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Local And Deep-Ocean Forcing
Effects on the West Florida
Continental Shelf Circulation
and Ecology
Robert H. Weisberg* and Yonggang Liu

College of Marine Science, University of South Florida, St. Petersburg, FL, United States

We review the evolution of knowledge on the forcing of the west Florida continental shelf
by a combination of local winds and deep-ocean influences, and we provide application
examples regarding the relationships between the shelf responses to these forcing
functions and certain ecological phenomena, including blooms of the harmful alga,
Karenia brevis, recruitment of gag juveniles and how Deepwater Horizon hydrocarbons
may have affected west Florida reef fish and the shoreline. Our approach employs a
coordinated set of observations and numerical circulation model simulations, wherein the
observations, by providing reasonable veracity checks on the model simulations, allow for
further dynamical analyses that would otherwise be unavailable from the observations
alone. For the case of local forcing only, we provide two dynamically consistent definitions
of the inner-shelf and outer-shelf regions, and for the case of deep-ocean forcing, we
show how the west Florida shelf geometry (with regard to certain geophysical fluid
dynamics principles) can result in the entire shelf region being impacted by the Gulf of
Mexico Loop Current. Thus, we help to explain why the west Florida shelf experiences
large inter-annual variations in shelf ecology, providing impetus for further
interdisciplinary study.

Keywords: inner-shelf, outer-shelf, local forcing, deep-ocean forcing, ecological impacts, coastal upwelling, West
Florida shelf
1 INTRODUCTION

Generally considered as oligotrophic (e.g., Steidinger, 1975; Heil et al., 2001; Vargo et al., 2008;
Dixon et al., 2014; O’Neil and Heil, 2014), the west Florida continental shelf (WFS) supports
abundant fisheries and, on an inter-annual basis, may experience copious blooms of the toxic
dinoflagellate, Karenia brevis. This dichotomy begs the question: How can an oligotrophic shelf
have such a vibrant and varied ecosystem? The physics of the WFS circulation provides an answer.

Continental shelves, the regions between the shelf break and the shoreline, come in varying
widths. Within this geometrical spectrum, theWFS (Figure 1) is relatively broad and gently sloping.
Bounded in the south by the Florida Keys and in the northwest by the Florida Panhandle, and with
the shelf break coinciding approximately with the 75 m isobath offshore from Tampa Bay,
decreasing to about the 60 m isobath offshore from the Florida Big Bend, the width of the WFS
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Weisberg and Liu WFS Forcing and Responses
varies from about 120 km offshore from Tampa Bay to about
180 km offshore from either the Florida Big Bend or the
Charlotte Harbor estuary coasts. It then narrows in the Florida
Panhandle, where the shelf break is at about the 40 m isobath at
the DeSoto Canyon head. These dimensions, relative to the
horizontal length scales over which new nutrients of either
land or deep-ocean origins may extend, determine (under
general conditions) the portions of the shelf that may be either
deplete or replete with nutrients; hence oligotrophic, or not.

Separate horizontal length scales apply at the shelf break and
the nearshore. At the shelf break, where the frictional boundary
layers comprise only a small portion of the water column, the
flow dynamics are largely geostrophic, rendering the appropriate
horizontal length scale to be the baroclinic Rossby radius of
deformation, or the scale over which the pressure gradient and
Coriolis forces balance under stratified conditions. WFS
observations show this to be about 30 km (He and Weisberg,
2003). The shallower nearshore, where friction is a dominant
contributor, is more complex. There the salinity field is of use.
Both estuarine and land-drainage inputs of fresh water result in
lower nearshore salinity, rendering the salinity gradient region
an indicator of how far offshore land-derived nutrients may
extend. WFS observations and model simulations suggest some
10-20 km under general conditions (e.g., Figure 2).

Thus, if deep-ocean and land-drainage influences extend only
30 km and 10-20 km, respectively, then, with a width of between
Frontiers in Marine Science | www.frontiersin.org 2
120-180 km, there is a large, middle portion of the WFS that
should (under general conditions) be deplete of nutrients. Three
exceptions are noted. The first is along the Florida Panhandle
coast, where the shelf, being only about 30 km wide at the Desoto
Canyon head, may have its nutrients replenished regularly by
adjacent, deeper ocean waters. The second is that under
prolonged westerly wind and/or deep-ocean forcing
conditions, Mississippi River water, with relatively high
nutrient loads, may be advected to the WFS. Dowgiallo (1994)
and Ortner et al. (1995) discuss one such event, Gilbes et al.
(1996) shows how northern Florida rivers may add to this, He
and Weisberg (2002) shows how the baroclinic structure during
the spring transition may facilitate southward advection (as
found by Gilbes et al., 1996), and Weisberg et al. (2005)
provides three different scenarios by which river waters may
transit south, one of which is described by both Morey et al.
(2003) and Toner et al. (2003). The third, and the most
interesting exception, is that owing to the partial closure of the
WFS in the south by the Florida Keys, it is possible for the Gulf
of Mexico Loop Current, if it contacts the west Florida
escarpment near the Dry Tortugas, to set the entire WFS in
motion (Hetland et al., 1999). When this occurs, and if it lasts
long enough, then WFS waters may be replenished by deeper
ocean waters with elevated inorganic nutrient concentrations
that are upwelled and transported landward within the bottom
Ekman layer. Such occurrence was observed in 1998 and
FIGURE 1 | The geometry of the WFS and the various locations referred to in the text. The red lines are of length equivalent to 30 km, the estimated WFS baroclinic,
Rossby radius of deformation. Superimposed are surface geostrophic velocity vectors indicating the long-term mean position of the Gulf of Mexico Loop Current (adapted
from Liu et al., 2016b).
June 2022 | Volume 9 | Article 863227

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
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described, along with the associated ecological impacts, by the
companion papers of Weisberg and He (2003) and Walsh et al.
(2003). This third exception, along with the shelf width, are what
makes theWFS such an interesting region to study and what also
accounts for the large inter-annual variations in circulation,
water properties and ecological responses.

The remainder of the paper is organized as follows. Section 2
provides background information on both local and deep-ocean
forcing for the WFS, including the origins and pathways for the
new, deeper ocean fluid by which WFS water properties may be
renewed through Loop Current-induced upwelling. Section 3
discusses applications to K. brevis harmful algae blooms (HABs),
fisheries recruitment and harmful substance tracking.
Concluding remarks follow in section 4.
2 BACKGROUND

In keeping with the theme of how the circulation may affect
water properties and thence ecology, the fundamental dynamical
question is how fluid may transit either way between the shelf
break and the nearshore. Given the water column thickness that
changes monotonically (by virtue of a nearly linearly sloping
bottom) between these two shelf termini, background
discussions begin with the concepts of mass and angular
momentum conservation.

From a mass conservation perspective, it is difficult to move
fluid from deeper to shallower water depths, for to do so requires
the dislocation of water within a proportionately larger
nearshore area to accommodate the volume of fluid coming
from greater offshore depth. Conversely, to move fluid from
shallower to deeper water, the area would have to shrink
proportionately. How to accommodate such areal extent
changes defies any simple physical conceptualization. Owing to
the Earth’s rotation, the changes in relative vorticity (fluid
Frontiers in Marine Science | www.frontiersin.org 3
particle angular momentum) are even more difficult to
accommodate. Taken together, these two conservation
principles, which embody the conservation of potential
vorticity, constrain the fluid to flow along lines of constant
topography (isobaths). Crossing isobaths requires that these
joint mass and angular momentum constraints be broken,
either by friction or by the generation of energetic eddy-like
motions. A more complete, deductive discussion of these
constraints on the local wind, buoyancy and deep-ocean
forcing effects for continental shelves may be found in Brink
(1998a); Hill (1998), and Brink (1998b), respectively.

