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Linkages Between Environmental Conditions and Recreational
King Mackerel Catch off West-Central Florida

Carrie C. Wall

ABSTRACT

The objective of this study was to determine if fronts sustained up to three days
will result in an aggregation of kingfish due to the anticipated accumulation of forage,
increasing fishing success at these locations. Automated algorithms to detect frontal
features in satellite-derived sea surface temperature, chlorophyll concentration, water
clarity, and fluorescence images were successfully adapted for the coastal waters off
west-central Florida. The surface ocean fronts were used to study the linkages between
environmental conditions and recreational catch statistics of king mackerel
(Scomberomorus cavalla) during 19 seasonal tournaments held in April to May and
October to November of 2004 and 2005. The local winds estimated from a USF Coastal
Ocean Monitoring and Prediction System observing station were analyzed with the
frontal data to examine factors that influence oceanic frontal formation and stability. The
front detection algorithms were also applied to high-resolution bathymetry data which
serves as a new technique for analyzing bottom topography. The spatial relationships
between catch data collected through 415 angler interviews, frontal boundaries and
stability, bathymetric gradients, bottom structure, and baitfish presence were identified
using ESRI ArcGIS.

Fishing success and fishing effort were highly variable regarding the distance of
fishing activity to the nearest front. This was attributed to non-persistent winds.
Intermediate water clarity (0.7 to 1.0 mW cm™ pm™ sr '), the presence of baitfish, and
the side of the front with relatively less chlorophyll showed the greatest influence on the
king mackerel catch rates. Fishing success was found to be significantly higher at fishing
locations where baitfish were reported present compared to where they were not reported.
Concurrent with the 2005 harmful algal bloom event, a significant decrease in king
mackerel catch occurred in the fall of 2005 (208 fish) compared to fall 2004 (818) and
spring 2005 (538). Additionally, fishing locations with baitfish present were observed
about 15% less often during the fall of 2005 than the preceding seasons. From this, a
model can be developed to diagnose the environmental conditions that can be used by
resource managers to better understand variations in catch, which result from naturally
occurring phenomena or man-induced overfishing.
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Chapter 1
Automated Detection of Surface Oceanic Fronts in Coastal Waters off West-Central
Florida

1. Introduction

One objective of this study was to apply an automated technique suitable for
detecting oceanic fronts on the inner west Florida Shelf (WFS) waters, specifically off
Tampa Bay, Florida. Prior to this study, published maps where oceanic fronts are likely
to occur along the inner WFS did not exist. This study aims to identify where stable
spring and fall fronts occur along the coastal waters off west-central Florida. The goal
was to better understand the spatial distribution of frontal features in this region which
may lead to improved resource management decisions, such as those regarding fisheries
commonly associated with frontal regions.

Oceanic fronts are relatively narrow zones of enhanced horizontal gradients of
physical, chemical, optical, and/or biological parameters which may have an expression
at the ocean's surface (e.g., see Bowman and Esaias, 1978; Le Fevre, 1986). Frontal
systems in coastal seas can be dynamically very active and can indicate water mass
boundaries (e.g., Blanton, 1986). They can be established through action of wind-driven
upwelling or river discharge along the coast, and their surface expression can be marked
or muted depending on the strength of temperature, salinity and ocean color gradients.
Upwelling regions and the associated frontal zones result in the vertical flux of nutrients
which contribute to high concentrations of phytoplankton biomass (e.g., Marra, et al.,
1990). Convergence at fronts can also lead to the accumulation of materials creating
surface biological features (e.g, Polovina, et al., 2001). Both of these events can have
marked gradients in ocean color that may or may not be coincident with the surface
expression of a thermal front. The characterization of frontal boundaries can lead to a
better understanding of the dynamic physical and biological processes occurring in the
ocean. Oceanic front location, duration and intensity have been analyzed by fisheries
scientists to understand variations in fish abundance, based on the hypothesis that the
availability of prey increases at fronts (Sund, et al., 1981; Roffer, 1987; Olson, ef al.,
1994; Bigelow, et al., 1999; Lutcavage, et al., 2000; Polovina, ef al., 2001; Schick, et al.,
2004).

