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Abstract

The initiation of the toxic harmful algal bloom (HAB), Karenia brevis, along the west Florida coast has been associated with upwelling
events. Upwelling processes may be responsible for the transport of nutrients or algae from deep offshore locations across the Florida shelf
to the coast. The influence of coastal wind-driven upwelling on the onset and occurrences of K. brevis in this region was numerically
investigated using Rutgers University’s Regional Ocean Modeling System. Computations were carried out in an idealized model domain,
a two-dimensional slice in the cross-shore and vertical directions. The surface forcing data used was from several offshore meteorological buoys.
The motion of the algae was simulated using Lagrangian particles and a passive tracer. The numerical simulations of three K. brevis events in
2000—2002 showed that the particles respond (with upwelling/downwelling) to the along-shore wind stresses as expected and some upwelling
was present during the events. Comparison of the passive tracer fields with measured fluorescence data exposed the model’s sensitivity to the
particular surface forcing data employed and the relatively more significant role played by surface forcing over initial conditions. The present
model set-up constitutes a useful predictive tool for conditions conducive to the onset of HABs. It is planned to be used in a real-time mode to

aid the NOAA HAB monitoring and forecasting system.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Blooms of the toxic dinoflagellate, Karenia brevis, are a re-
current problem along the west Florida shelf and occur nearly
annually. Impacts of these blooms include marine mammal
and fish kills, neurotoxic shellfish poisoning and respiratory
irritation in humans. Due to the deleterious effects and human
health risks associated with K. brevis blooms, the National
Oceanic and Atmospheric Administration (NOAA) has devel-
oped a Harmful Algal Bloom Forecast System (HAB-FS) in
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the Gulf of Mexico which became operational in October
2004 (Stumpf et al., 2003). The current capabilities for pre-
dicting the onset of K. brevis blooms along the West Florida
coast during the bloom season has an 80% success rate (Tom-
linson et al., 2004). Additional methods are under investiga-
tion for the improvement of these forecasts, including the
association of upwelling favorable winds with HAB events.
A correlation between the occurrence of Karenia brevis on
the west coast of Florida and upwelling favorable winds
has been shown by Stumpf et al. (1998) and is currently
used to predict the initial appearance of the bloom at the coast
(Stumpf et al., 2003). This association between blooms and
upwelling favorable conditions is consistent with the develop-
ment of K. brevis blooms at depth and subsequent transport
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to the shore by onshore bottom flow (Li and Weisberg, 1999).
This paper will numerically examine the influence of upwell-
ing on the onset and occurrence of K. brevis and in particular
the dynamics that occur within the water column. Some pre-
liminary cross-shelf transport modeling of K. brevis blooms
on the west Florida shelf has been conducted by Walsh et al.
(2003) and Ly et al. (2004).

For this study, the Rutgers University’s Regional Ocean
Modeling System (ROMS) was used to perform numerical
simulations. The computations are carried out in a domain
that is a two-dimensional slice, so that the vast majority of
the grid points are placed in the cross-shore and vertical direc-
tions with a few grid points (together with periodic/cyclic
boundary conditions) in the along-shore direction. The advan-
tage of the two-dimensional geometry is that whilst being
computationally cheaper than a full three-dimensional model,
it also allows very fine grid spacings in the vertical and cross-
shore directions whereby nearly grid-independent numerical
solutions can be achieved. Further details regarding the model,
set-up, boundary conditions, etc. are given in the following
section. The simulated motion of algae (Karenia brevis) within
the water column is achieved via Lagrangian particle path
tracking. In order to simulate natural conditions, measured
data is employed in the construction of the model bottom
bathymetry, initial conditions and atmospheric forcing. This
paper will show that even with this relatively simple, two-di-
mensional model set-up, the numerical simulations yield
useful insights into the dynamics of K. brevis within the water
column and the onset of these blooms. Furthermore, this
model set-up will also constitute a useful numerical tool that
can be run in real-time in order to enhance the NOAA HAB
prediction capabilities.

