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Abstract. Analysis of year-long drifter trajectories and et al, 1999 Magadia et al, 2003. But on the West Florida
records of simulated surface Lagrangian Coherent StructureShelf (WFS), especially the coastal region between Tampa
(LCSs) have suggested the presence of a resilient Cros®ay and Charlotte Bay, red tides constitute recurrent events
Shelf Transport Barrier (CSTB) on the West Florida Shelf (Brand and Comptgn2007. Associated with red tides
(WFS). The CSTB was conjectured to provide a largeusually is widespread death of sea life resulting from the
degree of isolation, which is consequential for the fueling brevetoxins produced b¥. brevis (Bossart et aJ. 1998

of red tides on the southern WFS by nutrients possiblyLandsberg and Steidinger998 Landsberg2002 Shumway
released by rivers and canals directly on the region. Hereet al, 2003 Flewelling et al, 2005. Brevetoxins are
this conjecture is thoroughly tested by identifying LCSs asalso known to produce injury to humans through ingestion
well as performing tracer advection calculations based orof contaminated seafood, skin contact, or respiration of
seven-year-long records of surface and subsurface currenterosolized brevetoxins in coastal areBadgker et al.2003
produced by a HYbrid-Coordinate Ocean Model (HYCOM) Kirkpatrick et al, 2004).

simulation of the Gulf of Mexico (GoM). The identified  Several hypotheses about the origin of the nutrients needed
LCSs suggest that the CSTB extends downward in the watefor red tide development on the WFS have been proposed.
column. The tracer calculations suggest that, while theof particular relevance for the present work is the hypothesis
majority of the nutrients possibly released by rivers andof Stumpf et al (2008, who argued that, upon reaching the
canals directly on the southern WFS are retained within they/Fs subsurface nutrients of Mississippi River origin can
region for long times, only a small fraction of the nutrients pe transported onshore via upwelling, and fuel red tides.
possibly released by rivers outside the WFS reach therhjs scenario does not seem to be consistent with the year-
southern WFS, mainly accompanying shoreward excursiongound presence of a Cross-Shelf Transport Barrier (CSTB)
of the CSTB. These results add importance to the rolegn the WFS Yang et al, 1999 Olascoaga et 312006. The
played by the CSTB in controlling red tide development presence of the CSTB was suggested from the inspection
on the WFS. Implications of the results for the dispersal of o year-long satellite-tracked drifter trajectorie&aqg et al,
pollutants, such as oil, in the GoM are discussed. 1999. More specifically,Yang et al.(1999 found in the
southern WFS a triangular-shaped region, referred to as
“forbidden zone”, which was not visited by drifters released
1 Introduction outside of the region. The “forbidden zone” is precisely the
locus of the most frequent and abundant red tides in the GoM.
The toxic dinoflagellateKarenia brevisis present in low The CSTB was subsequently characterized(igscoaga
concentrations in large areas of the Gulf of Mexico (GoM; et al.(2006 using the Lagrangian Coherent Structure (LCS)
Fig. 1), and it sporadically forms blooms anywhere in the concept Haller and Yuan 2000 based on the analysis
GoM (Wilson and Ray 1956 Geesey and Teste993 of surface currents produced by Hybrid-Coordinate Ocean

Tester and Steidingerl997 Dortch et al, 1998 Kusek  Model (HYCOM) simulation of the GoM for year 2004.
Concealed in the flow, LCSs are distinguished material fluid

curves which act as skeletons for patterns emerged from

Correspondence tavl. J. Olascoaga passively advected tracers. Qlascoaga et a(2006 it was
BY

(jolascoaga@rsmas.miami.edu) conjectured that the CSTB behaves as a trap for nutrients
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— 2 Methods
-y Chartote Bay Potential nutrient pathways are identified in this paper by
Misisipp River . unveiling attracting LCSs. As defined irHaller and Yuan
. V‘/” (2000, attracting (repelling) LCSs are material fluid surfaces
‘ ) { that attract (repel) neighboring fluid particles at the locally
Gulf of Mexico 4 highest rate over a finite-time interval. So defined, attracting

(repelling) LCSs are akin to unstable (stable) manifolds in
the steady or time-periodic flow cases (egamelson and

. Wiggins 2006. As such, the LCSs act as skeletons for
- patterns formed by fluid particle trajectories. Constituting
- ; the central structures along which neighboring fluid particles
$ew W P sew 2w 7w accumulate in forward time, attracting LCSs, in particular,

22°N

_ _ _ delineate pathways for passive tracer evolution, and thus their
Fig. 1. Map showing the region of study. identification is most insightful for the purpose of this study.