Whether moving fluid from deeper to shallower water, or
conversely, frictional boundary layers are of primary importance.
Ekman (1905) provides the basis for such understanding. A
spatially uniform wind stress acting upon the sea surface will set
the surface water in motion, and through friction, these surface
waters will drive subsurface waters with speed decreasing with
depth. The resulting vertical shear will tend to tilt the fluid’s
planetary vorticity vector, inducing relative vorticity, unless
countered at the same rate by a frictional torque. To do this
requires a vertical shear in the direction orthogonal to the wind
stress, with this vertical shear also decreasing with depth. As a
result, the wind-inducted velocity vector, while decreasing in
magnitude, must also rotate to the right (in the northern
hemisphere) with depth, the end result being the Ekman spiral
that extends over a vertical length scale known as the Ekman
depth. The Ekman depth is necessarily of relatively small length
scale because the frictional dissipation must be large to avoid
inducing too much relative vorticity. Thus, for deep regions that
are unbounded by land, a uniform wind stress can only impact
the near surface, and, when vertically integrated, causes a net
water transport to the right of the wind stress (in the northern
hemisphere) within this thin, surface (Ekman) layer. WFS
observations and model simulations show the Ekman depth to
be only a few to about 10-20 m (e.g., Weisberg et al., 2001). As
FIGURE 2 | A typical summer season salinity section sampled offshore from Sarasota, FL., as simulated using the West Florida Coastal Ocean Model (WFCOM).
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the water depth decreases toward land and approaches the
Ekman depth, the stress of the moving fluid against the bottom
modifies the flow, causing a more downwind-directed 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 force and an associated
geostrophic current that combines with the direct wind-driven
current. The geostrophic current, by rubbing against the bottom,
results in a bottom Ekman layer with a net transport driven to
the left of the geostrophic current because of the pressure
gradient. This process of a wind-driven surface flow, causing a
geostrophic flow, leading a bottom Ekman layer flow is referred
to the Ekman-geostrophic coastal ocean spin-up process (spin-
up deriving from the Earth’s rotation), and it occurs over a
pendulum day, roughly a calendar day for the WFS. The
geostrophic portion is along-isobath, whereas the surface and
bottom Ekman layer portions have across-isobath directed
components. Once established, the surface and bottom Ekman
layers are what facilitate the across-shelf transport of fluid and
the material properties (nutrients, phytoplankton, fish larvae,
etc.) that are contained therein.

It should be noted that these concepts, rooted in Ekman (1905),
are based on the parameterization of complex turbulent processes
by a constant eddy coefficient. In reality, turbulence-induced
friction is generally flow dependent. This, plus the stabilizing
effects of stratification, may alter the evolution of the Ekman
layers from the structure as originally presented. Lentz (1995)
explored the effects of varying the vertical distribution of the eddy
coefficient on the shelf response using a two-dimensional, constant
density model. The along-shelf component was found to be
insensitive relative to the across-shelf component, and it was the
divergence of the across-shelf component that determined the
extent of the inner shelf. Weisberg et al. (2000) provided a case
study demonstrating the Ekman-geostrophic spin-up process for
the WFS. Observed, in response to the sudden onset of upwelling
favorable winds, was how the near surface velocity vector initially
turned to the right of the wind stress before rotating to become
more along-isobath as the geostrophic interior flow set in, and
thence how the flow closer to the bottom turned toward the left as
bottom friction induced a bottom Ekman layer response. This
entire evolution, as observed over the full water column with a
moored, Acoustic Doppler Current Profiler (ADCP), occurred
over the course of a pendulum day.

2.1 Local Forcing
The WFS is forced regularly by synoptic scale weather systems,
particularly in winter months. These generally entail southerly
winds in advance of frontal passage, followed by northerly winds
in the wake of frontal passage. Pioneering observations on WFS
responses to such synoptic scale systems are given by Niiler
(1976); Marmorino (1982; 1983) Mitchum and Sturges (1982);
Cragg et al. (1983), and Weatherly and Thistle (1997), and
pioneering numerical model simulations are given by Hsueh
et al. (1982); Marmorino (1982), and Cooper (1987). As
anticipated from the associated Ekman-geostrophic spin up
discussion, these studies either observed or simulated coastal
Frontiers in Marine Science | www.frontiersin.org 4
sea levels tending to rise as the front approaches and fall after the
front passes. The observations also showed the Ekman and
geostrophic velocity tendencies, but with limited temporal and
spatial coverage. Further details had to await the advent of
ADCPs for fuller water column sampling and increased
computational resources for more realistic model domains and
higher spatial resolutions.

Another insightful line of inquiry entailed a time-dependent
analytical approach. Gill and Schumann (1974) developed a
formalism for projecting wind forcing onto a set of continental
shelf wave modes and integrating these in time and space to
estimate the continental shelf response. Applications of such
forced wave technique 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) then
demonstrated the utility of this approach in accounting for both
the coastal sea level variations associated with frontal passage and
for estimating the vertically averaged along-shelf currents
calculated geostrophically from the model pressure gradient
field. A limitation, however, is that the analytical model
effectively eliminates most of the inner-shelf by virtue of its
coastal boundary condition being applied seaward of the region
of overlapping surface and bottom Ekman layers (Mitchum and
Clarke, 1986a) taken to be at about the 25 m isobath. Moreover, by
only considering the vertically-averaged along-shelf geostrophic
current between the 25m isobath and the shelf break, across-shelf
exchanges are not included, nor is the response to major storm
events such as hurricanes. Overcoming these limitations requires
more complete, numerical circulation models.

In two related papers, Li and Weisberg (1999a; 1999b) applied
the Princeton OceanModel (POM) of Blumberg andMellor (1987)
with constant density, forced from rest by spatially uniform winds,
to study the kinematics and dynamics, respectively, of the WFS
responses to either upwelling or downwelling favorable winds. By
applying a primitive equation model with realistic coastline and
bathymetry, plus a flow dependent turbulence closure sub-model
(Mellor and Yamada, 1982), the structure of the WFS responses to
idealized wind stress and its spin-up was diagnosed, free from other
simplifying assumptions.

Two different upwelling and downwelling cases were
explored, the upwelling ones being for along-shelf winds (from
the north-northwest) and offshore winds (from the east-
northeast), and the downwelling ones being for along-shelf
winds (from the south-southeast) and onshore winds (from the
west-southwest). Under constant density, the along-shelf wind
cases showed similar, but opposite responses for upwelling and
downwelling. Spin-up occurred over a pendulum day, as
expected, with sea levels set up or down by Ekman layer
divergences, and an inner-shelf region was clearly definable
from the momentum balance equations. As an example,
Figure 3 shows the terms in the vertically integrated along-
shelf and across-shelf momentum equations sampled after the
model simulation approached steady state for an across-shelf
section offshore from Sarasota, FL (Figure 1). The across-shelf
June 2022 | Volume 9 | Article 863227
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balance at quasi-steady state is quite simple, i.e., it is geostrophic,
with the vertically integrated pressure gradient and Coriolis
forces very nearly in balance. The change in sign at the outer
edge of the inner-shelf is due to the complete closure (in the
model) by the Florida Keys in the south and thus a reversal of
flow. The organization of the inner-shelf is evidenced further by
the along-shelf momentum balance terms. Seaward of
approximately the 50 m isobath is a near balance between the
wind stress and the vertically integrated Coriolis term, i.e., an
Ekman balance, free from bottom effects. Landward from about
the 50 m isobath is a gradual decrease in the vertically integrated
Coriolis force, accompanied by a compensating increase in the
bottom stress. The smaller increase in the pressure gradient term
reflects the fact that the coastline is not straight; the isobaths do
converge and diverge, as would be the case for any realistic
continental shelf. The inner-shelf is therefore the transition zone
in which bottom stress reduces from being a major to a minor
contributor to the momentum balance when transiting away
from the shoreline. Whether or not the surface and bottom
Ekman layers overlap within this transition zone is not a major
factor; instead, it is their interaction through divergence that
determines the inner-shelf (as will be seen in the stratified case).

The onshore or offshore wind cases are also illuminating. Given
realistic bottom bathymetry, onshore or offshore winds generate a
Frontiers in Marine Science | www.frontiersin.org 5
nearshore pressure gradient force necessary to balance the wind
stress in shallow water because the flow is directed downwind
there, versus orthogonal to the wind farther offshore (as originally
shown by Ekman, 1905); hence, coastal sea level is set up or down.
This Li and Weisberg (1999a); Li and Weisberg (1999b) finding
for the WFS was followed by subsequent studies such as Tilburg
(2003) who performed a series of two-dimensional model
simulations showing that across-shelf winds can result in across-
shelf velocities in the upper few meters of the water column that
are similar in magnitude to those induced by the along-shelf
winds, Liu and Weisberg (2005a) who diagnosed in-situ
observations to assess the role of across-shelf winds in the inner-
shelf momentum balance and Fewings et al. (2008) who further
considered the effects of waves to demonstrate an asymmetry in
the inner-shelf responses to across-shelf wind forcing.

