onto the WFS on the basis of local forcing only. The DeSoto 
Canyon region, as the narrowest part of the WFS, is a prime 
region for upwelling across the shelf break since the "inner 
she l f response there has a scale that extends out beyond the 
shelf break (Figure 6). Coupling this geometry argument 
with the intense southeast-directed coastal jet response to 
upwelling and the small aspect ratio between the vertical 
and along-shelf velocity components it may be concluded 
that the entire region from DeSoto Canyon to the Florida 
Big Bend is one in which cold, nutrient-rich waters of deep 
ocean origin may broach the shelf break. Once on the shelf 
these waters can be further advected toward the beach within 
the bottom Ekman layer. 

With numerical models shown to be effective at hindcast-
ing locally forced, synoptic scale variability on the WFS 
it is natural to question the principal limitations to model 
prediction. For instance, do these reside with the models 
themselves, through parameterizations and numerics, or are 
they a consequence of the initial and boundary (surface and 
deep ocean forcing) conditions. The simplest place to begin 
testing this is on the broad part of the shelf and in shallow 
water. He et al [2004] address this question by performing 
hindcast analyses using different forcing functions. The 
starting point is the NCEP reanalysis wind and heat flux 
fields (with a heat flux correction based on observed sea 
surface temperature). Because of relatively coarse spatial 
resolution these wind fields do not always agree with winds 
observed at the coast. In an attempt to remedy this a second 
wind field was constructed by merging the NCEP reanaly
sis with all of the nearshore and coastal wind observations 
(including all NDBC buoy and CMAN and NOS NWLON 
stations) using optimal interpolation (OI). Figure 7 shows 
two sets of experimental results, each comparing modeled 
with observed velocity sampled over the water column at 
the 10 m isobath offshore of Sarasota. The first is for the 
model forced with the NCEP reanalysis fields, and the 
second is for the model forced with the OI merged fields. 
Both show quantitative agreements for the synoptic scale 
variations over the analyzed two-month interval, March 
through April 2001. For the NCEP winds there is good 
visual correlation except toward the end of the record, with 
vector correlation coefficients greater than 0.7 and vector 
regression coefficients of around 0.5 (the modeled velocity 
underestimates the observed velocity). Significant improve
ments are gained using the OI merged winds. The vector 
correlations increase to 0.9, the regression coefficients 
exceed 0.7, and visual agreement occurs toward the end of 
the record. Across- and along-shelf momentum analyses, 
performed independently on the model simulations and 
the observations, further demonstrate that the correlations 
have a correct dynamical basis. From this we may conclude 
that presently available public domain numerical models, 
such as the POM used here, can provide reasonably accu
rate shelf circulation simulations if forced with accurate 
enough winds and heat fluxes. Initial conditions are also 
important. Initialization in the above cases was with a hori
zontally uniform stratification (estimated by hydrographic 
survey). Baroclinicity subsequently developed in balance 
with the wind and surface heat flux forcing. Sensitivity 
studies show that if the heat flux is initially directed out of 
the ocean (as it is in late winter) the baroclinic adjustment 
over the shallow shelf occurs rapidly through convective 
mixing so that the initial conditions are rapidly lost in the 
late fall through early spring seasons. The need for improv-
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Figure 6. Across-shelf transects of the modeled temperature, across-shelf (u) and along-shelf (v) velocity components 
sampled at DeSoto Canyon on March 10 t h, 12 t h, 14 th, and 19 t h for the case of local forcing only. The contour interval on 
the velocity components is 0.02 ms"1; black lines denote onshore and westward flows; and gray lines denote offshore 
and eastward flows, [from Weisberg and He, 2003]. 

ing winds and heat fluxes over the coastal ocean for the 
purpose of accurately simulating coastal ocean circulation 
responses provides strong justification for the coastal ocean 
observing systems that are emergent nationwide. 