2. Model, method and applications

The Rutgers University’s Regional Ocean Modeling Sys-
tem (ROMS) (Shchepetkin and McWilliams, 2004; ROMS,
2005) is a finite difference model using a orthogonal curvilin-
ear grid system with a terrain following vertical discretization.
The model has been applied to many water bodies of all
scales, ocean basin, coastal and estuarine (Haidvogel et al.,
2000; MacCready and Geyer, 2001; Dinniman et al., 2003;
Lutjeharms et al., 2003; Marchesiello et al., 2003; Peliz
et al., 2003). In terms of the numerics, the model has high-
resolution, upstream-biased advection schemes tracers (Shche-
petkin and McWilliams, 1998) and an extremely accurate and
robust baroclinic pressure gradient algorithm. The surface
forcing in ROMS is done using a bulk flux formulation (Liu
et al., 1979; Fairall et al., 1996a,b) where wind velocities,
air temperature, air pressure, air relative humidity and solar
shortwave radiation data are all combined simultaneously to
generate model wind stresses and heat fluxes in a coupled
manner. This model has the capacity to either calculate the
longwave radiation internally (Berliand approximation;
Berliand and Berliand, 1952) or for it to be prescribed via
data. If however the surface wind stress and (net) heat flux
data is available then these quantities can be used in place

of those mentioned above. Cloud cover and precipitation can
also be included in the computations. Along the bottom ba-
thymetry, the forcing is carried out by prescribing the bottom
stresses via a linear, quadratic or logarithmic law. In addition
to the surface and bottom forcings, ROMS also incorporates
tidal forcing (with seven constituents) and river forcing. The
lateral open boundaries can be treated in a number of ways
including the use of closed, clamped to data, periodic and
radiation conditions with and without nudging to boundary
data. In addition to the standard Mellor—Yamada 2.5 vertical
eddy-viscosity closure, there is a family of General Length
Scale (GLS) closures which consists of the following mem-
bers: Mellor—Yamada, k-epsilon, k-tau and k-omega (Warner
et al., 2005). The ROMS model has the capacity to perform
Lagrangian particle tracking (of mass-less and point-like
particles) which will be employed in this research.

The computational domain consisted of a thin quasi two-
dimensional slice emanating from (near) Sarasota, Florida
and approximately perpendicular to the coast (Fig. 1); in the
cross-shore direction, it was 872 km in length and in the
along-shore direction it was 4 km in width, and all depths
below 500 m were set to 500 m itself. Most of the grid points
were placed in the cross-shore and vertical directions and
a few points were included in the along-shore direction. Typ-
ically 5—7 grid points were used in the along-shore direction
and the numerical solutions were not sensitive to the number
of points used. The vertical grid point distribution was accord-
ing to a terrain-following o-parameterization (Song and
Haidvogel, 1994). This vertical grid also enabled finer vertical
grid spacings to be placed in the surface and bottom boundary
layers for a uniform o-distribution and it is specified such that:

2(0) = nlL + {Ico + F(0)(h — hc)} /H] + heo

+nwm—%%”®=—w—“+®mr\

where z = z(o) is the physical depth associated with each
sigma layer/value, n is the sea (free) surface height,
he = min[Tgipe, min(h)] so that T, is a surface/bottom
boundary layer width in which higher grid resolution is
desired, / is the bottom topographic depth and ¢ is the dimen-
sionless vertical (sigma) coordinate spanning the range [—1, 0]
such that ¢ = —1 coincides with the bottom bathymetry and
o = 0 coincides with the ocean surface. The numerical param-
eters 0, and @, allow control of grid point distributions and
clustering density.

The coastal boundary condition was a closed space, land
condition. The offshore boundary condition was a radiation/
far-field condition (Marchesiello et al., 2001) for all variables
including barotropic velocities and sea surface height, whose
validity was ensured by making the cross-shore domain length
sufficiently long. To insure a two-dimensional simulation,
boundaries in the along-shore direction, which are normal to
the coast, were prescribed using periodic/cyclic conditions.

As this model will be run using meteorological data from
weather stations or buoys, the surface forcings will be calculated
via the ROMS bulk flux routines. Then the required inputs are
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Fig. 1. Computational domain, bathymetry, buoys and data stations.

surface wind speed, air temperature, air pressure, air relative
humidity data and measured or ROMS empirically/internally
evaluated solar radiation (shortwave and longwave) data.

In terms of numerics, the third order upwind advection
schemes for momentum and tracers are preferred in this study
because they ensure that no explicit horizontal harmonic or
biharmonic viscosity and/or diffusivity is necessary in order
to generate numerically stable and smooth solutions.

The optimal model parameter set was discerned by per-
forming idealized computations where the initial and surface
forcing conditions were prescribed in a simplified sense.
Thereafter, this set-up was also used in performing realistic
simulations. The idealized calculations used to establish model
parameters and the realistic simulations are described below.