Stratification provides further nuance. Using the same model
configuration [as in (Li and Weisberg 1999a; Li and Weisberg
1999b)], but with realistic stratification and time dependent wind
forcing, Weisberg et al. (2001) provided detailed comparisons
between observed and modeled sea level and velocity, along with
dynamical analyses, for the month of April 1998. The sea level
comparisons were at St. Petersburg, FL, and velocity comparisons
were at the 20 m and 50 m isobaths offshore from Sarasota, FL.
The velocity components were sampled across the entire water
FIGURE 3 | Terms in the vertically integrated momentum balance at quasi-steady state for an initial value problem in which the WFS is forced from rest by an
upwelling favorable wind stress in an application of the Princeton Ocean Model (from Li and Weisberg, 1999b). The top panel is for the along-shelf direction and the
bottom panel is for the across-shelf direction. The dotted line is the pressure gradient term (PG), the dot-dashed line is the Coriolis term (C), the plain-dashed line is
the bottom stress (tb), and the bold-dashed line is the surface stress (tw). The bold-solid and the plain solid lines are the advective (Aadv) and local (Al) acceleration
terms, respectively.
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column at 1 m intervals using moored ADCPs. A twin experiment
performed with constant density enabled comparisons between
simulations with and without stratification. April 1998
experienced a succession of three upwelling and downwelling
favorable wind events, and the simulation with stratification
agreed reasonably well with the sea level and velocity
observations. Simulated sea level tracked nearly identically with
observations for the stratified experiment and deviated somewhat
for the constant density experiment. The velocity observations,
when compared with the simulations, exhibited larger disparities
between the stratified and constant density cases. Therefore, the
inclusion of stratification was found to be quite important.

With stratification, both the observations and the model
simulations showed reversals of the across-shelf and the along-
shelf velocity components at the 20 m isobath with each reversal
in wind forcing. For upwelling favorable winds, the observed
near-bottom flows were directed onshore while the observed
near-surface flows were directed offshore, and conversely for
downwelling favorable winds. Interestingly, whereas the wind
magnitudes were similar for these wind reversals, the observed
upwelling responses were disproportionately larger and extended
farther offshore than the observed downwelling responses. These
observed asymmetric behaviors were also found in the
simulations with stratification, but not in the constant density
simulations. Thus, stratification caused an asymmetry in the
upwelling/downwelling responses.

Explanations may be provided using either force or vorticity
balance arguments. From a force balance perspective, the sea
level response to downwelling favorable winds results in an
offshore-directed pressure gradient force that drives an
offshore-directed flow in the bottom Ekman layer. Isopycnals
bending into the bottom result in an opposing buoyancy force. In
contrast, the sea level response to upwelling favorable winds
results in an onshore-directed pressure gradient force that drives
an onshore-directed flow in the bottom Ekman layer. However,
and opposite to the downwelling case, isopycnals bending into
the bottom (across the bottom Ekman layer, as occurs by
turbulence mixing and a zero normal heat flux constraint at
the sediment/water interface) provide a buoyancy force that adds
constructively to the surface slope induced pressure gradient
force, thereby enhancing the upslope flow. The result is that the
across-shelf flows within the bottom Ekman layer for upwelling
winds are enhanced over that for downwelling winds. Simulation
examples of the isopycnal slopes and their effect on the force
balances are provided in Weisberg et al. (2001).

An equally compelling argument follows from the streamwise
(along-shelf) component of vorticity equation (derived by cross
differentiating and combining the across-shelf and the vertical
momentum equations):

f
∂ v
∂ z

+
g
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∂ r
∂ x

+
∂2

∂ z2
K
∂ u
∂ z

� �
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∂

∂ t
∂ u
∂ z

� �
+ R (1)

where the three terms on the left hand side of equation (1) are the
tilting of planetary vorticity filaments by the vertical shear of the
along-shelf jet, the buoyancy torque by the sloping isopycnals and
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the dissipation of relative vorticity by the vertical shear of the across-
shelf flow, and the terms on the right hand side are the rate of
change of relative vorticity, plus any residual (from horizontal
friction or non-linearity). How these terms balance during peak
downwelling and upwelling responses are illustrated in Figure 4.
With isopycnals tending to slope into the bottom across the bottom
Ekman layer for either upwelling (shown in Figures 5, 10) or
downwelling, we see that the associated buoyancy torque adds
constructively in this layer with the planetary vorticity vector tilting
term for upwelling, whereas it adds destructively for downwelling
(e.g., see Figure 4 along the sloping bottom between the surface and
around 40m depth). Thus, the dissipation within the bottom Ekman
layer must be larger under upwelling than under downwelling,
which requires an expanded, more energetic bottom Ekman layer
under upwelling than under downwelling (as evident by more
closely packed isolines in Figure 4 under upwelling) and hence
the observed and simulated asymmetries.

Interestingly, this finding in observations and supported
through model simulations is opposite to the expectation from
the Lentz and Trowbridge (1991) observations and Trowbridge
and Lentz (1991) analyses, wherein it was argued that by moving
denser fluid upslope during upwelling, a more stable bottom
boundary layer would suppress, versus enhance the flow, and
conversely. We note, however, that the motivating observations
of Lentz and Trowbridge (1991) are from a different dynamical
regime, i.e., from an outer-shelf (90 m water depth), versus an
inner-shelf location. Thus, the Ekman-geostrophic spin up
process, whereby the evolving surface slope plays an important
role in the preceding discussion would not have applied there. So,
both finding are sensible, but for different reasons.

This seeming discrepancy provides segue for providing two
different dynamical, albeit similar, definitions of the inner-shelf.
Recall the Mitchum and Clarke (1986a) and Lentz (1994)
definition of the inner-shelf as the region of overlapping surface
and bottom Ekman layers. For the WFS, Weisberg et al. (2000)
and Weisberg et al. (2001) showed that the Ekman layers do not
have to overlap; they merely have to interact (through divergence).
It is the divergence that tilts the sea surface to drive the inner-shelf
geostrophic flow that, in turn, activates the bottom Ekman layer,
and under stratified conditions, the surface and bottom Ekman
layers may be separated from one another. This finding is evident
in several of the other detailed dynamical analyses provided in
Weisberg et al. (2001). It also appears in more recent simulations
using the West Florida Coastal Ocean Model (WFCOM)
introduced by Zheng and Weisberg (2012). Shown in Figure 5
are across-shelf sections (sampled offshore from Sarasota, FL.) of
the across-shelf component of velocity (top panel), the along-shelf
component of velocity (middle panel) and salinity (bottom panel)
for May, 9, 2018. Evident in the bottom panel is the upwelling of
high salinity water with isolines bending into the bottom within
the bottom Ekman layer. Evident in the top panel are an onshore
flow within the bottom Ekman layer, an offshore flow within the
surface Ekman layer and a general separation in-between. Evident
in the middle panel is the (primarily geostrophic) inner-shelf jet
centered in this case on about the 32 m isobath, all consistent with
the prior discussions of Figures 3, 4. Thus, one definition of the
June 2022 | Volume 9 | Article 863227
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inner-shelf is the region of interacting Ekman layers giving rise to a
sea surface slope and an associated alongshore jet. With distinct
surface and bottom Ekman layers separated by a largely
geostrophic interior, instead of necessarily overlapping, these
Ekman layers may interact through divergence (i.e., they may be
connected via the vertical velocity component).

A second definition follows from the spatial distribution of
terms comprising the vertically integrated vorticity balance.
Using the formalism of Ezer and Mellor (1994), with non-
linear and horizontal friction terms omitted, this balance may
be expressed as:

∂

∂ t

∂My
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−
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where Mx and My are the volume transports per unit area in the
along-shelf and across-shelf directions, b is the planetary vorticity
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gradient, Pb is the bottom pressure, H is the water depth and the
t’s are the component surface wind (0) and bottom (b) stresses.
Equation 2 states that when vertically integrated, the local rate of
change of relative vorticity, plus the advection of planetary
vorticity, are balanced by the bottom pressure torque and the
differences between the surface wind stress and the bottom stress
torques. By calculating these terms throughout the model domain,
Weisberg et al. (2001) showed that the inner-shelf is the region
where bottom pressure torque (in essence, vortex stretching by
across-isobath flow) is balanced primarily by bottom stress torque,
whereas the outer-shelf is the region where bottom pressure
torque is balanced primarily by the rate of change of relative
vorticity. This latter definition also explains why the inner-shelf
tends to have a relatively orderly response to wind forcing with a
well-defined coastal jet, whereas the outer-shelf tends to be more
chaotic and eddy-like. One reason why the WFS is such an
interesting study region is that the shelf is wide enough to
distinguish between these inner-shelf and outer-shelf regions.