Given the predominantly wind-forced nature of the inner 
shelf at synoptic weather scales, how well can the vertically inte
grated along-shelf current at a given point on the inner shelf be 
estimated on the basis of readily observable winds and coastal 
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Figure 7. Observed and modeled currents at the 10 m isobath (mooring EC5) sampled near-surface, at mid-water column, 
and near-bottom. The left hand panels are for the case with NCEP reanalysis winds and the right hand panels are for 
the case with OI merged (NCEP and observed) winds. Quantitative comparison metrics are: the two-month mean east 
and north velocity components (left hand couplet) for each time series, and the vector correlation coefficient, angular 
deviation (in degrees measured counterclockwise), and vector regression coefficient (right hand triplet) for each pair of 
modeled and observed time series, [from He et al, 2004]. 

sea level alone. After diagnosing the along-and across-shelf 
momentum balances at several locations across the shelf and 
concluding that the bulk of the synoptic scale fluctuations are 
statistically accountable by the terms in the momentum equa
tions, Liu and Weisberg [2005a] test two nowcast techniques. 
The first considers the across-shelf balance in which the lead 
terms are the vertically integrated Coriolis acceleration by the 
along-shelf current (plus to a lesser degree the across-shelf 
acceleration), the vertically integrated across-shelf pressure gra
dient, and the vertically integrated across-shelf stress (surface 
minus bottom). The second considers the along-shelf balance 
in which the lead terms are the along-shelf components of stress 
and the along-shelf pressure gradient, also vertically integrated. 
Similar results are obtained for both, but with the along-shelf 
components more readily available, the latter analysis is pre
sented here. The nowcast equation (1) 

= v 0 exp( ) + — e x p — ^ 1 

(1) 

>op0\dy/ H 

v(0 = '-]dt' 

follows that of Lentz and Winant [1986] and Hickey et al. 
[2003] in which bottom friction (resistance coefficient 
divided by water depth) sets the convolution integral time 
scale and hence the influences from prior winds and pres
sure gradients. Five panels are given in Figure 8 for nowcast 
models that consider: a. along-shelf wind alone, b. along
shelf pressure gradient alone (from bottom pressure mea
surements), c. the sum of a and b, d. along-shelf pressure 
gradient alone (from coastal sea level measurements), and 
e. the sum of a and d. The correlation and regression coef
ficients provide measures of model goodness of fit to the 
observations. With wind stress alone the correlation is high, 
but the model overestimates the along-shelf current relative 
to the observations. With pressure gradient alone there is an 
inverse correlation. With both wind stress and pressure gra
dient the correlation is high and the regression coefficient is 
improved. The interpretation is that an along-shelf pressure 
gradient sets up in opposition to the along shelf wind stress. 
This pressure gradient effect decelerates the along-shelf 
currents relative to those that would exist under wind stress 
alone. Using the coastal sea level instead of bottom pressure 
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Figure 8. Comparisons of the depth-averaged along-shelf velocity estimated with a linear nowcast model along the 
10 m isobath and that from the observations (C and R are the Correlation and Regression coefficients, respectively). 
From top to bottom the panels are as follows: (a) the model is forced by the along-shelf wind stress only; (b) the model 
is forced by the along-shelf bottom pressure gradient only; (c) the model is forced by both the along-shelf wind stress 
and the along-shelf bottom pressure gradient; (d) and (e) are the same as (b) and (c), respectively, except that the along
shelf pressure gradient is approximated by the coastal sea level gradient between Clearwater and Naples, [from Liu 
and Weisberg, 2005a]. 

gives a similar and preferable result, since coastal sea level 
is more easily observed than bottom pressure. The foregoing 
analyses demonstrate that inner shelf responses to synoptic 
scale weather forcing on the WFS may be predicted, either 
by numerical circulation models, or by dynamics-based 
statistical models. 

We close this section by recapping some of the geometri
cal aspects of the WFS that make it an interesting place for 
multidisciplinary study. From the Florida Big Bend to the 
Keys the shelf is sufficiently wide to allow for the dynami
cal delineation of distinctive regions. The inner shelf is the 
region over which interacting surface and bottom Ekman 
layers result in an across-shelf sea level slope linking the 
geostrophic and Ekman flow components into a coherent 
three-dimensional velocity field structure. The outer shelf is 

the region that extends a baroclinic Rossby radius of defor
mation landward from the shelf break and over which baro
clinic deep ocean influences at the shelf slope adjust onto the 
shelf. It is also a region of strong eddy-like motions due to 
the time-dependent interplay between relative and planetary 
vorticity constituents as fluid attempts to move across iso
bath. If the shelf is wide enough, then a midshelf region can 
also be identified. On the WFS, owing to the partial closure 
by the Keys in the south, the midshelf can experience flows 
in the direction opposite to the wind-driven inner shelf. 
Baroclinicity by surface heat flux can further modify these 
inner, outer, and midshelf responses. Baroclinicity by fresh 
water discharge form the estuaries can also lead to the defini
tion of a near-shore region, embedded within the inner shelf. 
This is evident during the high river-flow season between 
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the Tampa Bay and Charlotte Harbor estuaries where salin
ity related baroclinicity modifies the near-shore circulation 
(e.g., Zheng and Weisberg 2004). Since all of these processes 
affect the along- and across-shelf material transports, they 
are of fundamental importance to the shelf ecology. 