1.1 Front Detection

Visual frontal analysis can be more accurate but it is highly labor intensive and
subjective. The development of automated algorithms has allowed for the relatively
quick detection fronts for large data sets. Detecting biological (color) and thermal fronts
automatically by computer image processing methods requires a series of statistical
analyses. A variety of algorithms exist to automatically detect oceanographic fronts
using satellite data. These algorithms range from using a simple statistic to characterize
the gradient of, for example, the thermal field (Van Woert, 1982; Cornillon and Watts,
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1987) to more complex methods such as a cluster-shade technique (Holyer and
Peckinpaugh, 1989), semivariogram analysis (Franklin, et al., 1996; Diehl, et al., 2002),
histogram analysis (Cayula and Cornillon, 1992; Cayula and Cornillon, 1995; Saraceno,
et al., 2005), and entropic histogram analysis based on the Jensen-Shannon divergence
(Véazquez, et al., 1999).

The histogram analysis developed by Cayula and Cornillon (1992; 1995) was
chosen for this study as it reliably detects verified thermal fronts and ignores false fronts
or frontal features not identified with in situ observations (Ullman and Cornillon, 1999;
Mavor and Bisagni, 2001; Ullman and Cornillon, 2001; Belkin and Cornillon, 2003;
Belkin and Cornillon, 2004). In addition, a comparative study of the cluster-shade
technique and the single image edge detection (SIED) histogram analysis by Cayula, et
al. (1991) found the performance of the SIED to be superior. The SIED histogram
method has been applied to detect satellite-derived chlorophyll a concentration gradients,
the proxy indicator for phytoplankton biomass, for the Long Island Sound (Stegmann and
Ullman, 2004). It has also been used to examine gradients and fronts of normalized
water-leaving radiance, a proxy indicator for water clarity, for the South Atlantic Bight
(Bontempi and Yoder, 2004). Prior applications of the histogram algorithm were mainly
for lake or shelf-break environments; this study adapts the Cayula and Cornillon (1992)
algorithm for coastal waters off west-central Florida.

1.2 Characteristics of the West Florida Shelf

The WFS extends from the Florida Keys north to the Mississippi River and over
200 miles out from the coast creating a wide, gently sloping shelf. The WFS is less
influenced by the Gulf of Mexico (GOM) Loop Current (LC) than by local wind regimes
and local heat flux and freshwater inputs (Koblinsky, 1981; Del Castillo, et al., 2000;
Lenes, et al., 2001; Hu, et al., 2003; Weatherly, et al., 2003; Oey, et al., 2005; Weisberg,
et al., 2005, and references therein). The LC controls the circulation in and near the shelf-
slope and -break regions (Huh, et al., 1981; Weisberg, et al., 1996; Sturges and Leben,
2000). Over the middle and inner shelf, the circulation is controlled by local wind
forcing, seasonal heating and cooling, stratification, and freshwater inputs by rivers
(Schmidt, et al., 2001; Virmani and Weisberg, 2003; Hu, ef al., 2004; Virmani and
Weisberg, 2005; Weisberg, et al., 2005, and references therein). These processes
generate cross-shelf transport of nutrients and plankton (Gilbes, ef al., 1996; Del Castillo,
et al., 2000; Del Castillo, et al., 2001; Gilbes, et al., 2002; Paramo and Viana, 2002; Hu,
et al.,2003; Hu, et al., 2004; Weisberg, et al., 2005).