Further descriptions on the WFS inner-shelf responses to wind
forcing over a three-year duration from an array of moored
FIGURE 4 | Streamwise vorticity equation terms as functions of depth and offshore distance sampled at times of peak downwelling (upper panels) and upwelling (lower
panels) in response to variable wind stress forcing from a Princeton Ocean Model simulation with realistic geometry, stratification and wind forcing (from Weisberg et al.,
2001). The contour interval is 10-7 s-2, clear regions are positive, shaded regions are negative, and the sloping bottom is the line that runs from the top right (the shoreline)
to the bottom left of each panel. Note that the Tilting and Buoyancy torque terms have opposite sign for downwelling in the bottom Ekman layer, whereas they have the
same sign for upwelling. Consequently, the bottom Ekman layer is thicker and more intensified (more contours) to provide more dissipation during upwelling than
during downwelling.
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ADCPs are provided by Liu and Weisberg (2005a); Liu and
Weisberg (2005b). Using a Self-Organizing Map, an
unsupervised learning, neural network analysis technique,
Figure 6 (from Liu and Weisberg, 2005a) shows how the
surface, mid-water column and near-bottom velocity vectors
organized over the October 1998 to September 2001 duration
when 11moorings were simultaneously deployed across the inner-
shelf. By low-pass filtering to remove tides and inertial oscillations,
the primarily synoptic weather induced fluctuations show
upwelling and downwelling responses, each with a systematic
left hand turning of the velocity vectors from surface to bottom as
the surface and bottom Ekman layers interact with each other and
with the geostrophic interior flow. Also observed are the upwelling
flow patterns being larger in magnitude than the downwelling
ones (the aforementioned and explained asymmetry), and with the
inner-shelf jet (particularly for upwelling) having largest speeds at
about the 25m to 30m isobaths.

Analyses regarding how coastal sea level variations may be
related to the inner-shelf dynamics, plus contributions from
farther offshore, using the same October 1998 to September
2001 data set as above, are provided by Liu and Weisberg (2007).
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One important finding is that to fully account for coastal sea level
variations at synoptic weather scales, one needs to include both
the inner-shelf barotropic and baroclinic current responses to
along-shelf wind forcing as well as the frictional affects of the
across-shelf winds because all of these may contribute similarly.
Inner-shelf dynamics are also pertinent to both the long-term
mean circulation and the seasonal variations found for the WFS
(Weisberg et al., 2009b; Liu and Weisberg, 2012).

2.2 Deep-Ocean Forcing
The outer-shelf is forced primarily by the adjacent deeper ocean.
Whether or not deep-ocean forcing along the shelf slope can
project onto the shelf is governed in part by the process of
geostrophic adjustment. The relevant parameter is the square of
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 squared ratio (the Burger number)
is small, the pressure gradient adjusts baroclinically in the
vicinity of the shelf break such that flows imposed on the shelf
FIGURE 5 | Across-shelf sections sampled offshore from Sarasota, FL on May 9, 2018 from a West Florida Coastal Ocean Model simulation. From top to bottom
are the across-shelf component of velocity, the along-shelf component of velocity and salinity, with contour intervals and units provided by the color bars in
each panel.
June 2022 | Volume 9 | Article 863227

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Weisberg and Liu WFS Forcing and Responses
tend to be weak and barotropic. Similarly, flows locally forced on
the shelf tend not to penetrate onto the shelf slope. These studies
conclude (for small Burger number) that deep-ocean forcing
should be relatively ineffective at generating shelf currents and
that shelf forcing should be similarly ineffective at generating
deep-ocean currents. Barotropic tides at higher frequency
provide an exception, as does deep-ocean forcing when the
Burger number is large. The west coast of the United States
Frontiers in Marine Science | www.frontiersin.org 9
provides an example of the latter situation, where large eddies
generated by shelf slope currents may affect water properties over
most of the continental shelf.

Despite theWFS generally having small Burger number, there
are locations where deep-ocean forcing may be controlling of
shelf water properties. This may occur over the Panhandle coast
and similarly near the Dry Tortugas where the Burger number at
either of these locations is of order one, owing to the shelf width
FIGURE 6 | A 3x4 Self Organizing Map array of velocity vector patterns spanning the inner-shelf. The input data set consisted of approximately three years of hourly
2-day low pass filtered velocity vectors sampled from near-surface (red), mid-water column (green) and near-bottom (blue) depths observed by ADCPs on a total of
11 moorings (from Liu and Weisberg, 2005a). The percentages provided in each pattern represents the percent of occurrence for each pattern. Note the systematic
turning of the velocity vectors from near-surface to near-bottom, the asymmetry between upwelling and downwelling patterns, and, with the inner three isobaths
(gray line) being 20 m, 50 m and 100 m depths, the largest vectors being located between the 20 m to 50 m isobaths and within this range, a little farther offshore
for upwelling than for downwelling.
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being similar to the baroclinc Rossby radius of deformation
(Figure 1). The Dry Tortugas takes on added importance
because of the tendency for pressure perturbations to
propagate along-isobath with shallow water to the right (in the
northern hemisphere). Gill (1982) provides a geophysical fluid
dynamical exposition, along with a lucid construct for why such
topographic wave propagation is directionally-dependent. Thus,
when the Gulf of Mexico Loop Current impacts the west Florida
escarpment in the vicinity of the Dry Tortugas (the western-most
islet of the Florida Keys chain), its pressure perturbation, by
impacting all isobaths as shallow as 25 m, can establish a pressure
gradient force that extends from the shelf break to the shoreline
and that propagates northward over the entire WFS, even to the
Florida Panhandle. Mitchum and Clarke (1986b) had this in
mind when they added a sea level perturbation at Key West into
their analytical model/data comparisons, Csanady (1978)
provided the basis for how such perturbation could impact a
shelf in the presence of frictional damping, and Hetland et al.
(1999) expanded on these ideas for the WFS. Focusing on a jet
formed along the edge of the WFS, these authors also
demonstrated (via numerical model simulations) that if the
Loop Current pressure perturbation contacted shallow isobaths
near the Dry Tortugas, then the bulk of the shelf could be set in
motion. Confirmation had to await new observations.

Here we provide two contrasting cases of deep-ocean forcing
for the WFS, one for which the Loop Current did not result in a
protracted state of upwelling, the other for which it did. The first
case occurred in June 2000 when the Loop Current contacted the
west Florida escarpment, but at a location to the north of the Dry
Tortugas. As described by He and Weisberg (2003), shipboard
hydrographic sections from June 6, 2000 and June 28, 2000, that
extended across the WFS to the upper shelf slope, provided
temperature and salinity data from which relative geostrophic
velocity sections were computed. These, plus velocity data by
moored ADCPs, provided a means by which barotropic and
baroclinc components could be distinguished and also by which
the flow field across the entire WFS could be described. These
observations yielded a weak barotropic flow over the shelf and a
stronger Loop Current related baroclinic flow limited to only a
few tens of km landward from the shelf break, consistent with the
aforementioned theory.