4. SEASONAL VARIABILITY 

Along with the seasonal modulation of the synoptic weather, 
seasonal variations also exist in the large-scale wind and 
surface heat flux fields. This causes seasonal variations in 
the WFS circulation that begin to be appreciated as more 
data become available and model simulations become more 
complete. Inferences on a seasonal cycle began with the drift 
bottle release studies presented by Talbert and Salzman [1964] 
and Williams et al [1977]. Drifters released in summer and 
later retrieved when washed ashore were generally returned 
from points farther north, while those released in winter were 
generally returned from points farther south. While crude, this 
did suggest a seasonal circulation pattern. 

Inner shelf observations now confirm a seasonal cycle 
that tends toward an upwelling circulation in winter and a 
downwelling circulation in summer. The transitions in spring 
and fall correspond to the times when the net surface heat 
flux switches sign from cooling to warming and warming to 
cooling, respectively [e.g., Virmani and Weisberg, 2003]. An 
initial long-term velocity record sampled with a midshelf, 50 
m isobath mooring [Weisberg et al, 1996] shows what was 
inferred at that time as a seasonal cycle with southeastward 
(northwestward) along-shelf directed flow in winter through 
spring (summer and fall). The largest of the monthly mean 
velocity vectors are in spring and late summer to early fall, 
and these are accompanied by large vertical shear, suggest
ing the importance of baroclinicity. Yang and Weisberg 
[1999] tested the simplest hypothesis, that the seasonally 
varying circulation is due to the seasonally varying winds 
alone. A constant density version of the POM was run each 
month using the monthly mean wind field climatologies of 
Hellerman and Rosenstein [1983], which shows northeasterly 
winds in winter transitioning to southeasterly winds in sum
mer. A seasonal cycle in the modeled sea level and current 
responses was obtained, especially in the Florida Big Bend 
region, but this cycle failed to account for the flow reversals 
at midshelf, particularly the strong southeastward directed 
flow in spring. To address this, consistent with the Weisberg 
et al [1996] baroclinic hypothesis, fully baroclinic model 
experiments supported by more data were needed. 

Initial attempts at this are given in He and Weisberg 
[2002] for the spring transition of 1999 and He and Weisberg 
[2003b] for the fall transition of 1998. At this point the reader 
might be wondering why we did not just perform one com

prehensive experiment rather than this seemingly piecemeal 
approach. The reason is that we did not want to bias the 
results by improperly imposing deep ocean effects, and 
we continue to be motivated by a goal of distinguishing 
local forcing from deep ocean forcing effects. For instance, 
nonscientific folklore had it that the LC drives the WFS, 
even riding directly up onto the WFS, and it is important to 
distinguish folklore from what might be occurring in nature. 
Observations, better forcing functions, and data-assimilative 
models are beginning to approach the point where investi
gators will be able to test hypotheses with more complete 
simulations. Our approach has been a steady systematic one, 
trying not to exceed the limits of present capability, either 
with data or with models. 

The spring transition experiment explained the strong 
currents at midshelf on the basis of the interactions between 
the barotropic and baroclinic responses to wind and surface 
heat-flux forcing. The 1999 spring season was chosen for this 
experiment because hydrographic sections showed no strong 
influence by the LC, which was positioned away from the 
shelf slope at that time (i.e., the isopcynals at the shelf slope 
were initially flat). A three-month simulation (February 2 8 t h 