Tampa Bay is the largest of Florida's estuaries and is located on the west-central
coast of Florida. To a first order, semi-diurnal and diurnals tides control sea level and the
circulation within Tampa Bay (He and Weisberg, 2002). In addition, a non-tidal
gravitational convection known as "estuarine circulation" also operates in the bay. Wind
and rivers influence sea level at the mouth of Tampa Bay (Weisberg and Zheng, 2005).
Water flows from Tampa Bay to the GOM in complex ways, and is modified by the
intracoastal waterway, deep shipping channels, bridge causeways, and keys and shoals
located at the mouth (Weisberg and Zheng, 2005). Estuarine outflow to the inner WFS
(depths < 50 m) affects the establishment and duration of fronts within the region of
interest, and while this study focuses on detection and assessment of the short-term



duration of coastal fronts, the circulation inside Tampa Bay and Charlotte Harbor,
another large estuary located on the west-central coast, are outside the scope of the study.

Physical and biological water-column processes are related to bottom topographic
features, such as slopes, ridges, and canyons (Killworth, 1978; Huh, ef al., 1981; Pingree
and Mardell, 1981; Pingree, et al., 1982; Molinari and Morrison, 1988; Pingree and Le
Cann, 1991; Vlasenko, 1992; Harris, ef al., 1997; Fratantoni, et al., 1998; Hamilton, et
al., 2000; Weisberg and He, 2003; Fan, et al., 2004). Enhanced mixing due to internal
waves or tidal action in areas associated with a topographic feature is attributed to
increased phytoplankton growth under improved light conditions and wind-induced
upwelling (Pingree and Mardell, 1981; Franks, 1992). Topographic features and the
resulting nutrient upwelling events therefore will likely influence the establishment and
duration of oceanic fronts off the west-central coast of Florida.

1.3 Objectives and Approach

The objective of this study was to apply an automated technique suitable for
detecting surface oceanic fronts on the inner WFS, specifically off Tampa Bay, Florida.
This led to the adaptation of two automated algorithms to identify fronts for remotely
sensed thermal and sea spectral reflectance (ocean color) parameters. The results were
compared with local winds estimated from a University of South Florida (USF) Coastal
Ocean Monitoring and Prediction System (COMPS) observing station, in an attempt to
examine factors that influence oceanic frontal formation and stability. This is part of
another study involving king mackerel (Scomberomorus cavalla) catch rates and
proximity to oceanic fronts.



2. Methods

2.1 Study Area

This study focuses on the inner shelf off west-central Florida between 28°30° N,
81°30” W to 26° N, 84°30° W (Fig. 1-1). This area extends from Pasco County south to
Collier County and approximately 180 km into the Gulf of Mexico (GOM) from the
coast. Tampa Bay and Charlotte Harbor are two large estuaries located within the study
area whose outflow may influence the location of some fronts. Satellite data recorded
within the estuaries were not incorporated into the analysis due to the different
environmental conditions of estuaries and infrequency of complete satellite coverage.

86°W 84°W 82°W 80°W
1 1

% \ ‘
‘ 107
Y ' — ™
N ‘ -1 = |
\
\ |
A | N \
Gulf of Mexico \ |
\
| (I |
‘ 2 |
ogend— - ) B B - T |
T — \
‘ \
: 5 ¢ ‘ Atlantic
’ | Ocean
- |
\
N —Charlotte \ N \ )
26N N | - L TN
Harbor 1 T /|
> ‘
\
\
. | |
0 50 Kilometers /,J’ \
LI .. ol ™ |
|
‘ .
N - 7‘ N
| | |
86°W 84°W 82°W 80°W

Figure 1-1. Study area located between 28°30° N, 81°30” W to 26° N, 84°30° W (inset).
This area extends from Pasco County south to Collier County on Florida’s west-central
coast and approximately 180 km into the Gulf of Mexico. The study area does not include

processes within Tampa Bay or Charlotte Harbor. The red flag represents where wind
and current buoy data were recorded.

2.2 Oceanographic Data

Meteorological data and satellite imagery were collected for the week leading up
to recreational king mackerel (kingfish) tournaments held around the Tampa Bay area
during the spring and fall 2004 to 2005. Kingfish are a coastal pelagic species related to
the tuna, and the tournaments are timed for their biannual migration through this area.