2.1. Idealized case and calibration

For this idealized case, the initial conditions used were zero
velocities (both baroclinic and barotropic), zero sea surface
height, a constant salinity of 35 (PSU) and a linearly stratified
vertical temperature profile, 7(z) where T(0) =25°C and
T(—500 m) = 15 °C. For the ROMS bulk flux computations,
the surface forcing conditions used which are constant in
space and time are summarized in Table 1.

The shortwave radiation flux was prescribed empirically.
These values are reflective of the summer conditions in Florida
and the switching of the signs in the winds was to ensure that
both upwelling and downwelling conditions could be simu-
lated by ROMS. The initial model set-up was established using

the Mellor—Yamada 2.5 closure (Mellor and Yamada, 1982)
and the quadratic bottom stress formulations and thereafter,
other choices for the turbulence closure schemes and bottom
stress formulations were investigated. All of the model runs
were for a duration of 180 days. This simplified system was
used to test the effects of grid resolution, time step size, bot-
tom stress formulation, vertical eddy-viscosity models, initial
conditions and the importance of tides. The effects of each
of these factors were determined by examining their influence
on the flow-field (velocities and tracers) and also on the paths
of some Lagrangian particles (mass-less and point-like) that
were included in the computations.

2.1.1. Horizontal and vertical grid resolution and time step

In distributing points vertically, it is important to cluster them
near the model ocean surface and also near the bottom in order to
capture the surface and bottom forcings accurately; it was found
that optimal clustering was achieved for the parameter set
0, =2.0,0, = 7.0and T;,. = 50.0. A horizontal grid resolution
of 200—300 points was required to capture the essential spatial
structure of the tracer fields. The cross-shore direction grid cell

Table 1

The atmospheric forcing data values for idealized ROMS set-up

Quantity Value
Along-shore wind speed +5 m/s
Air temperature 30°C
Air pressure 1025 mb
Air relative humidity 70%
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width in the near-shore region was 2000m. In the vertical, at
least 60—80 levels were required to produce grid independent
results. Time steps ranging from 100 s to 600 s were examined.
The solutions were not found to be sensitive to this parameter.
Hence, a grid consisting of 300 x 7 x 80 points and a time
step of 600 s was found to be an acceptable choice.

2.1.2. Bottom stress formulation

The quadratic law with a drag coefficient of 0.003 was
compared to the logarithmic law with a bottom roughness co-
efficient of 0.001. The spatial structure of tracers, velocities
and particle paths was found to be quite similar and therefore
the more commonly used quadratic law was retained for use.

2.1.3. Tides

Test cases were run with and without tides. The inclusion of
tides did not significantly influence the temporal and spatial
variation of the upwelling patterns or particle paths.

2.14. Vertical eddy-viscosity models

A comparison of the solutions from Mellor—Yamada 2.5
and General Length Scale (GLS) vertical eddy-viscosity
closure models showed that the Mellor—Yamada 2.5 closure
produced a distorted, unsmoothly varying and enlarged
upwelling zone. The GLS models in general produced more
clearly defined and smoothly varying upwelling zones. The
numerical solutions and particle paths from the various GLS
models were similar to each other. Some of these models de-
pend on a surface roughness parameter and the examination of
values in the range 0.004—0.1 m showed that the dependence
was quite weak and hence negligible. In terms of the overall
performance, clarity of upwelling/downwelling zones, particle
paths, etc., the k- model was the best candidate and hence it
was selected for use in this research from here onwards.

2.1.5. Initial conditions

The above-described simple initial conditions with a zero
velocity field do not satisfy a geostrophic balance. As a conse-
quence, they produce numerical solutions and volume-aver-
aged kinetic energy time histories that suffer from initial
inertial oscillations which sometimes lead to numerical insta-
bilities. A better set of initial conditions were derived via
a geostrophic balance which required two iterations; the first
involved performing the geostrophic balance with a spatially
constant density field and thereafter, feeding the resulting
initial conditions into ROMS and producing a solution after
a single time step which contained a density field correspond-
ing to the satisfaction of a polynomial, non-linear equation of
state in ROMS (Jackett and McDougall, 1995) and then
repeating the geostrophic balance procedure with this latest
density field. In both iterations, the numerical discretization
of the pressure gradient terms was identical to that in
ROMS. The barotropic velocities were obtained by vertically
integrating the baroclinic velocities on the model grid. The
sea surface height was set to zero. These new initial conditions

were found to be in excellent geostrophic balance and the con-
tent of inertial oscillations present was negligible.