To demonstrate the near independence between the wind-
driven, inner-shelf flows and the Loop Current-driven, outer-
shelf flows, He and Weisberg (2003), using the POM, with an
open boundary arcing from just west of the Mississippi River
delta to the Florida Keys, imposed a sea level distribution along
the open boundary to support a Loop Current inflow and
outflow with a resulting contact at the west Florida
escarpment, as observed. Results from constant density
simulations with the Loop Current alone and with the Loop
Current, together with either upwelling or downwelling favorable
winds, are provided in Figure 7. These three cases showed the
near independence between the shelf-wide responses to local
wind and Loop Current forcing, and velocity vectors from nine
moorings (with ADCPs) spanning the WFS further provided a
general veracity check on the model simulation findings.
Frontiers in Marine Science | www.frontiersin.org 10
The second case harkens back to 1998 when the Loop Current
did exhibit a prolonged contact with west Florida escarpment
near the Dry Tortugas, for which the results on the circulation
and ecology are documented by the companion papers of
A

B

C

FIGURE 7 | Simulated WFS responses to Loop Current forcing alone (A); Loop
Current, plus upwelling favorable wind forcing (B); and Loop Current, plus
downwelling favorable wind forcing (C). The green line denotes the region
of Loop Current inflow and outflow (from He and Weisberg, 2003). The vectors
are depth averaged currents, and the (red) depth contours are the 20 m, 50 m,
100 m, 200 m, 1000 m and 2000 m isobaths.
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Weisberg and He (2003) and Walsh et al. (2003), respectively.
Given the He and Weisberg (2003) modeling technique as a
precursor for estimating the Loop Current forcing, Weisberg and
He (2003) made application to the anomalous conditions
observed on the WFS in 1998. Two simulations were
performed, one without and another with Loop Current
contact. Snapshots of vertically (and daily) averaged velocity
vectors for May 31, 1998 are shown in Figure 8. The left and
right hand panels superimpose the velocity vectors on sea surface
temperature and sea surface salinity, respectively. The top and
bottom panels provide the cases with and without Loop Current
forcing, respectively, with the local wind forcing being the same
for each of these cases. It is noted that the winds in spring 1998
were also anomalously westerly so for the local forcing only case,
we see an along-shelf transport along the Panhandle coast (even
without the Loop Current) following the isobaths as they turn
southward and continuing along the outer-shelf. Without Loop
Current forcing at this time, the inner-shelf along Florida’s west
coast had relatively little current flow and even exhibited vectors
pointing in the direction opposite to the outer-shelf flow
direction. The addition of Loop Current forcing (bottom
panels) changed the flow field markedly. The Loop Current
forcing addition, by imposing a pressure gradient field with a
Frontiers in Marine Science | www.frontiersin.org 11
relatively high along the shelf slope and low along the near-shore,
energized the entire inner-shelf with a transport to the south that
exited the WFS around the Dry Tortugas. Available velocity
observations (again by moored ADCPs) demonstrated the
general veracity of these model findings, and together, these
observations and model simulations provided a confirmation of
the Hetland et al. (1999) model-derived hypothesis. With the
Loop Current forcing beginning in March, the observations and
model simulations showed the Loop Current effects building
toward the end of April with the entire WFS affected by May
(Weisberg et al., 2004). Using a data assimilative model, Fan et al.
(2004) then showed that such an upwelling circulation could also
be obtained by assimilating surface drifter observations.

How this impacted water properties and phytoplankton
ecology was advanced by Walsh et al. (2003). Water properties
were sampled by a Minerals Management Service Northeastern
Gulf of Mexico (NEGOM) Program (Nowlin et al., 1998; Jochens
and Nowlin, 1999; Nowlin et al., 2000) and by a National
Oceanic and Atmosphere Administration, Ecology of Harmful
Algal Blooms (ECOHAB) regional field study. Observed in
spring through fall of 1998 were increased nutrient levels (by
virtue of upwelling of deeper ocean water across the shelf break)
that tended to support the growth of diatoms, versus K. brevis
FIGURE 8 | Simulated WFS responses to local forcing alone (top panels) and local plus, Loop Current forcing (bottom panels) as sampled on May 31, 1998, a time
when the Loop Current was in contact with west Florida escarpment near the Dry Tortugas. Shown are depth averaged currents superimposed on either surface
temperature (left panels) or surface salinity (right panels). Note the full WFS responses with the inclusion of the Loop Current forcing (from Weisberg and He, 2003).
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dinoflagellates; hence, the occurrence of a WFS red tide in 1998
was only nominal.

Nutrients upwelled from below the euphotic zone tend to be
inorganic and conservatively advected. Thus, relative to nutrients
sampled within the euphotic zone, these inorganic nutrients tend
to correlate well with temperature and salinity. Weisberg and He
(2003) provide such descriptions for phosphate, silicate and
nitrate+nitrite using data from both the NEGOM program and
from the western north Atlantic, WOCE A22 hydrographic
section. Both of these data sources tend to give similar results
for waters of potential temperature less than about 18°C, with
such cooler waters showing steady increases in these nutrient
levels with decreasing temperature down to the level of the
Antarctic Intermediate Water. Thus, waters with potential
temperatures of 18°C, or less, when upwelled onto the WFS,
will tend to add nutrients to what may otherwise be an
oligotrophic regime.

The year of 2010 provided another example of protracted
upwelling by the Loop Current impacting the west Florida
escarpment near the Dry Tortugas. This occurred from mid-
May through December, documented observationally and with
numerical circulation model simulations (e.g., Liu et al., 2011b;
Weisberg et al., 2014a; Liu et al., 2016b). Consistent again with
Hetland et al. (1999), the pressure perturbation by the Loop
Current resulted in a pressure gradient with a relatively high
along the upper slope/outer-shelf and low along the nearshore
that propagated northward to set up an along-shelf (south-
southeastward) geostrophic flow over the entire WFS. Left
hand turning across the bottom Ekman layer resulted in an
upwelling flow. Given the potential for such upwelling to alter
the WFS nutrient state, Weisberg et al. (2016a) addressed the
origin and pathways for deeper ocean water upwelled onto the
WFS. The period of study was spring through summer of 2010,
and the model used was the West Florida Coastal Ocean Model
(WFCOM). WFCOM, introduced by Zheng and Weisberg
(2012) and modified by Weisberg et al. (2014b), consists of the
Finite Volume Community Model [FVCOM, e.g., Chen et al.
(2003)] nested in the HYbrid Coordinate Model [HYCOM, e.g.,
Chassignet et al. (2009)]. Isopycnal particle tracking experiments
were performed over three different 45-day intervals. Being that
the Loop Current impact did not begin until mid-May, 2010, the
first of these spanned April 1 through May 15, 2010, a period of
time when the flow field was influenced by local, versus deep-
ocean forcing. The second of these spanned May 1 through June
15, 2010, a period of time when persistent, deep-ocean forced
upwelling added to local forcing for a portion of the time. The
third experiment spanned June 1 through July 15, 2010, a period
of time when persistent upwelling was always a factor. For each
of these three experiments, particles were initiated near the
bottom (in the lowest sigma (vertical) coordinate layer) along
the 75 m, 100 m, 150 m, 200 m, 250 m and 300 m isobaths (i.e.,
isobaths between the shelf break and the upper portion of the
shelf slope) from just west of Tampa Bay to the Mississippi River
delta. The particles were then tracked three-dimensionally along
isopycnals for 45 days. As expected, without protracted Loop
Current-induced upwelling, the particles showed little
Frontiers in Marine Science | www.frontiersin.org 12
directional preference. Once upwelling was in place, the
translations were rectified shoreward, and when upwelling
persisted for the entire integration, many of the particles were
transported all of the way to the shoreline. Examples for particles
initialized along the 100 m isobath are given in Figure 9. While
not shown, many of the particles initialized along the 150 m
isobath also translated to the shoreline, whereas fewer particles
did so from the 200 m isobath. From the 250 m and the 300 m
isobaths, the only particles to translate to the shoreline were
those along the Florida Panhandle coast where the shelf is much
narrower. The conclusions are that under persistent upwelling
conditions, fluid (and material properties contained therein) may
readily upwell across the shelf break and be transported over the
entirety of the WFS from the upper region of the continental
shelf slope (from depths between about 75 m to 200 m). With the
potential temperatures of upper shelf water generally being about
15°C at 200 m depth, the observed temperature-nutrient
relationships show that the WFS may be bathed in waters with
elevated nutrient content under protracted Loop Current-
induced upwelling conditions.

More recenty, Pan et al. (2017) and Kourafalou et al. (2018)
demonstrated how these concepts apply to water properties
observed and modeled along Pulley Ridge, a relatively deep
reef track to the northwest of the Dry Tortugas.