Being inherently Lagrangian, the LCSs cannot be detected
visually from the inspection of velocity field snapshots.

and dinoflagellates initially positioned on its inshore side, One practical and robust LCS detection technique, which
thereby providing favorable conditions for the developmentis employed here, is supplied by the computation of Finite-
of red tides. But the possibility exists that the CSTB is Time Lyapunov Exponents (FTLEsHéller, 2001ab, 2002
a surface-confined phenomenon and hence represents r8hadden et al.2009; other diagnostic tools exist which
obstacle for subsurface nutrients of Mississippi River origin, also reveal LCSs (e.gHaller, 2001k Boffetta et al, 2001,
which requires to be investigated. Joseph and Legra002 d'Ovidio et al, 2004. The forward

Here the conjectured isolation of the southern WFS(backward) time FTLE characterizes the amount of forward
provided by the CSTB is subjected to a thorough test.(backward) time stretching about fluid particle trajectories,
This test is carried out by identifying LCSs and performing and is given by
passive tracer advection calculations based on surface and _
subsurface currents produced by a HY COM simulation of the of 00 :=It|~Hnloxe T OO . @
GoM over the period 2000-2007. The LCSs are identified toHere |l stands for spectral norm amﬂ"‘f (X() > X(E+T)
supply a global picture of the pathways that nutrients canwherex(r) is fluid particle’s position at time. Ridges of
take on the GoM's surface and subsurface. The passiv@ackward (forward) time, i.er, < O (r > 0), FTLE field both
tracer advection calculations are carried out to determineare almost LagrangiaShadden et 812005 and correspond,
particular pathways taken by nutrients released from sourceith some caveatsHaller, 2002 Branicki and Wiggins
possibly located in- and outside the WFS. The results from2010), to regions of maximal local forward-time attraction
these computations are found to provide a favorable test ofrepulsion). As such, they have been broadly identified as
isolation on the WFS. good attracting (repelling) LCS detectors in a large variety

The reminder of the paper has the following organization.of applications (cf.Peacock and Dabir201Q for a recent
In Sect. 2 the methodology employed is described. Thereview).
exposition includes a brief introduction to the LCS notion  The velocity fields that supply advection for fluid particles
and a description of the tool employed to diagnose LCSsare produced by the 0.94esolution data-assimilative
Additionally, the simulated velocity records considered HYCOM nowcast of the GoM, itself nested within a
are described along with details of the tracer evolution0.08-resolution Atlantic Ocean simulation generated at the
experiments. The results of the paper are presented in Sect. B.S. Naval Research Laboratory (NRL). HYCOM is an
A discussion on several topics is offered in Sect. 4. Thesecean general circulation model based on the primitive
include: the connection of the results of the paper with priorequations of motion where the vertical coordinate is hybrid,
theories of red tide development on the WFS; the influence obeing isopycnal in the open, stratified ocean, but smoothly
the wind-induced Eulerian circulation on Lagrangian motion reverting to a terrain-following coordinate in shallow coastal
on the WFS in connection to Stumpf et al.’s hypothesis ofregions, and to a z-level coordinate in the mixed layer and/or
red tide development; the relevance of the results to red tideinstratified seasBleck, 2002. Realistic high-frequency
development on regions in the GoM beyond the WFS; andforcing is used to drive the model which is obtained from
the utility of the results for the study of the dispersal of the U.S. Navy Operational Global Atmospheric Prediction
pollutants such as oil, particularly in connection to the recentSystem (NOGAPS) operational atmospheric model. The
oil spill in the GoM, which is seen to provide support to the topography used is derived from the U.S. NRL 2-min-
results of the paper. Finally, the conclusions of the paper areesolution Digital Bathymetry Data Base (DBDB2), with the
presented in Sect. 5. coastline following the 2-m isobath. Climatological runoff
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Fig. 2. Transect across the West Florida Shelf (WFS) at 2K.5howing on selected dates along 2004 various layers of the Hybrid-
Coordinate Ocean Model (HYCOM), which is employed in the Lagrangian calculations. The thin curves indicate the boundaries between
contiguous layers, which are labelee: 1,2, ... from the top down throughout the paper. The thick curve indicates the bottom topography.

by rivers including the Mississippi River, Hillsborough al.’s hypothesis on the nature of nutrients fueling red tides on
River, Caloosahatchee River, and Peace River discussed itme southern WFS, particular attention is paid to Lagrangian
this paper is incorporated in the simulation. The modelmotion along subsurface layee= 6, which is isopycnic and
assimilates satellite-derived sea surface height anomalgan lie around 40-m depth near the shelfbreak.