Tournament dates for this study included:

2004 (10 tournament days): April 3 and 4; May 1, 2, and 8; October 23 and 30;

November 6, 7, and 13.
2005 (12 tournament days): March 26; April 3, 9, 16, 17, 23, and 30; October 15
and 29; November 5, 6, and 12.

Coincident with the fisheries data collection, wind and 4 m depth current velocity
data were collected from the (COMPS), specifically at Station C10 located at 27°10° N,
82°56 W. A 36 hour low-pass filter was applied to the one hour resolution data to
remove high anomalous speeds and directions. The wind data collected at the buoy were
supplemented with NASA’s Quick Scatterometer (QuikSCAT) satellite derived wind
data. For the inner WFS, persistent winds and currents were defined as 24 hours in which
the direction did not oscillate greater than approximately +/- 22.5° and wind and current
speed did not change more than 5 ms™ and 5 cm s™, respectively (Virmani, 2006). These
calculations were based on the raw wind and current data, not the low-pass filtered data.

Full resolution (1.1 km? per pixel at nadir) real-time and retrospective infrared
(IR) and ocean color data derived from NASA’s Moderate Resolution Imaging
Spectoradiometer (MODIS) sensors on the Terra and Aqua satellites, ocean color data
derived from ORBIMAGE’s Sea-viewing Wide Field-of-View Sensor (SeaWiFS) carried
on the SeaStar spacecraft, and IR data derived from the Advanced Very High Resolution
Radiometer (AVHRR) sensors on NOAA polar orbiting environmental satellites
NOAA-12, NOAA-15, and NOAA-17 were used to quantify the daily changes in sea
surface temperature (SST), chlorophyll a concentrations, normalized water-leaving
radiance at 443 nm (nLw_443), and fluorescence line height (FLH) within the study area.
In total, 468 MODIS and AVHRR thermal images and 90 MODIS and SeaWiFS ocean
color images were used to analyze the surface ocean features for the three days leading
up to and including the tournament days. Anomalous SSTs were calculated from the
difference between a weekly 10 year mean (1995-2005), excluding 1998 (an El Nifo
year), and the corresponding weekly SST mean. The satellite data were provided for free
by the USF Institute for Marine Remote Sensing (IMaRS). While temporally longer
climatology maps currently exist, they do not posses the spatial resolution comparable to
that of this research or the ability to be easily georeferenced for further spatial analysis.

In coastal areas and areas downstream from upwelling regions, colored dissolved
organic matter (CDOM), detritus, and bottom reflectance can lead to errors in satellite-
derived estimates of chlorophyll a by over 130% (Carder, et al., 1991). Semi-analytical
algorithms have been developed for the data derived from the MODIS sensor in an
attempt to remove some of these interferences (Morel and Prieur, 1977; Garver and
Siegel, 1997; Carder, ef al., 1999; Garcia, ef al., 2006). In addition, empirical algorithms
applied to SeaWiFS data were improved, namely the Ocean Color 4 band algorithm
(OC4), to better derive the chlorophyll a concentration in coastal waters (O'Reilly, ef al.,
2000; Gohin, et al., 2002). These methods implement a band ratio of 412, 443, 490, or
510 to 555 nm to calculate chlorophyll a estimates. However, satellite-derived coastal
chlorophyll @ estimates remain contaminated by a combination of optically active
constituents (O'Reilly, et al., 1998; Hu, et al., 2000, 2000; Liew, et al., 2001; Hu, et al.,
2003; Carder, et al., 2004) and will be referred to as “chl+”. This parameter is an index
of biomass or how much food is in the water. It is not a measure of productivity.



Normalized water leaving radiance (nLw) is derived after correcting for
atmospheric radiance, atmospheric light scattering, and the solar zenith angle. The
remaining estimate indicates the measured radiance exiting the flat surface of the ocean
without the influence of the atmosphere or solar angle, therefore observations from
different days can be compared with each other (Gordon and Wang, 1994; Gordon, 1997,
Hu, et al., 2000). The nLw_443 observations show the overall effects of phytoplankton,
CDOM, and suspended sediments on light absorption and scattering at 443 nm within the
water column. This single wavelength product may show different spatial patterns than
the chl+ product, as ocean color gradients may be less apparent if the corresponding bio-
optical constituents influence both wavelengths used in the chl+ ratio algorithm (Hu, et
al.,2003). Similar to the methods of Hu, et al. (2003), nLw_443 will be used as a
relative index of water clarity as it was found to be the best indicator of the ocean color
gradients for the inner WFS.