Such Loop Current impacts upon the WFS are interannual
occurrences, with about 10 of these observed by satellite
altimetry from 1993 through the present time (Nickerson et al.,
2022), the last sustained one being in 2018. In contrast with
Figure 5, an upwelling situation under stratified conditions
without significant Loop Current influence, Figure 10 shows a
similar across shelf section for September 29, 2018 with Loop
Current influence. The salinity panel shows the upwelling of
relatively high salinity water, with isohalines bending into the
bottom across the bottom Ekman layer. The across-shelf velocity
component panel shows onshore directed flow in the bottom
Ekman layer, but a much lesser offshore directed flow at the
surface because the winds were not the primary factor. The
along-shelf velocity component shows the inner-shelf jet clearly
separated from a region of similar sign farther offshore at the
shelf break that is attributable to a mesoscale eddy observed in
satellite imagery. This further demonstrates the role of deep-
ocean forcing on WFS circulation when the Loop Current
impacts the shelf slope near the Dry Tortugas.
3 APPLICATIONS

3.1 Karenia Brevis Red Tide
Already alluded to in section 2.2, by altering the nutrient state of
the WFS, deep-ocean forcing may strongly influence the
occurrence of K. brevis red tide on the WFS. With sufficient
velocity and hydrographic observations for establishing model
simulation veracity, Weisberg et al. (2014a) demonstrated why
there was no red tide on the WFS in 2010 due to the protracted
Loop Current-induced upwelling. Using similar reasoning,
Weisberg et al. (2016b) was then able to explain why 2012
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experienced a pronounced red tide, whereas the subsequent one
in 2013 was just nominal, again by virtue of Loop Current forcing
effects. This latter paper also convincingly showed (via glider
transects and satellite color imagery) the offshore origin for the
K. brevis red tides found along the west Florida coast in a typical
Frontiers in Marine Science | www.frontiersin.org 13
year, confirming the original supposition on offshore generation
by Steidinger (1975) and Steidinger and Haddad (1981) and a
previous case study by Weisberg et al. (2009a).

These findings motivated the Liu et al. (2016a) to examine
major red tide occurrences along Florida’s west coast with
FIGURE 9 | WFCOM-simulated isopycnal water parcel trajectories, originating from the lowest model sigma layer and distributed at 1 km intervals (black dots) along
the 100 m isobath. From top to bottom these span the 45-day intervals in 2010 of: (A) April 1 to May 15 (with no persistent upwelling), (B) May 1 to June 15 (with
persistent upwelling occurring over the second half of the interval) and (C) June 1, to July 15 (with persistent upwelling throughout the interval), and the color-coding
denotes particle depth (from Weisberg et al., 2016b).
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respect to Loop Current behaviors, as evidenced in satellite
altimetry records that began in 1993. The offshore origin
hypothesis has its basis in Figure 1. Without deep-ocean
forcing bringing a suite of new inorganic nutrients to the mid-
shelf region, especially silicate, it is difficult for diatoms to
outcompete dinoflagellates if phosphate and nitrogen
compounds become available. Phosphate is generally not
limiting (e.g., Lenes et al., 2008), and nitrogen compounds may
be fixed by the cyanobacterium, Trichodesmium that may
abound when the WFS is enriched with iron from Saharan
dust transported in spring months by strengthening easterly
winds (e.g., Lenes et al., 2001; Walsh et al., 2006; Lenes et al.,
2008; Lenes and Heil, 2010; Heil et al., 2014). Thus, if a
monospecific K. brevis bloom is able to form offshore in spring
through summer months, to later be transported landward
within the bottom Ekman layer by an upwelling circulation,
either wind-driven, or by a combination of local wind and Loop
Current forcing, then an intensifying K. brevis bloommay appear
along the shoreline in fall, which is the typical onset time. Case
studies showing this are documented for the WFS by Weisberg
et al. (2009a; 2016b) and for the Florida Panhandle coast by
Frontiers in Marine Science | www.frontiersin.org 14
McCulloch et al. (2013), and additional idealized modeling work
for the Florida Panhandle coast is given by Janowitz et al. (2008).

Bloom intensification (major blooms have cell concentrations
exceeding 106 cells per liter) may be accounted for in three
different ways. The first is physical; cells originating over a deep
water column will concentrate when advected to a shallow water
column. Being that the shoreward advection occurs within the
bottom Ekman layer, an evolving bloom is not visually detectable
until the water column is shallow enough for the bloom to mix or
migrate up to the surface, as was also evidenced in Weisberg et al.
(2016b). The second is also physical; owing to lower nearshore
salinities, cells may further concentrate by convergence along
fronts (e.g., Janowitz and Kamykowski, 2006; Kamykowski et al.,
2013). The third is bio-chemical; nearshore waters have higher
nutrient concentrations, and these are further elevated by decaying
fish that are killed by the K. brevis toxins (e.g., Walsh et al., 2009).
This latter effect is what makes major red tide blooms so insidious;
by killing fish, K. brevis induces its own nutrient supply.

Based on such bloom development concepts, if a mid-WFS
origin is dependent upon oligotrophic conditions, and if these
conditions are modified by prolonged Loop Current contacts
FIGURE 10 | Across-shelf sections sampled offshore from Sarasota, FL on September 29, 2018 from a West Florida Coastal Ocean Model simulation. From top to
bottom are the across-shelf component of velocity, the along-shelf component of velocity and salinity, with contour intervals and units provided by the color bars in
each panel.
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with the west Florida escarpment near the Dry Tortugas, then
some correspondence between Loop Current behavior and major
red tide occurrences would be expected. This motivated the Liu
et al. (2016a) study in which the Self Organizing Map technique,
was used to project snapshots of daily sea surface height and
surface geostrophic currents (estimated from the satellite
altimetry data) onto a discrete set of (20) patterns with an
associated Best Matching Unit time series showing the
temporal evolution of these patterns for the 23 year period,
1993 through 2015. Within this pattern evolution were instances
when the Loop Current was in contact with the west Florida
escarpment near the Dry Tortugas, the WFS “pressure point”, as
named by these authors. Upon comparing the Best Matching
Unit time series with a weekly averaged, west Florida coast K.
brevis cell count time series, a correspondence between pressure
point contact and major red tide occurrences (or lack of) was
found. This led to a qualitative scheme for hindcasting and
forecasting. From a binary random variable perspective (i.e., did
a major bloom occur, or not), this Occam’s razor approach, while
necessarily crude, did provide encouraging results. In hindcast,
the success rate for the occurrence of no major K. brevis bloom in
a given year (for the period 1993-2015) was 100% (6 out of 6
years), and for a major K. brevis bloom it was 76% (13 out of 17
years). Thus, Loop Current forcing (i.e., deep-ocean forcing) at
the pressure point does impact the occurrence of major red tides
on the WFS, which helps to explain why Florida red tides tend to
have such large inter-annual variability.

Of course, there are exceptions to any simplistic scheme. The
following year, 2016, was one for which a major red tide was not
predicted, whereas one did occur. While pure speculation in the
absence of any conclusive evidence, the 2016 red tide bloom
onset was nearshore shortly after heavy rainfalls caused
municipal sewage systems to be overwhelmed, resulting in
large releases of partially treated effluent. Thus, whether or not
human influence may be an exacerbating factor remains an open
question, but one that must be tempered by the fact that K. brevis
red tides have been a west Florida occurrence for as long as
anecdotal records exist (e.g., https://myfwc.com/media/21885/
bloom-historic-database.pdf).

Another interesting case occurred in 2018. The prior year
(2017) red tide, which did adhere to the above scheme, persisted
into 2018, but was limited in extent to the southern half of the
WFS. The month of September 2018 then saw a major escalation
in red tide extent and intensity, especially from Venice, FL to the
Tampa Bay region and subsequently to both the Florida
Panhandle and east coasts. Described by Weisberg et al.
(2019), the Loop Current behavior for both 2017 and 2018 was
conducive for major red tide initiation. The Loop Current, which
had been situated far into the Gulf of Mexico, shed a Loop
Current Ring in July 2018 and then retreated back to its more
direct, inflow-outflow regime, making contact with the WFS
pressure point and remaining in such contact through the end of
the year. Thus, while the pressure point contact came too late to
suppress offshore bloom generation, its timing ensured the
transport of offshore-generated K. brevis cells to the nearshore.
Water property observations by a glider deployment, optical
Frontiers in Marine Science | www.frontiersin.org 15
measurements by satellite and WFCOM model simulations with
particle tracking explained the K. brevis cell count distributions,
as were first observed along the WFS shoreline and then
simultaneously along the Panhandle and east coasts, all of
which could be traced back to a mid-WFS origination zone
roughly between the 30 m to 40 m isobaths.