and temperature data as well as available vertical profile The passive tracer advection experiments carried out
data. Data assimilation into the model is based on theo complement the LCS identification consist in tracking
U.S. Navy Coupled Ocean Data Assimilation (NCODA) neutrally buoyant particles deployed every other day in three
system Cummings 2005. Downward projection of surface regions that represent possible nutrient sources: the vicinity
information is carried out using the method describeBax of the Mississippi River's mouth, which is located outside the
etal.(2002. The HYCOM simulation considered has proven WFS; and Tampa Bay and Charlotte Bay, which are located
ability to represent aspects of the Lagrangian evolution in theon the southern WFS and where various rivers (such as the
GoM revealed in patterns formed by satellite-track drifter Hillsborough River, Caloosahatchee River, and Peace River)
trajectories and ocean color distributior3lgscoaga et gl. and canals discharge. (Other rivers and canals, which are not
2006 2008. Additional performance tests are described in, considered here, discharge on the WFS; however, the total
e.g.,Chassignet et a{2005. discharge rate of these rivers and canals is smaller than that

The LCS identification and the complementary passiveOf those considered here.) These three re.gions.of particle
tracer advection computations are based on seven-ye&l€Ploymentare labeled M, T, and C, respectively, in the top-
(2000-2007) records of daily velocity fields defined on l€ft panel of Figs. _ _
HYCOM's surface and various subsurface layers. Thus 1he FTLE () is computed by evaluating directly

Lagrangian evolution is not studied in strictly three-spaceaxg";ﬂ(x) using finite differentiation of trajectories of parti-
dimensions. However. it is studied in a quasi_,mree_clesinitiaIIydistributed over aregular 0.08vesolution grid,

dimensional fashion consistent with HYCOM's vertical Which is about six times finer than that on which HYCOM
coordinate formulation, which is isopycnic except within yelocmes are defined. 'I_'he trajectory |nte_>grat|ons entayled
boundary layers. This way vertical motion of fluid particles N Poth FTLE and passive tracer advection computations
is implicitly accounted for by the vertical motion of isopycnic '€ Performed using a time-step-adapting fourth/fifth-order
layers. Figure2 depicts a transect across the WFS atRung.e—Kutta method. .The re_quwed interpolations in space
27.5 N showing on selected dates along 2000 the vertica@"d time are done using a linear scheme. The backward
structure of HYCOM. Various of the layers depicted, which intégration time for the FTLE calculations is= —30d,

are labeled, from the top dowi,= 1,2, ..., are employed which is enough to reveal the most salient LCSs that
in the Lagrangian calculations. Motivated by the observationceMPrise the Lagrangian skeletons of the GoM's surface and
that nutrients of Mississippi River origin have been identified SuPsurface circulations. Similar settings have been employed
in water samples taken near the shelf break at around 40-rfff Previous related studielascoaga et 312006 2008
depth Gtumpf et al, 2008 and a desire to test Stumpf et Beéron-Vera and Olascoagz009.
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10-3ul.00 : _ Such regions lie on the Texas-Louisiana Shelf, the Yucatan
e : L e Shelf, and the WFS. The latter suggests, in particular, that the
CSTB, which supplies isolation on the WFS, is not confined
on the ocean’s surface. Rather, it stands out as an LCS (or
a set of LCSs) with a vertical signature that can be traced
deeper in the water column.

Before discussing explicitly the behavior of passively
advected tracers in the GoM, further support is provided for
the idea conveyed above that the CSTB extends throughout
the water column by analyzing FTLE fields on additional
subsurface layers. This is offered in Fy. The left panel
of the figure provides a three-dimensional view of the FTLE
field on 10 July 2000 within a region lying over the WFS and
extending through part of the shelfbreak. The plot shown
was constructed by patching together the two-dimensional
FTLE fields computed using surface velocities and velocities
defined on various subsurface layers including subsurface
layer k = 6. The boundary between contiguous isopycnic
layers is indicated in the plot by the black curve. The FTLE
fields on the surface layer and within each of the subsurface
layers are depicted in the panels on the right side of the
figure. Note the FTLE ridge (which indicates an LCS) on
the shelfbreak extending through most of the water column.