through May 30 t h ) was performed using NCEP reanalysis 
winds and surface heat fluxes (with a flux correction based 
on sea surface temperature as explained in section 3). By 
initiating the experiment at the end of February, a period 
of net surface cooling occurred before the sign of the heat 
flux switched to warming around mid-March, and this cool
ing, with the aid of convective mixing, reset the initialized 
temperature and salinity field so as to be in balance with the 
wind and heat-flux forcing, as mentioned in section 3. The 
spring season evolution of the currents (an example of which 
is given by the monthly mean, depth-averaged currents of 
Figure 9) shows that an initially strong near-shore wind-
driven current in March sidles offshore, becoming a shelf 
break current in May that is continuous from the Mississippi 
River to the Dry Tortugas. This transition is attributed to the 
interference between the barotropic, wind-driven and the 
baroclinic, heat-flux driven components of the circulation. 
Starting in March the depth-averaged currents are southward 
and strong along the coast, with a reversal offshore due to 
the partial closure of the WFS domain in the south by the 
Florida Keys [Li and Weisberg, 1999]. There is no baroclinic 
tendency nearshore, and offshore the baroclinic tendency is 
small, and it opposes the wind-driven flow. With the onset 
of positive surface heat flux in spring, differential warming 
of the nearshore waters (due to the across-shelf water depth 
variation) causes an offshore-directed temperature gradient 
and a midshelf cold tongue. Once established, the associated 
dynamic height and baroclinic current tendency then adds 
destructively (constructively) with the wind-driven cur-
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Figure 9. Evolution of the monthly mean, depth-averaged velocity vectors for March, April, and May 1999 relative to 
the three-month seasonal mean for a model simulation driven by local forcing only (NCEP reanalysis winds, sea surface 
temperature corrected surface heat fluxes, and rivers). Note the development and offshore movement of the midshelf 
to shelf break jet. [fromi/e and Weisberg, 2002]. 

rent at the nearshore (shelf break). This baroclinic current 
tendency, cyclonic around the spring cold tongue, is what 
maintains the shelf break jet and allows for the advection 
of Mississippi River water to the WFS. Thus the combined 
barotropic and baroclinic responses account for both the cold 
tongue and the "Green River" phenomenon [Gilbes, et al, 
1996] that occurs within the Florida Big Bend each spring. 
Moreover, it provides a WFS pathway for Mississippi River 
(plus other northern river) water to reach the Dry Tortugas 
[e.g., Dowgiallo, 1995] in a way that is independent of the 
LC. Thus there are three different mechanisms by which 

Mississippi River water can wend its way south. The first 
is a shelf route via these spring transition currents [He and 
Weisberg, 2002; Weisberg and He, 2003], the second is via 
a direct LC entrainment when the LC is positioned far to 
the north, and the third is via an indirect LC entrainment 
beginning with a circulation either along the shelf or around 
eddies shed by the LC. A direct LC route example is given 
by Ortner et al. [1995]. Morey et al. [2003] and Toner et al. 
[2003] show examples of the indirect LC eddy route. 

The He and Weisberg [2003] fall transition experiment is 
timed to consider the effects of heat flux as it changes sign 
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from warming to cooling around mid-September. Unlike southeasterly to northeasterly and heat flux causes near-
spring 1999, however, fall 1998 was a time when the LC had shore cooling in October. In September and along the west 
a strong impact on the WFS, albeit remotely, as will be dis- Florida coast in October the near-shore currents are influ-
cussed in section 5. This fall 1998 experiment considers both enced by constructive interference between the wind and 
the effects of local forcing alone and the combined effects buoyancy drivers. In summer the near-shore temperatures 
of local plus LC forcing. Local forcing is found to largely are highest and, along with the wind-driven circulation, the 
control the inner shelf circulation. The effects of the LC are baroclinic circulation is northward and downwelling favor-
to reinforce the midshelf currents and to increase the across- able, as evident in September. By October the near-shore 
shelf transports of the bottom Ekman layer, thereby accentu- waters are cooled, reversing the baroclinic tendency, which 
ating the shoreward transport of cold, nutrient-rich waters of adds constructively with the now slightly upwelling favor-
deep ocean origin. Similar to Figure 9, Figure 10 shows the able wind-driven circulation. By November the shoreward-
monthly mean, depth-averaged evolution of the fall transition directed density gradient is positioned farther offshore so the 
currents by local forcing only. Beginning in September there near-shore currents are primarily wind-driven, whereas the 
is a northward-directed current with largest magnitude near shelf break currents are largely buoyancy-driven. Thus (and 
the coast. This changes markedly as the winds switch from as in spring) the region of maximum current sidles seaward 