3.2 Fish Recruitment
As an important recreational and commercial fish species in the
low-latitude continental shelf waters of the Western Atlantic, gag
(Mycteroperca microlepis) are known to spawn offshore and to
settle near shore within seagrass meadows and other structured,
post-settlement habitats (Keener et al., 1988; Levin and Hay, 2003;
Casey et al., 2007. For the WFS, Fitzhugh et al. (2005) describe gag
as belonging to a single population (see also Jue, 2006) that spawns
from late winter to early spring at hard-bottom habitats between
about the 40 m isobath and the shelf break. Early stage larvae have
been collected from surface waters near the shelf break (Marancik
et al., 2012), and juveniles are abundant enough within shallow,
nearshore waters to be routinely surveyed (Casey et al., 2007;
Switzer et al., 2012). Otoliths indicate that the time between
spawning and settlement varies from roughly 30–50 days, and
juvenile densities (juveniles caught per area sampled) tend to be
the highest along the coast from the Tampa Bay to Charlotte
Harbor estuaries, as compared with locations farther north and
south, although there is substantial inter-annual and geographic
variability in juvenile density (Fitzhugh et al., 2005; Switzer
et al., 2012).

It was speculated that larval movement from spawning to
settlement occurred in surface waters (e.g., Heppell et al., 2006;
Adamski et al., 2013). However, Fitzhugh et al. (2005) found that
the temporal and geographic trends in the mean fertilization and
settlement dates of juvenile gag did not agree with seasonal
changes in wind-driven surface currents. Thus, the conundrum
of how gag larvae and juveniles get from spawning to settlement
remained an issue.

This topic was addressed by Weisberg et al. (2014b) using
both observations and WFCOM model simulations. Gag
observations consisted of pre-settlement juveniles collected in
the surf zone at Mullet Key (near the mouth of Tampa Bay) from
April through June, 2007, with abundance peaking sharply on
May 22nd and 23rd. The juvenile samples were co-located with
drift algae of offshore, hard-bottom origin (e.g., Hanisak, 2001).
Simultaneous WFS circulation observations consisted of full
water column velocity records from moored ADCPs located on
the 50 m isobath offshore from Tampa Bay, on the 20 m isobath
offshore from Sarasota, Florida (just south from Tampa Bay) and
on the 75 m isobath to the west-northwest of the Dry Tortugas
(i.e., near the WFS pressure point).

During 2007, the Loop Current contacted the pressure point
from about the end of March through the middle of May. A
mooring near the pressure point clearly showed the response
throughout this contact time, which closely matched the
WFCOM simulation. Similarly, the velocity vectors observed
and modeled at the other two mooring locations were in
reasonably good agreements. Such veracity testing justified the
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use of the model simulation to explore potential larvae transport
routes. Based on the aforementioned spawning locations,
spawning to settlement durations and the date of peak juvenile
capture, these authors performed 45-day particle trajectory
experiments, with particles initialized on the 40 m, 60 m, 80 m
and 100 m isobaths between latitudes of 280 N to 29.50 N, with
start times beginning on April 1 and at successive 2-day intervals
thereafter. Two sets of experiments were performed, the first to
test a surface transport hypothesis, the second to test a near
bottom transport hypothesis, and results were shown for the
April 7, April 9, April 11, April 13 and April 15 start times.

The surface transport hypothesis was rejected because none of
the particles, regardless of their initial isobath locations, gained
proximity to the nearshore. Instead, the surface trajectories tended
southward over the outer-shelf. In contrast, particles initialized
near the bottom tracked toward the nearshore, as expected for a
bottom Ekman layer flow under upwelling conditions. As an
example, results for the 40 m isobath initializations for four
different start times are shown in Figure 11. Some of these
trajectories even ended up at Mullet Key. More broadly, we see
Frontiers in Marine Science | www.frontiersin.org 16
why the region from Tampa Bay to Charlotte Harbor tends to be
such a prolific region for gag. Of secondary importance is the
region around Apalachicola Bay, also recognized as a prolific area
for gag. On this basis, and along with the co-location of the
observed juveniles with algae of hard bottom origin and other
geochemical analyses, the bottom transport hypothesis
was accepted.

Just as is the case for K. brevis red tide, gag recruitment also
appears related to the WFS circulation and the importance of
deep-ocean forcing via Loop Current contact with the WFS
pressure point. When this occurs in phase with spawning, and
lasts long enough to facilitate transport form the spawning to
settlement, then the expectation is for a very prolific gag year class.

3.3 Harmful Substance Tracking (e.g., The
Deepwater Horizon Spill)
Not to belabor a point, but 2010, the year of the Deepwater
Horizon oil spill was also a year when the Loop Current had
prolonged contact with the WFS pressure point. We already
discussed how this negated a red tide during that year, but how
FIGURE 11 | WFCOM-simulated near-bottom particle trajectories for particles initialized on the 40 m isobath. Clockwise from the upper left hand panel are particles
initialized on April 9, April 11, April 13 and April 15, 2007. Color-coding denotes particle age from initialization at day zero to 45 days (from Weisberg et al., 2014b).
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might this pressure point contact also have affected the transport
of hydrocarbons? Here we will consider two applications, the
first of these addressing the question of subsurface hydrocarbon
transport to the WFS, the second addressing the surface
transport to the shoreline. Deep-ocean forcing on the
continental shelf and slope is the common element in these.

Subsequent to the Deepwater Horizon oil spill that occurred
from April 20 to July 15, 2010 (e.g., Liu et al., 2011a), anecdotal
reports of fish lesions and other abnormalities began to emerge
for the northern Gulf of Mexico. This prompted a study by
Murawski et al. (2014) to investigate such occurrences, not only
in the direct vicinity of where surface oil was documented, but
also over the entire WFS where no surface oil had been evident.
With bottom dwelling reef fish samples taken throughout the
WFS from 2011 to 2012, these authors found ample evidence for
fish lesions and further analyses of hydrocarbon compounds
found in fish liver samples, when compared with Deepwater
Horizon oil, further suggested that such hydrocarbons did make
their way to the WFS.

Motivated by such findings, and in view of the Loop Current
induced upwelling circulation that existed over the course of the
oil spill, Weisberg et al. (2016c) applied the WFCOM to examine
the possibility that Deep Water Horizon hydrocarbons were
transported to the WFS sight unseen beneath the surface.
Their approach consisted of an initial value problem, wherein
a tracer, of normalized concentration, was uniformly distributed
over the water column offshore from Panama City, FL. (in the
northeastern sector of the Florida Panhandle coast) on June 19,
2010 in accordance with MODIS satellite ocean color
observations and then allowed to evolve as a passive tracer
whose concentration reduced over time by advection and
turbulence mixing. Figure 12 shows the near bottom tracer
concentrations for July 15, July 30, August 15, and August 30,
2010. With the initial tracer value being 1.0, and with the tracer
concentration color bar provided on a log10 scale, the green
region corresponds to 0.40, the dark blue and mid-range
magenta regions correspond to 0.12 and 0.05, respectively, and
the gray region shows the lowest value retained and the extent of
the WFCOM domain used in this experiment. Thus, even if the
initial subsurface hydrocarbon concentrations were low, such
values, reduced only by an order of magnitude, would have
permeated most of the WFS’s inner shelf, even as far south as the
Dry Tortugas, providing a possible explanation for the Murawski
et al. (2014) observations.

How Deepwater Horizon oil arrived on the northern Gulf of
Mexico beaches also entailed a combination of deep-ocean and
local forcing, further modified by wave effects via Stokes drift.
Overviews on the fate of the Deepwater Horizon hydrocarbons
are provided by Özgökmen et al. (2016) and Passow and Hetland
(2016). Using WFCOM (a version that extended to west of the
Mississippi River), Weisberg et al. (2017) considered surface
particle trajectories (with particles initially distributed where
surface oil was observed on May 24, 2010 and then further
added at the well-head location with time through July 15, 2010)
and tracked either with or without Stokes drift. Being that the
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well-head was outside of the WFCOM domain, a scheme was
developed wherein HYCOM fields were used for particle
tracking outside of the WFCOM domain that transitioned
smoothly with WFCOM field tracking once the particles
entered the WFCOM domain. Experiments were performed by
nesting WFCOM in either the Gulf of Mexico HYCOM or the
Global HYCOM, and the most realistic results were found when
using Stokes drift and the Global HYCOM. These are shown in
Figure 13, which provides the distribution of beached particles
and their ages (days since initialized on May 24, 2010, or released
at the well-head) on June 27, 2010 for the Global HYCOM/
WFCOM case, either without (top panel), or with (bottom panel)
Stokes drift. The number of beached particles, relative to the total
number of particles released, and the percent of particles beached
are provided in the upper right. An order of magnitude more
particles were beached with the inclusion of Stokes drift than
without, and their distribution along the northern gulf beaches
closely matched the reported observations of tar balls and oil
(http://gomex.erma.noaa.gov).