Attention can now be turned to the analysis of the
evolution of passive tracers in the GoM. Overlaid red, blue,
and green dots on each FTLE field shown in Fdndicate

_ i . Gy positions taken by passive particles after being deployed near
Blew orw  sew  sew  7sw the Mississippi River's mouth, Tampa Bay, and Charlotte

—— Bay, respectively. Note that the particles closely follow
o the deformation over time of the LCSs (indicated by the

Fig. 3. Sequence of snapshots of Finite-Time Lyapunov ExponentF TLE ridges in the figure). This explicitly illustrates that,
(FTLE) field computed in backward time using simulated surface being material fluid curves, attracting LCSs constitute the
(left panels) and subsurface (right panels) velocities in the Gulf ofcentral structures along which neighboring fluid particles
Mexico. The subsurface velocities correspond to velocities definedaccumulate, and thus demarcate pathways for passive tracer
on (isopycnic) subsurface layer= 6 (cf. Fig.2). The convoluted  eyolution. While the majority of the particles released near
bands of most intense red tones indicate attracting Lagrangiafpe Mississippi River mouth on the surface layer (Fg.
Coherent Structures (LCSS). left panels) are seen to move mainly southwestward initially,
some particles take a southeastward direction. The particles
that initially move southwestward spread over the western
GoM basin. Most of the particles that initially move
3 Results southeastward tend to line up along an LCS that demarcates
the boundary of the Loop Current. These particles eventually
The left and right panels in Fig3 show a sequence of exit the GoM through the Florida Strait taking a northward
snapshots of backward-time FTLE field computed using,trajectory along the Gulf Stream. Only a small number of
respectively, surface velocities and velocities defined onparticles, which mainly travel nearly along the coastline from
(isopycnic) subsurface layér= 6 over the period 10 July their point of release, are seen to end up within the southern
2000 through 10 October 2000. The convoluted bandsWFS, on the inshore side of the CSTB. Such patrticles take
of most intense red tones in each panel of the figureno less than 3 months to reach the southern WFS, which
indicate attracting LCSs. Note the intricate LCS patternsis long enough to be subjected to considerable dilution.
composed of numerous eddy-like features and filamentsThe behavior just described finds support on observations.
which suggests that vigorous mixing is ubiquitous in the First, driven by southwesterly winds, the plume of the
GoM, both on its surface and the subsurface. Note also thélississippi River has been observed to move southeastward
presence on both the surface and subsurface of persisteirt summer without spreading over the WR&glker et al,
isolated regions relatively free of such intricate LCS patterns,2005. Second, the Mississippi River plume was possible
which suggests relatively low mixing within those regions. to be tracked as far as the Gulf Stream off the coast of
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Fig. 4. Left panel: asnapshot on 10 July 2010 showing backward-time FTLESs in three-space dimensions in a domain including a portion of
the WFS and extending to the shelfbreak (the bottom topography is indicated in grey). Right panels: two-dimensional FTLE fields on the
surface layer = 1) and several subsurface layets<1,...,8) used to construct the three-dimensional plot in the left panel.

Georgia Qrtner et al. 1995 Hu et al, 2009. Third, Ortner k=6 (red curve) near the Mississippi River's mouth. These
et al. (1995 estimated a dilution rate of 1:9 per month are compared with those of particles released on the surface
for freshwater of Mississippi River origin based on salinity layer in Tampa Bay (blue curve) and Charlotte Bay (green
observations in the Florida Strait. curve), whose behavior is very similar to that of particles

Similar fate as for particles released in the vicinity of the '¢l€ased on subsurface layes 6 and thus are not discussed.

Mississippi River's mouth on the surface layer is predicted Each time series is computed by counting the number of
for particles released within subsurface layer 6 (Fig.5,  Particles lying within the region delimited by the dashed-
fight panels). The most important difference is that, rather™®d line depicted in the inserted map, and dividing by the
than spreading over the western GoM basin, the particleéma}l number of particles lying within the GoM. ThIS control
tend to move predominantly southeastward. In marked€9ion goes from 283N down to roughly the Florida Keys,
contrast with particles released near the Mississippi Riversad from the coast out to roughly the 60-m isobath (black
mouth, but entirely consistent with the presence of the CSTBCUrVe in the inserted map). Consistent with the presence

the particles released in Tampa Bay and Charlotte Bay, botf?f the CSTB, the smallest percentages are attained by
on the surface layer and subsurface laget 6, tend to particles released near the Mississippi River's mouth, while
' the largest by those released in Tampa Bay and Charlotte

remain trapped within the southern WFS without spreading '
over the GoM. Bay. The percentages for particles released on the surface
o . . layer (subsurface laygr = 6) near the Mississippi River’s
The top panel in Figé shows as a function of'tlme OVEr'  mouth oscillate between 0% and no more than 20% (1%).
the period 2000-2007 the percentages of particles that arf\ote that percentages of subsurface particles are multiplied

found on the southern WFS after being released every otheLr)y ten in the figure.) The percentage of particles released
day on the surface layer (black curve) and subsurface layer
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1011100 10 _ excursions of the CSTB. The (left) right panels of Fig.