2.2. Realistic set-up

In the above idealized set-up, the bathymetry, although
based on data, was quasi-analytical. In this realistic set-up,
the bathymetry, initial conditions and surface forcing are all
based on measured data to more closely simulate realistic
scenarios. Each of these items is discussed below.

2.2.1. Bathymetry

The bathymetry along the model domain was formed by
averaging the interpolated observed sounding data of five par-
allel transects—two to the north at 10 km apart and two to the
south at 10 km apart of a central transect emanating from
(near) Sarasota, Florida and approximately normal to the
coastline. The bathymetric soundings data was from hydro-
graphic survey data collected by NOAA (NOAA, 2004).

2.2.2. Initial conditions

The initial conditions were generated using T-S fields from
the Modular Ocean Data Assimilation System (MODAS) data
sets (Fox et al., 2001, 2002; MODAS, 2005) corresponding to
the required initialization dates. The geostrophic balance pro-
cedure was performed to obtain the initial velocities.

2.2.3. Surface forcing

The surface forcing data sets consisting of air temperature,
air pressure, air relative humidity, winds, shortwave radiation
and longwave radiation fluxes were from several sources in
the vicinity of the computational domain and where historical
data was available (Table 2 and Fig. 1).

Before these data are employed in ROMS, they need to be
quality controlled such that gaps are filled, extreme values are
removed and missing data quantities are reconstituted by
some means. The quantities that are most frequently missing
are the relative humidity, the shortwave radiation flux and the
longwave radiation flux. Relative humidity can be reconstituted
if dew point data is available and shortwave and longwave
radiation fluxes can be computed internally in ROMS via the
Albedo formulation (Parkinson and Washington, 1979) and
the Berliand (Berliand and Berliand, 1952) formulation. A sen-
sitivity analysis study showed that the along-shore wind stress
which is primarily responsible for upwelling/downwelling, is

Table 2

Sources of atmospheric forcing for the realistic ROMS HAB set-up

Name Source Device Frequency

VENF1 Nat. Data Buoy Center C-MAN sta. Hourly
(NDBC)/NOAA

COMPS NA2 University of South Florida Buoy 20 min

WTAMPA Nat. Data Buoy Center Buoy Hourly
(NDBC)/NOAA

NCEP Nat. Centers for Env. Pred. Numerical/ 6-hourly
(NCEP)/NOAA Re-analysis
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not excessively sensitive to variations in the air relative humid-
ity, solar shortwave and longwave radiation variables.

Hence, when there are substantial data gaps or even in the
absence of any of these variables themselves, consistent
numerical predictions can be achieved by substituting the
missing data with reasonable empirical values.

Given in Fig. 2 is a comparison of the along-shore wind
stresses resulting from the ROMS bulk flux formulation for
the corresponding surface forcing data sets mentioned in Table
2. For September 2000, the VENF1 data could not be used due to
significant data gaps and is therefore not plotted. The wind stress
time series broadly follow each other with the closest
resemblances seen between COMPS NA2 and NCEP in Septem-
ber 2000, between COMPS NA2 and VENF1 in 2001 and be-
tween COMPS NA2 and WTAMPA in early October of 2002.

In September—October of 2002, the wind stresses show major
disagreements between each other and the COMPS NA?2 data
even depicts a strong diurnal signal. As expected, the 6-hourly
NCEP re-analysis data shows overly smooth variations with
time and lacks detail. Despite these sometimes significant differ-
ences, during the HAB events (September 27, 2000; August 16,
2001; October 6, 2002—see the following section), at worst no
downwelling is seen (NCEP re-analysis data) and at best upwell-
ing favorable stresses are evident (VENF1, COMPS NA2 and
WTAMPA data). Therefore, there is also some consistency be-
tween the different surface forcing data sets. The surface forcing
data sets, VENF1 and COMPS NA2 were the favored choices
due to their proximity to the computational domain. The former
has the advantage that is a quality controlled, public domain
product from NDBC/NOAA.