Figure 10. Same as Figure 9, except for the fall 1998 season, exclusive of the effects of the LC. Note the strong westward 
flow along the Panhandle coast in September followed by the continuation of westward currents on the Panhandle inner 
shelf and the bifurcation of the shelf currents near Cape San Bias, to the south of which the inner shelf currents flow 
southeastward, [from He and Weisberg, 2003b]. 
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with the region of maximum density gradient during fall. 
The Figure 10 panels also show that the flow field over the 
Florida Panhandle shelf is directed westward, away from 
the WFS. As a result, waters of Mississippi River origin are 
limited to the western part of the domain in fall, whereas 
they are advected toward the east and southeast in spring. 
This northwestward current in September (as observed in 
Weisberg et al. [1996]) and the bifurcation of the shelf cur
rents around Cape San Bias later into fall (with inner shelf 
currents directed westward to the west of and southward 
to the southeast of Cape San Bias, respectively) may also 
account for why the "Green River" phenomenon is observed 
in spring but not in fall. A subsequent model study by Morey 
et al. [2003] also shows this seasonal change in the direction 
of Mississippi River water advection on the shelf. 

We close this section with some initial analyses of long 
time series of currents collected on the inner shelf offshore 
of Sarasota. These data are from moored ADCPs maintained 
by the Coastal Ocean Monitoring and Prediction System 
(COMPS) and its related sponsoring programs. COMPS, 
which is presently associated with the Southeast Atlantic 
Coastal Ocean Observing System (SEACOOS), is part of 
an evolving effort to develop a sustained Coastal Ocean 
Observing System (COOS) for the southeast. Figure 11 pro
vides an empirical orthogonal function (EOF) analysis for 
currents from 10 separate moorings deployed between the 10 
m to 50 m isobaths from October 1998 to August 2001 [Liu 
and Weisberg, 2005b]. The calculation uses 2-day low-pass 
filtered velocity vectors sampled at three relative depths 
(at the middle of the water column and at 2 m from both 
the surface and the bottom). The first EOF mode as shown 
accounts for 65% of the data set variance. This principal 
mode is organized as a coastal jet, with maximum amplitude 
at the 25 m to 30 m isobaths, that tends to flow along-isobath 
at middepth, while showing across-isobath components 
oppositely directed at the near surface and near bottom. 
Combining the spatial pattern with the temporal evolution 
function shows that during winter months the flow tends 
to be southeastward and upwelling, whereas during sum
mer months the flow tends to be northwestward and down
welling. These seasonal variations over the inner shelf are 
well organized and consistent with the Ekman-geostrophic 
arguments provided earlier. 

Focusing in on a given location at which continuous data 
exist for a longer period of time, we made a composite clima-
tological annual cycle of currents sampled at the 10 m isobath 
from July 1998 to February 2004 (Figure 12) by combining 
10-day low-pass filtered time series of along- and across-
shelf velocity components by averaging across the same 
phases of each year. These single point results are consistent 
with the EOF analysis. In winter months we see southeast

ward along-shelf flow and an upwelling across-shelf flow 
consistent with northeasterly winds. In summer months 
we see northwestward along-shelf flow and an ill-defined 
across-shelf flow (at this near-shore 10 m isobath location) 
consistent with weaker southeasterly winds. 

Finally, by combining all of the data that were used in the 
Figure 11 EOF analysis into a set of climatological monthly 
mean vectors, and superimposing these onto a five-year cli
matological monthly mean SST analysis, we get the results 
shown in Plate 1 [Liu and Weisberg, 2005b]. Consistent with 
Figures 11 and 12 we see a seasonal variation with preferred 
upwelling and downwelling circulations in fall through 
spring and summer, respectively. These continuing data 
sets will provide rigorous tests for future numerical model 
simulations of the complete seasonal cycle. 

5. INTERANNUAL VARIABILITY 

Interannual variability on the WFS may arise through inter
annual variations in either the local or deep ocean forcing, or 
some combination thereof. It is recognized that despite rela
tively smooth climatologies, the annual cycle in each year is 
different because the winds and buoyancy fluxes in each year 
are different. Similarly, with the LC cycling stochastically in 
the Gulf of Mexico, when and where it may impact the WFS 
slope are unpredictable. While it is true that practically all 
Gulf of Mexico water of Atlantic origin enters with the LC 
through the Yucatan Strait, and hence may be considered to 
be LC water, not all deep ocean water that broaches the shelf 
break does so with the impetus of the LC (Figure 6 provides 
a case in point). So how the otherwise oligotrophic WFS is 
occasionally ventilated by nutrient-rich, deep ocean water is a 
topic of great ecological importance. In this section we review 
what occurred in 1998, a period of anomalous WFS conditions 
and hence indicative of large interannual variability. 