These authors concluded that the circulation was responsible
for transporting the Deepwater Horizon oil to the vicinity of the
shoreline, and that the waves, via Stokes drift, were responsible
for the actual beaching of the oil. The explanation for the
nearshore importance of the Stokes drift is that unlike the
currents whose magnitude decreases toward, and whose
direction tends to being parallel to, the shoreline, the Stokes
drift, which occurs in the direction of wave propagation, may be
normal to the shoreline. Thus, suitable models are required to get
both the circulation and the waves correct. The HYCOM and
merged HYCOM with WFCOM results further showed the
importance of both horizontal and vertical resolution. Without
horizontal resolution high enough to include an accurate
coastline, complete with barrier islands, inlets and estuaries, it
is not possible to replicate the observed beaching of oil. Without
vertical resolution high enough to approximate how the surface
Ekman layer combines with the geostrophic interior, it is
necessary to include a wind factor to account for the surface
oil not following the wind direction. For the DWH incident,
earlier papers by Dietrich et al. (2012) and Le Henaff et al. (2012)
provide examples wherein wind factors were applied. The ocean
engineering and marine pollution literature also provides
examples of both wind factors and Stokes drift inclusion, such
as the works by Abascal et al. (2009a); Abascal et al. (2009b), and
a study by Curcic et al. (2016) found that the addition of Stokes
drift improved the tracking of surface drifters deployed in the
northeast Gulf of Mexico during Hurricane Isaac in 2012.

With sufficiently high resolution, both horizontally and
vertically, as achievable through downscaling, plus the addition
of Stokes drift, it is possible to avoid the use of a wind factor.
Downscaling, however, does not negate the necessity for the
most accurate deep-ocean circulation, and in this Weisberg et al.
(2017) case, the Global HYCOM actually provided better results
than the Gulf of Mexico HYCOM. Similarly, observations
sufficient for data assimilation and assessing the veracity of the
model simulations (deep-ocean and coastal) are necessary.
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4 SUMMARY AND CONCLUSIONS

The coastal ocean, the region where society meets the sea, is
driven by a combination of local and deep-ocean forcing. While
all governed by the same physics, the responses of different
coastal ocean regions to these two forcing agents is highly
dependent upon shelf width and other geometrical
considerations. Relative to narrow shelves, whose water
properties may readily be influenced by both land drainage
and the adjacent deep ocean, wide shelves tend to have mid-
shelf regions that tend to be insolated from these effects and
hence oligotrophic under general conditions. Here we examined
the literature discussing the responses of the WFS to both local
and deep-ocean forcing. Along with its width, that enables a
separation between inner-shelf and outer-shelf regions, the
Frontiers in Marine Science | www.frontiersin.org 18
partial closure of the WFS in the south by the Florida Keys
chain, whose westernmost islet, the Dry Tortugas, is in close
proximity to the Gulf of Mexico Loop Current, results in
situations when protracted Loop Current interaction there can
set the entire WFS in an upwelling motion. Such occurrence can
alter the nutrient state of the WFS resulting in important
ecological consequences.

Thus, we examined the physics of the WFS responses to both
local wind and Loop Current forcing. For the case of local forcing
only, and using a combination of velocity observations and
numerical model simulations (shown to be in general
agreement with the observations), we defined the inner-shelf in
two ways. The first defines the inner-shelf as the region of
interacting surface and bottom Ekman layers, where the
linkage between these layers is by divergence. Surface
FIGURE 12 | WFCOM-simulated normalized near-bottom tracer concentration sampled on July 15, 2010; July 30, 2010; August 15, 2010; and August 30, 2010.
With the initial value being 1.0, and the tracer concentration color bar provided on a log10 scale, the green region on the upper two panels corresponds to 0.40, and
the dark blue and mid-range magenta regions on all panels correspond to 0.12 and 0.05, respectively. The gray region represents the lowest tracer concentration
value plotted, and its location on the left-hand side demarks the offshore extent of the WFCOM domain used in this simulation (adapted from Weisberg et al., 2016c).
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convergence/divergence is what causes a sea surface slope,
thereby establishing a geostrophic interior flow, which activates
the bottom Ekman layer and its divergence/convergence. How
these connect determines the offshore extent of the surface slope
and hence of the inner-shelf, the dynamical balances of which are
evident from the model simulations. The second definition
follows from an analysis of the vertically integrated vorticity
balance. Two regions emerge, one being the inner-shelf, where
bottom pressure torque tends to be balanced by bottom friction
torque and the other being the outer-shelf, where bottom
pressure torque tends to be balanced by the rate of change of
relative vorticity. The WFS is sufficiently wide to discern these
two inner-shelf and outer-shelf regions. Such distinctly different
balance tendencies explains why the inner-shelf responses appear
to be relatively ordered with a well-defined coastal jet at some
distance offshore, whereas the outer-shelf responses appear to be
more chaotic and eddy-like.

Stratification adds nuance. Both observed and modeled is an
asymmetry between the responses to upwelling and downwelling
favorable winds, with the upwelling responses being
disproportionately larger than the downwelling responses.
Explanations are provided through discussion of the across-
shelf force balance and through an analysis of the stream-wise
vorticity equation. For both upwelling and downwelling
responses, isopycnals tend to bend into the sloping bottom
across the bottom Ekman layer. As a result, and first from a
force balance perspective, the gradient buoyancy force adds
constructive with the surface slope-induced pressure gradient
Frontiers in Marine Science | www.frontiersin.org 19
force under upwelling, and conversely under downwelling. Next,
from a vorticity perspective, the buoyancy torque adds
constructively with the tilting of planetary vorticity under
upwelling, whereas it tends to add destructive under
downwelling. Consequently, there must be larger frictional
dissipation within the bottom Ekman layer under upwelling
than under downwelling; hence the response asymmetry.
Additional momentum balance analyses show that the surface
and bottom Ekman layers under stratified conditions may be
separate from one another, even in relatively shallow, inner-shelf
waters (the analysis shown in Figure 4 is at the 20 m isobath).

The effects of deep-ocean forcing by Loop Current interaction
with the west Florida escarpment depend upon where the
interaction occurs. North from the Dry Tortugas, referred to as
the pressure point, such effects are observed and modeled to be
limited to within a baroclinic Rossby radius of deformation from
the shelf break, about 30 km for the WFS, in essence the outer-
shelf. At the pressure point, such effects are observed and modeled
to extend over the entire WFS and even as far north as the Florida
Panhandle coast. If such a Loop Current interaction with the
pressure point is of protracted duration, then the nutrient state of
the WFS may be altered by an infusion of inorganic nutrients
upwelled across the shelf break from the upper slope region and
advected shoreward, all within the bottom Ekman layer.

Protracted pressure point contact by the Loop Current is
shown to have observable ecological consequences, and examples
provided include impacts on harmful algae blooms, fisheries
recruitment and the advection of harmful substances that, in
FIGURE 13 | Distribution of beached surface particles and their (color-coded) ages on June 27, 2010 for the case of the Global HYCOM merged with the WFCOM
nested in the Global HYCOM, either without (top panel) or with (bottom panel) Stokes drift added. Bathymetric contours are in m. The number of beached particles,
relative to the total number (8416) of particles released, and the percent of particles beached are provided in the upper right (from Weisberg et al., 2017).
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turn, have their own ecological impacts. These applications help
to explain why the WFS exhibits large inter-annual variations in
both water properties and biota.

In conclusion, by virtue of its width and geometry relative to
geophysical fluid dynamics principles, the WFS provides an
excellent natural laboratory for studying continental shelf
responses to both local and deep-ocean forcing and their
ecological consequences. Much remains to be learned about shelf
ecology, why organisms organize spatially and temporally as they
do, how to better forecast major red tide blooms, reeffish year class
abundance and other matters of societal concern. Achieving such
goals requires an increased recognition on the importance of the
shelf circulation on shelf ecology, sustaining arrays of
interdisciplinary observations and exercising appropriate models.
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