Along-shore wind stresses for 2000
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Fig. 2. Comparison of the ROMS generated along-shore wind stresses for 2000, 2001 and 2002 resulting from the VENF1, COMPS NA2, WTAMPA and NCEP
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2.3. HAB simulation strategy

Three HAB events were chosen to compare model simula-
tions with known Karenia brevis blooms along the west Flor-
ida coast (Fig. 1). The first example represents a K. brevis
bloom which developed in the Tampa Bay and Sarasota areas
on September 27, 2000 (Stumpf et al., 2003). The second ex-
ample began on August 16, 2001, where blooms were identi-
fied by satellite and field measurement off Sanibel Island
through August 30. Relative fluorescence measurements along
a vertical transect from August 14—September 27 of 2001
were carried out by an Ecology and Oceanography of Harmful
Algal Blooms (ECOHAB) cruise and were used to compare
the spatial density and transport of K. brevis to the coast. On
September 3 of 2001, reports of respiratory distress and fish
kills were reported in the Sarasota region. Northward transport
of the bloom was identified by imagery and verified by field
sampling (Stumpf et al., 2003). Following this event, the pas-
sage of tropical storm Gabrielle on September 14 expanded
the K. brevis bloom. The third scenario represents a bloom off-
shore from Charlotte Harbor to Sanibel Island which was
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of - : T f G
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Depth (m)
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observed on October 6, 2002 following the passage of Tropical
Storm Isadore.

The model runs were for a duration of 3 weeks beginning
2 weeks prior to an event and then continuing for a week after
it. This ensured that besides an event itself, its onset could also
be studied. If the model does predict an event too late, then
that information too will be contained in the additional
allocated time of 1 week.

The movement of the algae and in particular their response
to upwelling and downwelling were simulated using Lagrang-
ian particles which were mass-less and point-like although
Karenia brevis are known to exhibit swimming behavior—see
for example Gray et al. (2003), Steidinger and Joyce (1973).
The particle tracks are expected to show the vertical as well
as the cross-shore (onshore/offshore) motion of the algae. If
the Lagrangian particles are introduced in a single ensemble
at the start of the simulations then, in the 3-week duration,
they are seen to disperse widely and their reaction to any par-
ticular upwelling/downwelling situation is difficult to discern.
To improve visual clarity, multiple particle ensembles/popula-
tions were introduced at regular time intervals with identical
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Fig. 3. The HAB event of September 2000. Particle paths and along-shore wind stress.
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initial locations. Particles were introduced at 10 km, 20 km
and 30 km distances from the coast and at several depths
within the water column. The deepest particle was 1 m above
the bottom and subsequent particles were spaced 2 m apart in
the vertical. Four separate ensembles were introduced 3.5 days
apart. This was done to ensure that the HAB events occurred
1.5 days after the introduction of the final ensemble, whereby
the dynamics immediately preceding and immediately follow-
ing the events would be apparent. The simulation of the ECO-
HAB relative fluorescence concentration experiment was done
using a passive tracer in ROMS.

3. Results and discussion
The results pertaining to the three HAB events of 2000,

2001 and 2002 and the relative fluorescence experiment are
discussed below.

3.1. HAB events of 2000—2002

The simulated particle paths corresponding to the move-
ments of Karenia brevis for the three HAB events of 2000,
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2001 and 2002 are depicted in Figs. 3—5. In these figures,
the four panels represent the particle paths of the four different
particle ensembles for a duration of 3.5 days each. The blue
squares represent the initial particle locations and the black
circles their positions after 3.5 days. The particle paths corre-
sponding to an initial location of 10 km offshore are green in
color, those at 20 km red in color and those at 30 km blue in
color. Particle paths are shaded according to their initial depth
with the color shades becoming progressively darker with in-
creasing depth. Given also in each of these figures is a plot of
the along-shore wind stress. Under the present model configu-
ration, a positive stress (red) implies downwelling and a nega-
tive stress (blue) represents upwelling. The lettering associated
with the four particle path panels (A, B, C, D) correspond to
the annotated wind stress plot segments to facilitate a clear
way to discern upwelling/downwelling behavior in the particle
paths.

The September 2000 HAB simulation (Fig. 3) was carried
out using only COMPS NA2 buoy data because the VENF1
data set had a significant data gap of 18 days. Initially, the
wind stress is positive and remains so for about 2 days during
which downwelling is induced and particles begin to move
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Fig. 4. The HAB event of August 2001. Particle paths and along-shore wind stress.
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Fig. 5. The HAB event of October 2002. Particle paths and along-shore wind stress.

offshore and those close to the bottom also move down the
water column, parallel to the bottom (panel A). Thereafter,
an upwelling wind event lasting about half a day occurs
around September 18 where the wind stress becomes sharply
negative causing the near-bottom particles to reverse and
move onshore and up the water column again, parallel to the
bottom (panel A). The clearest response to the upwelling/
downwelling is seen in the near-bottom particles. Panels B
and C during which the wind stresses are mostly positive,
mainly show downwelling and particles movement offshore.
Around September 24, a weak upwelling develops (near the
end of panel C) and persists until about September 28 during
which particles are seen to move onshore and up the water col-
umn. The effects of a persistent weak upwelling wind stress
are comparable to those of a strong event that lasts for
a much shorter duration. In the vicinity of the bloom (Septem-
ber 27) an upwelling wind stress is present and particles move
in the onshore direction and do so at an average rate of about
5—10 km in 3.5 days. Particles at the deeper depths show the
clearest response to upwelling/downwelling wind stresses
and move parallel to the bathymetry. The less predictable mo-
tion of the particles at intermediate depths is due to a transition

in the vertical of the cross-shore velocity from an onshore con-
figuration to offshore configuration or visa versa.