as, N

show particle concentration maps during maximal onshore
(offshore) CSTB excursion conditions. These maps were
constructed using particles released every other day over
the course of 30d during periods representative of each of
the aforementioned conditions along the seven (2000-2007)
years of analysis on the surface in Tampa Bay (top panels),
Charlotte Bay (middle panels), and the vicinity of the Mis-
sissippi River's mouth (bottom panels). The concentration,
expressed as a percentage, was computed by counting the
number of particles falling within each of the man@® x
0.05° bins covering the GoM and dividing by the total
number of particles released. When the onshore excursion
of the CSTB is maximal particles released in Tampa Bay
and Charlotte Bay conglomerate (particle concentrations are
high) near the shoreline. More specifically, the particles
tend to accumulate near the coastline between Tampa Bay
and Charlotte Bay. Interestingly, historical data reveal that
K. brevisconcentrations are precisely highest theBead
and Compton2007). In marked contrast with the behavior
of the particles during maximal onshore excursion of the
CSTB, when the offshore excursion of the CSTB is maximal
the particles, particularly those released in Charlotte Bay,
tend to spread over the southern WFS. Relatively lower
concentrations over the GoM are found for particles released
near the Mississippi River’s mouth quite independently of
the motion of the CSTB. The only difference is that particle
concentrations are somewhat higher near the WFS when the
onshore excursion of the CSTB is maximal than when the
i offshore excursion is maximal.
Fig. 5. As in Fig. 3, but using a gray scale and with dots overlaid
indicating positions taken by passive particles deployed every other
day in regions labeled M (red), T (blue), and C (green). 4 Discussion

The discussion is started by considering the possibility
in Tampa (Charlotte) Bay oscillate between 100% and noof connecting the presence of the CSTB with observed
less than 70% (60%). These oscillations conceal a signabccurrence of WFS red tides. The bottom panel in
with a period of approximately 12 months, and mainly reflect Fig. 6 shows a time series over the period 2000-2007 of
shoreward excursions of the CSTB (note that the oscillations<. breviscell concentration within the control region on the
in the time series for particles released near the Mississippsouthern WFS defined above. Highlighted in black is cell
River's mouth are nearly in counterphase with those ofconcentration higher than 40ellI=1, which is a threshold
particles released on Tampa Bay and Charlotte Bay). Thesell concentration employed (e.gBrand and Comptan
shoreward excursions of the CSTB are largely anticorrelate®007) as a red tide indicator. Note that the strongest red
with the northward excursions of the Loop Current, in tides, i.e., with cell concentrations much higher than the
agreement with analysis of altimetry-derived currents andthreshold cell concentration, tend to be attained when most
satellite-tracked drifter trajectoriedHétland et al. 1999. particles released near Tampa Bay and Charlotte Bay are
Analysis of altimetric datagturges and Lebe2000 as well  retained within the control area. The latter corresponds to
as altimetric data and numerical simulatioR®(anou and  a situation in which the CSTB lies close to shoreline. This
Chassignet2004 Zavala-Hidalgo et al.2006 suggest that  suggests a connection between red tide development and the
Loop Current’'s northward excursions include a signal with amotion of the CSTB consistent with the conjecture proposed
period of 11 months or so, which is roughly consistent with in Olascoaga et a{2006. The present analysis suggests in
that of CSTB’s shoreward excursions estimated here. addition that the distance of the CSTB relative to the shore

The behavior described above is further investigatedmay play an important role in supplying such conditions.
by comparing horizontal distributions attained by passiveOptimal conditions may be expected to be attained when
particles during conditions of maximal on- and offshore the CSTB minimizes the dispersion &f breviscells and
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Fig. 6. Top panel: percentages as a function of time of passive particles that reach the region on the WFS delimited by the dashed-red
line indicated in the inserted map after being released every other day on the surface layer (black curve) and subsuifacé lagdr

curve) in region M, and on the surface in region T (blue curve) and C (green curve), as indicated in the top-left panél @uhgurface

particle percentages are multiplied by ten. The black curve in the inserted map indicates the 60-m isobath. Bottom panel: time series of
Karenia breviscell concentration within the control region on the WFS. Highlighted in black is cell concentration higher theell 10,

which is a threshold concentration used as a red tide indicator.