During the 1998 spring through fall seasons the WFS 
exhibited anomalous stratification and circulation. Despite a 
hot summer, with the expectation for a warmer than normal 
inner shelf, the thermocline stayed strong through July, even 
directly up to the beach, and cold water outcrops were often 
observed in satellite images [e.g., Muller-Karger et al, 2000; 
Nowlin et al 2000; Weisberg et al 2004]. In three compan
ion studies Weisberg and He [2003] and He and Weisberg 
[2003b] considered the roles of local and deep ocean forcing 
on the observed stratification and circulation, and Walsh et 
al. [2003] extended these findings to the observed nutrients 
and primary productivity. The entire WFS was involved, 
from the DeSoto Canyon to the Dry Tortugas, and anoma
lous deep ocean forcing conspired with anomalous local 
forcing to effect the conditions observed. The deep ocean 
forcing occurred remotely by a LC impact near the Dry 
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Plate 1. Climatological monthly mean velocity vectors sampled at near surface, mid depth, and near bottom levels 
superimposed on climatological monthly mean SST. The velocity vectors are averaged over the period, October, 1998 
to September, 2001. The SST data are averaged over the period, January, 1998 to December, 2002. [from Liu and 
Weisberg, 2005b]. 
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Figure 11. Time domain EOF analysis of the two-day low-pass filtered velocity data sampled at near-surface, mid depth, 
and near-bottom levels from 10 moored ADCPs positioned offshore of the Tampa Bay to Charlotte Harbor region from 
October 1998 to September 2001. Top panels: first mode eigenvectors; middle panel: first mode temporal evolution 
function; bottom panel: five-day low-pass filtered, daily sub-sampled winds at Venice, FL. Note the oppositely directed 
across-shelf components at the near-surface and near-bottom relative to the more nearly along-shelf currents at mid 
depth. The seasonal reversals show a southeastward upwelling circulation in winter and a northwestward downwelling 
circulation in summer, [from Liu and Weisberg, 2005b] 

Tortugas that (a) set the shelf currents in motion and (b) 
preconditioned the isotherms (and related material prop
erty isolines) along the shelf slope so that local forcing was 
capable of driving these past the shelf break. 

Weisberg and He [2003] diagnosed these occurrences 
via numerical model experiments forced with and without 
the LC. The winds in spring were anomalously favorable 
for upwelling over the Florida Panhandle (also see Muller-
Karger et al., 2000) such that with each synoptic scale 
weather front the upwelling-favorable winds lasted longer 
and had larger speeds than for the downwelling-favorable 

winds. While subtle, this in itself was capable of account
ing for much of the anomalous temperature and currents 
observed along the Panhandle. Farther south, however, the 
currents at midshelf could not be accounted for by anomalous 
winds alone. Something else was at work. 

Inspection of TOPEX/Poseidon sea surface height anoma
lies showed that the LC was in contact with the shelf slope 
in the vicinity of the Dry Tortugas for much of the spring 
through fall of 1998. These occurrences are rare in the satel
lite altimetry record, that dates back to 1993, but when they 
occur they do generate a WFS response (similar behavior is 
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Figure 12. Climatological mean along-shelf currents (bottom panel) and across-shelf currents (middle panel) compos
ited from observations on the 10 m isobath offshore of Sarasota from July 1998 to February 2004 by ensemble average 
across years using 10-day low-pass filtered times series. 

observed during a fall 1996 event). Hetland et al. (1999) 
argue for a shelf-wide response to the LC if the impact occurs 
at the Dry Tortugas region of convergent isobaths since the 
related pressure perturbation can propagate along-isobath as 
a continental shelf wave. Their demonstration, using tech
niques analogous to Csanady [1978], seemed compelling. It 
was on this basis that we controlled a part of our model open 
boundary, just west of the Dry Tortugas, with a sea level 
perturbation of a few cm magnitude, as given in the TOPEX/ 
Poseidon record, consistent with the edge of the LC nosing 
up against the shelf slope. With this boundary condition 
implemented we were able to account for the observations 
on the WFS through direct comparison between velocity 
time series from moored ADCPs and those sampled from the 
model simulation under combined local and LC forcing. We 
were also able to account for a large change in the stratifica
tion. A subsequent study by Fan et al. [2004], using a larger 
domain POM integration with data assimilation to peg the 
LC impact on the shelf slope, achieved similar results. 