For the August 2001 HAB simulation (Fig. 4) the VENF1
wind data set was employed in the ROMS model runs. The
computations begin with a strong downwelling wind stress,
which causes particles to move offshore and into deeper wa-
ters (panel A). Beginning on August 7, a relatively long period
of intermittent and weak upwelling is present leading up to
and through the time of the bloom (panels B—D). This persis-
tent upwelling causes the deepest particles in panels B, C and
D to travel significant distances (for example, up to 20 km) on-
shore. Again, the particles in the mid-depths do not show
a clear response to upwelling/downwelling wind stresses and
an upwelling wind stress is present in the vicinity of the
bloom. However, during the weeks preceding the August 17
bloom, upwelling occurred without the presence of a bloom.

The 2002 HAB simulation in Fig. 5 was also carried out us-
ing the VENFI1 wind data set. As before, at the beginning of
the computation a strong downwelling wind stress is evident
(panel A) and thereafter both very weak upwelling and
downwelling wind stresses are present (panels B—D). Hence,
the onshore/offshore distances traveled by particles in this
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simulation after September 29 are much less than those in the
2000 and 2001 simulations. As before, near the time of the
bloom (October 6), upwelling wind stresses are present and
it is the deepest particles that show the clearest responses to
the wind stresses and again, the upwelling at precisely the
time of the event is not unique.

These model HAB simulations can be summarized as fol-
lows: (i) the particles respond to the upwelling and downwel-
ling wind stresses faithfully and as expected, even the effects
of weak upwelling/downwelling are apparent in the particle
paths, (ii) the particle response to wind stresses is almost im-
mediate, (iii) even weak wind-driven upwelling stresses are
present preceding the HAB events, (iv) even weak upwelling
wind stresses over a persistent period generate significant up-
welling effects, (v) well prior to HAB events (7—10 days),
strong downwelling wind stresses were seen, and (vi) the pres-
ent model running format and graphical output format (Figs.
3—5) together provide a clear and useful numerical tool to pre-
dict upwelling assuming the onset of HABs are associated
with the cross-shore transport of algae or nutrients; this is ex-
pected to contribute towards the development of a real-time,
numerical, HAB prediction and analysis system.

3.2. Relative fluorescence experiment

Relative fluorescence measurements provided by an ECO-
HAB cruise during the 2001 event were used to indicate the con-
centration and location of Karenia brevis in the water column
(Fig. 6). The red lines in the upper set of plots indicates the tran-
sect along which the fluorescence measurements were taken.

August 14

= m Relative Fluorescence
s .
s 1% u L+ @ 48

Duntance (km from 10m isobath) Oistance (ke fram 10m isobath)

This scenario was emulated using ROMS by tracking the
development of a passive tracer patch. The initial distribution
of the tracer patch corresponded to the “blob” observed ap-
proximately 10 miles offshore from the 10 m isobath and at
15 m depth on August 14 and it was constructed with the
use of algebraic functions. Initial conditions for the flow vari-
ables in the model simulations were provided by the MODAS
data set as in the earlier HAB event simulations.

This simulation required the use of a finer grid in the cross-
shore direction in the near-shore vicinity, with the grid spacing
approximately 400 m, in order to capture the spatial structure
of the passive tracer field in sufficient detail. The surface forc-
ings were from the VENF1, WTAMPA and NCEP re-analysis
data sets. This study also served to examine the differences
and similarities in the simulations resulting from the use of
the three different forcing data sets. The along-shore wind
stresses from the three data sets are plotted in Fig. 7. It should
be mentioned that around September 15, 2001 tropical storm
Gabrielle passed over the west Florida coast region and its
effects are included in the forcing data sets.