nutrients possibly released by rivers and canals on its inshoréhat, in addition to river runoff, submarine groundwater
side. When the CSTB lies close to the shore, fluid particlesdischarge, particularly when enhanced by an active hurricane
are compressed against the shoreline, and dispersion &eason, should play a role in stimulating WFS red tides. It
minimized. On the other hand, when the CSTB retractshas been also suggestetegter and Steidingefl997) that
from the shore, fluid particles are flushed away from thesome red tides initiate a few tens of kilometers offshore
shore following the motion of the CSTB, thereby enhancingwithin the southern WFS, near frontal regions, and that
dispersion. If the nutrient supply is sufficiently large, in the upwelling events provide a mechanism for supplying the
first case blooming oK. brevis which has slow growth rates required nutrients for their stimulation. Another, more
(Brand and Guillard1981), is favored while in the second sophisticated, theory has been propodezhés et al.2001;
case is not. The mechanism just described is not seen t@valsh and Steidinger2001, Walsh et al. 2003 Walsh
be well suited to explain the development of the less intensest al, 200§ which explains red tide development as a
red tides. Other mechanisms may be at work as well, whichsequence of events preceded by iron-rich Saharan dust
requires further research to be unveiled. deposition. In brief, the theory assumes that the Saharan
Previous studiesGunter et al. 1947 Rounsefell and dust stimulategrichodesmiunblooms, which fix nitrogen.

Nelson 1966 Dixon and Steidinger2004 have associated The plooms decompose on sinking and reIe.ase dis.solved
the development of red tides on the southern WFS with riveror92nic nitrogen, which stimulates a hypothetisalbrevis
runoff, pollution, and other nutrient enriching phenomenaseed population near the bottom. Coastal upwelling is then

produced by human activities. Consistent with these previoud€duired to help this population reaching the sea surface,

studies and the increase in the frequency of red tideswhere light inhibition is alleviated and a red tide finally

Brand and Comptor(2007 have shown thak. brevis develops. Except for S.tur_npf. et. aI.’; (2098) theory, wh.ich
concentrations are indeed higher near the shoreline thaROStulates that the Mississippi River is an important nutrient
offshore, and that nutrient-rich freshwater runoff from land is SOUr€ for the fueling OfWFS redtides, all the othe_r propos_ed
likely to be a major source of nutrients for the developmentred tide development theories not only are consistent with,

of red tides. Other researcheti(et al, 2006 have argued Put also crucially depend on, the presence of a CSTB
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WFS. The deployment area considered by Stumpf et al.,
however, lied well in the inshore of the CSTB, which
explains why the particles were seen to be brought onshore.
A similar experiment has been conducted here which shows
that releasing the particles in the inshore side of the CSTB is
necessary for them to be brought onshore. This experiment,
which extends that one carried out by Stumpf et al. for
September 2000 by including lateral dispersion effects, also
illustrates the effect of the wind-induced Eulerian circulation
on Lagrangian motion on the WFS. Specifically, the grey
dots in the upper panels of Fi@ indicate the positions
taken by particles released on 1 September 2000 on the
WEFS between 30 and 100 km offshore Tampa Bay within
Rew T ww sew subsurface layet = 6. By 18 September 2000 the particles

; are transported toward the coast under upwelling favorable
wind conditions, which is revealed in the wind vector time
series depicted in the bottom panel. After that date the wind
takes a more northward direction until 26 September 2000.
Accordingly, the particle transport during those days is seen
to be offshore. The wind vector time series reveals a second

30°N

28°N

26°N

26°N

22°N f\,

18°N

Nwew wwww ' upwelling event which starts on 26 September 2000 and
T —— lasts until 5 October 2000. During this event the particles
1% experience an approximately 30-km excursion coastward.

_ _ _ The red dots in the upper panels corresponds to positions
Fig. 7. Particle concentration (expressed as percentage of totajgken by particles released in an almost continuous manner

particles) maps during conditions of maximal onshore (left panels)near the Mississippi River's mouth within subsurface layer
and offshore (right panels) of the CSTB on the WFS. These maps. _ e Note that these particles do not cross the 100m

were constructed using particles released every other day over the

course of 30d in each of the aforementioned conditions over theISObath consistent with the presence of the CSTB. Thus while

whole period 2000-2007 on the surface layer in Tampa Bay (top!‘agram-:]"'jm mF’“O” 9” the_‘ WES is |nflue|jlced by the wind-

panels), Charlotte Bay (middle panels), and the vicinity of the induced Eulerian circulation, the latter is not seen to be

Mississippi River's mouth (bottom panels). strong enough to bring onshore particles initially lying in the
offshore side of the CSTB, thereby providing no support for
Stumpf et al.'s scenario.