The Hetland et al. [1999] prediction is a barotropic 
one, whereas over much of the WFS the anomalous 

behavior was also baroclinic. The two are not incompatible. 
In the process of propagating a pressure perturbation along the 
shelf slope (and shelf) a LC impact at the Dry Tortugas lifts the 
isotherms along the entire shelf slope such that colder water 
is able to broach the shelf break. Combined with anomalous 
upwelling favorable local forcing, especially in the Panhandle, 
the entire density structure of the shelf is affected. Once the 
spring transition (section 4) sets in, the buoyancy gradients, 
and hence the baroclinic currents, on the shelf are also elevated 
in magnitude. Increased doming of the isotherms with an 
apex at around the 50 m isobath results in largely barotropic 
currents there, but both seaward and landward of the apex the 
isotherms slope down resulting in baroclinic components to 
the flow field on ether side of the thermocline apex. The cold
est water under the apex in any year may be a mixture of deep 
ocean water upwelled across the shelf break and nearshore 
waters cooled by surface heat flux in winter. In spring 1998 
it was the deep ocean water that prevailed and with origins 
farther to the northwest by upwelling (Figure 6). 

Given anomalous remote forcing, elevating material iso-
pleths along the shelf slope and setting shelf currents in motion 
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via propagation along the shallower isobaths contacted in the 
Dry Tortugas region, and anomalous local forcing, upwelling 
these deep, cold waters onto the shelf between the DeSoto 
Canyon and the Florida Big Bend, there is still a need for a 
mechanistic transport across the shelf to the nearshore. This 
was accomplished within the bottom Ekman layer, further 
energized by the stronger midshelf currents. Figure 13 shows 
the model-simulated near bottom velocity and temperature 
fields sampled on May 15 t h . Across-shelf transport is evident 
and the bottom temperatures are compatible with what was 
observed by Nowlin et al [1998,2000]. Simulated Lagrangian 
trajectory analyses further show that the persistent shore
ward flow in the bottom Ekman layer, by virtue of the per
sistent southeastward currents over much of the shelf, was 
sufficient to transport water of deep ocean origin to the coast 
[e.g., Weisberg and He, 2003; He and Weisberg, 2003b; and 
Weisberg et al, 2004]. Given these modeled flow fields and 
nutrient boundary conditions provided by the MMS NEGOM 
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Figure 13. Modeled near bottom velocity and temperature fields 
sampled on May 15, 1998 for the case of local plus Loop Current 
forcing, [from Weisberg and He, 2003]. 

hydrographic surveys, Walsh et al [2003] were able to account 
for the anomalous nutrients found on the shelf and the atten
dant primary productivity observed. In essence, if deep-waters 
of temperature 18° C or less (i.e., the point at which deep ocean 
nutrient concentrations begin to rise rapidly) are upwelled 
onto the shelf in large quantity, then the WFS is no longer 
oligotrophic and a significant interannual perturbation to the 
shelf ecology occurs. 

An additional finding by Weisberg and He [2003] is that 
the DeSoto Canyon, by virtue of its sharp bend in topogra
phy, is capable of generating its own eddies that are trapped 
in the canyon. This provides another explanation for eddies 
detected in the canyon vicinity by Wang et al [2003]. So it 
is possible to have eddies in the vicinity of the canyon inde
pendent of the LC. Strong currents that are generated along 
the shelf slope, either by local forcing or by a combination 
of local and remote LC forcing, when negotiating the right 
angle bend of the canyon, induce relative vorticity through 
the stretching of planetary vorticity filaments, and the asso
ciated velocity field can close on itself producing an eddy 
that is trapped in the canyon. 

6. SUMMARY AND DISCUSSION 

We considered the responses of the WFS to forcing at syn
optic, seasonal, and interannual time scales, these being the 
time scales for which water may be transported horizontally 
over distances sufficient to effect material property redis
tributions. Water transports on tidal and inertial time scales 
are not considered because tidal excursions are on the order 
of a few kilometers [e.g., He and Weisberg, 2003c], and the 
inertial oscillations, occurring seasonally over the stratified 
portions of the shelf, albeit with large speeds and vertical 
shears, tend to close on themselves so their net displacements 
[e.g., Weisberg et al, 1996] are also relatively small. 