The model simulations and the ECOHAB cruise measure-
ments (interpolated on to the ROMS computational grid) are
shown in Fig. 8 for the four dates (August 14, August 27, Sep-
tember 10, September 26) when measurements were taken.
The effects of the four different atmospheric data sources on
the upwelling simulations are demonstrated. During the nu-
merical simulation, the concentrations of the tracer patches di-
minish with time as expected due to diffusion and possibly
along-shore transport. For each of the above dates, all three
model results have been plotted using the same color scale

September 17

1% 24 2 &0 48 16 24 2 48 48
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2001 ECOHAB Cruises (Kirkpatrick and Pederson)

Fig. 6. Satellite imagery showing chlorophyll anomaly (upper row, after Stumpf et al., 2003 and Tomlinson et al., 2004) and relative fluorescence concentration
measurements from the 2001 ECOHAB cruise (lower row, G.J. Kirkpatrick and B.A. Pederson). Red in the satellite indicates an anomaly of >1 ug L™, which

indicates a Karenia brevis bloom in these images.
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Along-shore wind stresses for relative fluorescence ROMS simulation
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Fig. 7. A comparison of the ROMS generated along-shore wind stresses using the VENF1, COMPS NA2 and WTAMPA data sets for the relative fluorescence

experiment (August—September 2001).

so as to make them directly intercomparable. The first vertical
column in Fig. 8 shows the initial conditions (for August 14).

The model results for August 27 indicate that those due to
the VENF1 and the WTAMPA data show excessive upwelling
where the tracer patch has moved too far up the water column
and that due to NCEP data is lagging behind/not upwelled
enough relative to the measured data. These observations are
consistent with the wind stress profiles of Fig. 7 where the
greatest upwelling favorable wind stresses are seen to occur
in the VENFI data and the least for the NCEP data during
the period August 15—25.

On September 10, the VENF1 tracer patch is diffused in
space, perhaps due to the +/— variation in its wind stress
and is downwelled through the water column due to favorable
wind stresses near this date. The NCEP patch has been
downwelled due to the purely positive, downwelling wind
stress during the period September 1—10. The tracer patch
due to the WTAMPA data shows the closest agreement with
measurements and a downwelling wind stress is present
around September 10; a second patch of tracer separates
from the single tracer patch around September 3—4 and this
is perhaps due to the spike in the wind stress also around
this date with a possible contribution from the “‘bump” in
the bathymetry which occurs around 10 km offshore.

The final panel of plots for September 26 shows some simi-
larity between the results from the three forcing data sets

although the VENF1 and NCEP results show a smeared tracer
patch where the tracer concentration has been diluted. The sim-
ilarity could be due to the strong effects of the storm around
September 14—16 the presence of which is seen in all three
of the forcing data sets. In the plot for the WTAMPA results,
the two patches appear to have coalesced perhaps also due to
the effects of the storm. The WTAMPA solution has the closest
agreement with the measured data although the simulated tracer
patch has not moved offshore as much as the observed patch.
Around September 26, all three wind stress profiles in Fig. 7
indicate upwelling favorable wind stresses which appear to re-
form the vertical structure and move surface water offshore.
The ROMS numerical simulations were repeated using
a different set of initial temperature and salinity conditions,
with all other factors being identical. These initial conditions
were formed by using the measured temperature, salinity
and density anomaly data from the ECOHAB cruise for the
first 50 km offshore and thereafter melding it with the
MODAS data set for distances greater than 50 km. The meld-
ing was done in an elementary fashion using interpolation
techniques within the framework of Matlab. The initial veloc-
ity field was calculated as before using the geostrophic balance
approach. The numerical results and the measured data are
given in Fig. 9, which can be contrasted to Fig. 8 that used
only the MODAS based initial temperature—salinity fields.
The plots show that while there are observable differences in
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Fig. 8. Relative fluorescence model simulations (using the VENF1, WTAMPA and NCEP re-analysis data sets) and ECOHAB measurements (interpolated on to the
ROMS grid). Initial conditions are from MODAS data. The color scale is as in Fig. 6.

the tracer patch structure and concentrations, the effects of
using these initial conditions are not drastic and many of the
inferences reached above are still valid. Hence, the differences
in the development of the patches are much greater for the
different surface forcing data sources than for the initial
temperature—salinity fields.

4. Summary and conclusions

The ROMS model with surface forcing data from several ob-
servation sources and initial conditions from MODAS and ECO-
HAB cruise data were used to simulate HAB events and their
onset by using Lagrangian particles and a passive tracer. The
computational domain was a simplified two-dimensional geom-
etry using cyclic/periodic boundary conditions in the along-shore
direction. Even though this set-up did not contain the full three-
dimensional effects, it had the advantage of being

computationally cheaper and it allowed high grid resolutions
in the vertical and cross-shore directions which would not be
feasible in a three-dimensional computation.