The reported low mixing activity on the Louisiana-Texas
on the WFS. Indeed, as noted above, the CSTB supplieShelf and the Yucatan Shelf deserves some comment. In
the necessary isolation on the southern WFES for nutrienta similar fashion as the southern WFS, these regions are
injected into this region by the aforementioned processesubjected to a good degree of isolation, which may be
(river runoff, groundwater discharge, upwelling within the consequential for red tides. Indeed, albeit less frequently,
WES, and wind deposition), individually or combined, to intensely, and exclusively produced hb¢. brevis as on
most effectively fuel red tides. the southern WFS, red tides also tend to develop on the

The present investigation has been largely motivatedLouisiana-Texas ShelfMagdia et al, 2003 Hetland and
by the results ofStumpf et al.(2008, who conjectured Campbel]l 2007 and the Yucatan ShelfOchoa 2003
that subsurface nutrients of Mississippi River origin can Enriquez et al.2010. On the other hand, the Louisiana-
be brought onshore by coastal upwelling once they reaciTexas Shelf has been long recognized to be the locus of
the WFS to fuel red tides. To support their conjecture benthic hypoxia, a phenomenon where the concentration of
Stumpf et al. presented results from subsurface passivdissolved oxygen in the deepest part of the water column
particle tracking experiments. Such experiments consistediecreases to a level that can no longer support aerobic aquatic
in tracking particles released off Tampa Bay near the bottonorganisms flarper et al. 1981 Turner and Rabalaid 994
on the WFS between the 20- and 50-m isobaths (roughlyScavia et a].2003. Stagnation is one mechanism that favors
located 30 to 100km away from the shore). As reportedthe development of hypoxiaDfaz and Rosenberdl995.
by Stumpf et al., analysis of water samples has indicatedrhus the reported low mixing activity on the Louisiana-Texas
the presence of nutrients of Mississippi River origin around Shelf may also be consequential for the development of
those depths, but further away from the coast (near the 100benthic hypoxia in that region.
m isobath) and, according to the Lagrangian calculations
of this paper, in the offshore side of the CSTB on the
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Fig. 8. Top panels: a sequence of snapshots of positions of passive particles released within subsurfaeea@ay dots correspond to

particles released on 1 September 2000 in the inshore side of the CSTB. Red dots correspond to particles released every other day near tt
Mississippi River mouth. Bathymetry contours shown are in meters. Bottom panel: wind vector time series in the period 11 September 2000
through 10 October 2000 from NOAA meteorological station 42036. The location of this station is indicated with a cross in the upper-left
panel.

The results of the present Lagrangian analysis may bestopped on 15 July 2010 by capping the gushing wellhead.
useful to understand aspects of tracer dispersal in thdt has been estimated that over 4 million barrels3@5x
GoM which go beyond those of nutrient dispersal. For10°m3) of oil escaped from the well before it was
example, they may be useful to anticipate characteristicxapped littp://www.deepwaterhorizonresponse.com/go/doc/
of the evolution of pollutants such as oil. Note that 2931/84047h The vigorous action of the ocean currents
nonconservative behavior (unlike that of a passive tracerand also the use of chemical agents have contributed to
of oil has not been accounted for here. Thus, in principle,disperse a great deal of the spilled oil, but large underwater
the comments that follow should be considered valid to aplumes of dissolved oil not visible at the sea surface are still
first approximation only. With this clarification in mind, the being reported at the time of writingC@milli et al, 2010.
results of this study contain information that may be used toHowever, consistent with the notion that the CSTB greatly
plan offshore oil exploration in such a way as to minimize isolates the southern WFS, neither surface nor submerged oil
environmental impact in the event of a spill. For instance, if has been found to reach this region.
an oil spill occurred within the southern WFS, then coastal
and benthic habitats in that region would be exposed to
considerable damage as a consequence of the long residense Conclusions
time imposed on the oil by the CSTB. Similar behavior may
be anticipated for the Louisiana-Texas Shelf and the Yucatam Lagrangian analysis has been carried out using surface
Shelf consistent with the reported low mixing activity in and subsurface velocities produced by a Hybrid-Coordinate
those regions. It would then be most recommendable thaDcean Model (HYCOM) simulation of the Gulf of Mexico
these three regions in the GoM be avoided by offshore oil(GoM) over the period 2000-2007. The analysis was based
exploration. on detection of Lagrangian Coherent Structures (LCSs) and