While the circulation variations at the time scales con
sidered are associated with specific drivers (synoptic scale 
weather, seasonal winds and buoyancy fluxes, and deep 
ocean events), interactions between these drivers are also 
important. For instance, the synoptic scale weather responses 
greatly affect the seasonal cycle via surface heat fluxes and 
mixing (i.e., the first cold front in fall can largely alter the 
density structure of the shelf). Also, interannual variations 
in the magnitude and duration of the synoptic scale weather 
can affect the upwelling of materials onto the shelf and 
hence the inter-annual variations in shelf water properties. 
Consideration must therefore be given to the entire set of 
processes affecting the shelf in order to determine material 
property distributions. 

Our discussions distinguish between local and deep ocean 
forcing. The operant physics (rotational constraint, frictional 
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boundary layers, eddy-like motions) developed by many 
previous investigators, are robustly observed. How these 
processes correlate with one another determines the shelf cir
culation and property distributions. We find the inner shelf to 
be the region of interacting surface and bottom Ekman layers 
(through divergence) providing for an across shelf sea level 
slope and an associated geostrophic interior flow. By virtue 
of shelf width, this inner shelf region is separated from the 
shelf break (outer shelf) region, at least west of the Florida 
peninsula. Farther to the northwest between the Florida Big 
Bend and the DeSoto Canyon the shelf width decreases and 
the inner shelf can extend beyond the shelf break. Depending 
on the magnitude of the local forcing deep ocean properties 
can broach the shelf break and be advected toward the south
east. The bottom Ekman layer is found to be the principal 
conduit by which deep ocean properties may be transported 
shoreward. In a "normal" year (if one exists) there may be a 
separation, at least in the south, between the inner and outer 
shelves such that the inner shelf is insulated from the deep 
ocean, and upwelling-favorable winds merely recycle nutri
ent-depleted inner shelf water. However, under anomalous 
conditions, deep ocean water properties can move directly 
from the shelf break to the beach, as occurred in 1998. 

The anomalous conditions of 1998 resulted from comple
mentary local and deep ocean effects. An LC impact near 
the Dry Tortugas, where deep and shallow water isobaths 
converge, set the shelf currents in motion while at the same 
time lifting material isolines along the entire shelf slope from 
the Dry Tortugas to the Mississippi Bight. The shelf slope 
was thereby preconditioned for upwelling (material isolines 
were already high along the slope), which was stronger than 
normal because of anomalously stronger upwelling favor
able winds, especially over the northern Panhandle part of 
the WFS. Thus the geometries the DeSoto Canyon and the 
Dry Tortugas, despite being separated by some 600 km, 
conspired to affect water properties over the entire WFS. 

The growing observational data base coupled with numeri
cal model experiments confirm the inferences drawn from 
early drift bottle studies of a seasonal cycle on the WFS, 
in which the inner shelf currents tend to be southeastward 
(northwestward) and upwelling (downwelling) favorable in 
winter and (summer) due to a combination of local wind and 
heat flux forcing. Spring and fall seasons provide for the 
transitions that are largely affected by the seasonal changes 
in the sign of the surface heat flux. Together with the inner 
shelf variations there are also strong currents that can set 
up along the shelf break independent of the LC, and these 
can account for the advection of Mississippi River water to 
the WFS in spring and summer. Interannual variations can 
intensify these currents, as occurred in 1998. So in addition 
to direct (via the LC) and indirect (via the LC eddies) path

ways of the Mississippi River transiting toward the south we 
identify a shelf pathway via locally forced shelf currents and 
argue that this contributes to the "Green River" ecological 
phenomenon. 

These combinations of (a) a geometrically simple region 
(the broad gently sloping shelf west of the Florida peninsula), 
affected by (b) the geometrically more complex regions of 
the Dry Tortugas and the DeSoto Canyon and the stochasti
cally varying boundary LC and its eddies, and (c) an oligo
trophia yet very productive, ecosystem with many problems 
remaining to be solved (such as the basis for red tides and 
the controls on fisheries recruitment) continue to make the 
WFS an interesting and important region of environmental 
concern. Presently ongoing are coordinated programs of 
observations and models under the aegis of COMPS [http:// 
comps.marine.usf.edu] for the WFS and SEACOOS [http:// 
www.seacoos.org] for broader southeastern U.S., both aimed 
at useful societal applications through data availability and 
improved scientific understanding. These programs are 
also interactive with the Gulf of Mexico Coastal Ocean 
Observing System (GCOOS), and are part of a nationally 
emergent coastal ocean observing initiative. 
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