MODIS imagery was processed using the NASA SeaDAS (version 4.8) software
to obtain the FLH data. This is a new product that uses solar stimulated phytoplankton
fluorescence to remotely sense phytoplankton concentrations in the surface ocean. FLH
represents the height of nLw at 678 nm in reference to a baseline. In the study area, FLH
data have been used successfully to identify areas of high concentrations (Chl > 1.0 mg
m™) of Karenia brevis, the toxic dinoflagellate associated with harmful algal blooms in
the GOM (Cannizzaro, et al., 2004; Hu, et al., 2005; Hu, et al., 2006).

Daily SST composites were derived by combining cloud-filtered images from
MODIS and AVHRR passes prior to 1700 EST into a daily mean of pixels with valid and
cloudless data. The later passes were discarded in an attempt to represent ocean features
during the kingfish tournaments, which typically end at 1700 EST. Daily MODIS or
SeaWiFS passes with the least cloud cover and image banding (Seemann, et al., 2003)
were incorporated into the daily ocean color composites. These composites were derived
from combining the cloud-filtered images into a daily mean of pixels with valid and
cloudless data.

Daily SST and ocean color composites were qualitatively evaluated based on the
extent of the spatial coverage and the limitation of clouds. Since 97% of the fishing
locations occurred within 100 km from Tampa Bay, this is the region of most interest for
clear satellite coverage and thus complete frontal contours. A clear view of this region is
desired to detect fronts and especially the gradients, which are not calculated properly in
the presence of fronts. Daily composites with no cloud cover in this particular area of
concern were defined as “Good”. Composites defined as “Fair” contained less than 25%
cloud cover and less than 25% of gradients within the area of concern were affected by
artifacts, typically due to banding, cloud vapor or compositing, not present in the
previous days. Composites defined as “Poor” contained less than 50% cloud cover and
less than 50% of the gradients within the area of concern were affected by artifacts.
Composites defined as “Bad” contained greater than 50% cloud cover, which covered
greater than 75% of the area of concern. Composite images with hybrid definitions
contained a combination of the criteria, e.g. “Fair-Poor” images contained less than 50%
cloud cover and less than 25% of the gradient within the area of concern affected by
artifacts.

Prior to applying an algorithm to detect fronts on the imagery, the composite SST
data were preprocessed by rescaling the 256-color image linearly to the minimum and
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maximum SST values in the scene to enhance the thermal gradients. The chl+, nlw_443,
and FLH composite data were log-transformed to enhance the ocean color gradients
because these parameters tend to have log-normal distributions more frequently or
pronounced than SST. Three by three pixel median value filters were applied
consecutively one to five times to determine the extent of gradient smoothing and noise
reduction. Analysis of the results when using one to three median value filters showed
little loss of detected oceanographic features, yet small, fragmented fronts were deleted
(data not shown). Applying the median value filter one to three times also appeared to
enhance frontal detection and led to longer fronts by linking neighboring features. As a
result three separate median value filters were applied to the images to decrease noise and
minimize the detection of false fronts.

2.3 Frontal Detection Algorithms
2.3.1 Cayula and Cornillon (1992) Algorithm

Cayula and Cornillon (1992) developed a single-image edge detection (SIED)
algorithm to statistically determine the presence of an oceanic front. A front is
represented as the separation line between a bi-modal histogram distribution within a
specific area of an image. The distance between the two modes in geophysical units (°C,
mg Chl m™, etc.) determines the strength of the front as defined by the surrounding
gradient; the farther away the modes, the greater the difference in the mean values of the
populations and thus the larger the frontal gradient.