The fate of the oil recently spilled in the GoM provides execution of passive tracer advection experiments. The LCSs
strong support to the idea articulated here that the CSTBare material fluid surfaces (i.e., transport barriers) which
supplies great isolation to the southern WFS. On 20 Aprilform the center cores of patterns acquired by passive tracers.
2010, while drilling near the Mississippi River's mouth, a  The main result of the Lagrangian analysis is the presence
blowout caused an explosion on theepwater Horizomig. of a two-dimensional — rather than surface-confined and
The resulting fire could not be extinguished and, on 22 Aprilhence one-dimensional — Cross-Shelf Transport Barrier
2010, theDeepwater Horizorsank, leaving the well gushing (CSTB) that supplies isolation for the southern West Florida
at the sea floor and causing the largest accidental marine obhelf (WFS). This result, along with the analysis of
spill in the history of the petroleum industry. The leak was Karenia breviscell concentration data, is consistent with
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the conjecture put forward earlier based on the inspection Florida Shelf, J. Phys. Oceanogr., 9, 1743-1755, doi:0.1175/
of year-long satellite-tracked drifter trajectories and analysis 2009JP04046.1, 2009.

of LCSs sustained by a year-long record of HYCOM surfaceBleck, R.: An Oceanic General Circulation Model Framed in
favorable conditions for nutrients released on its inshoreB ?f& 20252.L 6. Redaelli .. and Vulbiani. A.: Detecti
side by various rivers and canals to most effectively fuel 2Oet& G., Lacorata, G., Redaelli, G., and Vulpiani, A.: Detecting
K. brevisred tides, which tend to develop most frequently barriers to transport: a review of different techniques, Physica D,

. . 159, 58-70, d0i:10.1016/S0167-2789(01)00330-X, 2001.
and abundantly there. The two-dimensional nature of thegyssart 6. D. Baden. D. G. Ewing, R. Y., Roberts, B., and

CSTB gives good reason to question a recent theory of \yright, s. D.: Brevetoxicosis in manateegichechus manatus
red tide development on the WFS. The theory asserts that |atirostris) from the 1996 epizoodic: gross, histopathologic and
WEFS red tides are fueled by nutrients of Mississippi River  immunocytochemical features, Toxicol. Pathol., 26, 276-282,
origin. This requires the nutrients to make their way into the  1998.
southern WFS, which is largely prevented by the presence oBrand, L. E. and Compton, A.. Long-term increasekarenia
the CSTB. brevis abundance along the Southwest Florida Coast, Harmful
A secondary result from the Lagrangian analysis is the Algae, 6, 232-252, 2007. _
identification of low mixing aCtiVity on the Louisiana- Brand, L. E. and Guillard, R. R. L.: The effects of continuous
Texas S.he” ".md.the Yu?atan Shelf. This result de.serves species of marine phytoplankton, J. Exp. Mar. Biol. Ecol., 50,
further investigation as it may also be consequential for 119-132, 1981.
red t'des'_Wh'Ch also tend t(_) develop there. Additionally, Branicki, M. and Wiggins, S.: Finite-time Lagrangian transport
the Louisiana-Texas Shelf is known to be the locus of 3nalysis: stable and unstable manifolds of hyperbolic trajec-
benthic hypoxia. The connection between the development tories and finite-time Lyapunov exponents, Nonlin. Processes
of hypoxia and the reported low mixing conditions in this  Geophys., 17, 1-36, doi:10.5194/npg-17-1-2010, 2010.
region is thus worth investigating too. Finally, the reported Camilli, R., Reddy, C. M., Yoerger, D. R., van Mooy, B. A. S,
low mixing on the WFS, the Louisiana-Texas Shelf, and the Jakuba, M. V., Kinsey, J. C., Mcintyre, C. P., Sylva, S. P,
Yucatan Shelf is relevant for the offshore oil exploration in ~ and Maloney, J. V.: Tracking hydrocarbon plume transport and
the GoM. Because knowledge of the existence of persistent Piodegradation aDeepwater HorizonSience, 330(6001), 201~
low mixing regions can be used to plan oil exploration in _ 204 doi:10.1126/science.1195223, 2010.
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such a way as to minimize environmental damage in the Ko. D. S.. Rhodes, R. C.. Shriver. J. F.. Walleraft, A. J.. and
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