An idealized computational set-up with uniform initial
conditions and surface forcings enabled an optimal model
parameter set (time step magnitude, number of horizontal
and vertical grid points, o-grid point distribution parameteriza-
tion, bottom stress parameterization, eddy-viscosity model,
etc.) to be determined which produced a numerically stable,
robust and reliable model set-up. It was subsequently shown
that the along-shore wind stresses, resulting from the ROMS
model bulk flux formulation, were not sensitive to the pre-
scription methods of the relative humidity, shortwave and
longwave radiation which further enhanced the confidence
associated with the model predictions.

The transition to realistic simulations involved the genera-
tion of a better bottom bathymetry from observed sounding
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Fig. 9. Relative fluorescence model simulations (using the VENF1, WTAMPA and NCEP re-analysis data sets) and ECOHAB measurements (interpolated on to the
ROMS grid). Initial conditions are from a melding of ECOHAB and MODAS data sets. The color scale is as in Fig. 6.

data, the use of real surface forcing data from buoys,
C-MAN stations and the NCEP re-analysis procedure and
the use of initial conditions for the temperature and salinity
fields from the MODAS and ECOHAB data sets.

The 2000—2002 HAB event simulations and the ECOHAB
relative fluorescence concentration simulations allowed the
following conclusions to be reached:

1. The calibration and validation exercise carried out with the
idealized computational set-up lead to a stable and reliable
set-up which allowed real data-based bathymetry, initial
conditions and surface forcings to be employed leading
to the investigation of actual HAB events.

2. Even this simplified two-dimensional model set-up
together with Lagrangian particle tracking and a passive

tracer revealed useful insights into the motion of the algae
(Karenia brevis) and the onset of HABs and in particular
their response to wind-driven upwelling and downwelling
situations. The behavior of the particles was consistent
with the along-shore wind stress—that is, particles showed
upward and shoreward motion in the water column when
there was upwelling favorable wind stresses and visa
versa.

. The simulated HAB scenarios were seen to be quite sensi-

tive to the surface forcing data set being used. As the
surface forcing datasets often disagree with each other,
the availability of reliable surface forcing data sets a cru-
cial requirement. In the time period leading up to the HAB
events, upwelling wind stresses were often encountered.
Particle paths were seen to be sensitive to even small
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upwelling/downwelling wind stresses and their response
was immediate and without time lags. Long periods of
weak upwelling result in effects that are comparable
with strong upwelling wind events, which are of short
duration.

4. Prior to each HAB event, the along-shore wind stresses
indicated a period of downwelling, followed thereafter by
upwelling. Although it has been observed that upwelling fa-
vorable conditions are responsible for the concentration and
transport of offshore Karenia brevis cells at/to the coast, the
effect of the downwelling prior to these events has not been
described before. Perhaps these downwelling events serve
as a preconditioning mechanism and may be necessary to
initiate K. brevis blooms offshore, by providing conditions
conducive to bloom development. It is possible, that the
transport of necessary nutrients present in the coastal waters
is being supplied by downwelling conditions.

5. The relative fluorescence concentration simulations showed
that the model predictions are very sensitive to the surface
forcing data set used as in the HAB event simulations above,
and no particular wind dataset was obviously better than the
others. However, the WTAMPA data did give reasonable re-
sults. As expected, major events like tropical storms and
hurricanes are seen to have a significant impact on the dy-
namics of algae within the water column of these shallow
waters. Although the use of different initial conditions did
give observable differences in the numerical solutions of
the near-shore regions, they were not drastic and the defin-
ing criterion is the surface forcing.

The research described in this paper has led to the develop-
ment of a simple but useful tool to aid in the prediction of the on-
set of HABs and also to examine their dynamics due to
upwelling. This model set-up will therefore be run in a real-
time mode (for example, daily) after obtaining the necessary ob-
served and model data inputs automatically from various sour-
ces including the Internet. It is planned to provide the results
from this model to the NOAA HAB prediction system to give
further guidance on upwelling conditions which may be useful
to the HAB forecasters. Possible future enhancements include
the addition of behavior (for example, swimming, buoyancy,
etc.) to the Lagrangian particles and the passive tracer patches
in order to simulate living organisms such as Karenia brevis bet-
ter and extending this proven two-dimensional set up to three-
dimensions.
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