This algorithm is composed of six steps using three “region of interest” levels:
picture, window, and local. Steps one through three are cloud detection algorithms to
reduce the effect of gradients corrupted by clouds that could lead to the detection of false
fronts. Step four calculates the histogram within a roving window of 64 x 64, 32 x 32 or
16 x 16 pixels. In a roving window, each window overlaps at the midpoint of the
previous pixel box as the window roams across the entire image. The histograms
computed within each window identify significant changes in SST populations in the
window level processing. This step has two requirements for an edge to be identified; the
ratio between the variance of the two populations to the variances within the populations
in the histogram must be greater than 0.76 and the difference between the mean
temperature of the two populations in the histogram must be more than three digital
counts. The USF IMaRS AVHRR and MODIS processing defines a digital count as
0.1992°C. Comparatively, the digital count for the Cayula and Cornillon (1992) SST
images was defined as 0.125°C.

Step five applies a cohesion algorithm at the window level to determine spatial
distinction between the two populations identified in the histogram calculated in step
four. “High cohesion” predicts that for a pixel close to an edge, surrounding pixels are
likely to belong to the same population. For each detected edge, this algorithm creates a
spatial segmentation between the two populations to verify the existence of a true front.
The objective is to discard false fronts by accounting for noisy distributions. Spatial
distinctness is defined as the ratio of the number of comparisons between center and
neighbor pixels both within the first population to the total number of comparisons
between center pixels in the first populations and neighboring pixels of either population,
C;. This is repeated for the second population, C,, and for the two populations combined,
C. Cayula and Cornillon (1992) suggest a minimum value of 0.90 for C; and C; and 0.92
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for C. For C, less than the given thresholds, the segmentation is invalid and not classified
as a front. If both requirements are met, an edge is marked at the pixels defining the
center line located between the two populations in the histogram.

Step six applies a contour-following function at the local level to link spatially
close fronts. This step connects adjacent edges, eliminates weak, typically false, edges,
and removes isolated front pixels from the final image. Contours extend and connect
isolated pixels if the gradient in the neighborhood of (adjacent to) an edge pixel is
coherent. This is completed by calculating the ratio of gradients, the sum of gradient
vectors to the sum of the absolute gradient vectors within a 3 x 3 pixel window, centered
at the edge pixel. Detected fronts less than 10 pixel edges long are removed. Complete
details of this algorithm are described in Cayula and Cornillon (1992).

2.3.2 Modifications to the Cayula and Cornillon (1992) Algorithm

Due to relatively weak ocean surface gradients found on the inner WFS compared
with the shelf break fronts that Cayula and Cornillon (1992) investigated, the following
modifications to their algorithm helped to optimize frontal detection for this region. The
Cayula and Cornillon (1992) algorithm, which uses a default 32 x 32 pixel roving
window, was re-applied with a 16 x 16 pixel roving window to produce a final image of
fronts. Weaker, smaller fronts undetected by the 32 x 32 pixel window should be
identified with the 16 x 16 pixel window since the histogram is calculated for a smaller
area. However, it was found that the Cayula and Cornillon (1992) algorithm sensitivity
decreased with the application of smaller window sizes, as also seen by Ullman (2005).

Despite combining the results of both pixel box sizes, it was apparent that the
algorithm did not detect all fronts perceptible by visual evaluation of SST images. In step
4 above, the ratio of variance between the populations of the histogram to the variance
within the populations was therefore changed from the default 0.76 to 0.72 to increase the
frontal detection sensitivity. However, this adjustment may only compensate for the
increased digital count value due to different image processing methods. Adjustments
within step five did not produce a difference in the front detection results so the original
values were maintained.

Two changes were applied to the contour-following thresholds in step six. First,
the minimum length for a valid front was increased from 10 to 20 pixels so that isolated
edges less than 20 pixels were removed. This consequently increased the spatial range in
which front segments are considered part of the same feature. Second, the threshold of
the ratio of gradients was changed from 0.90 to 0.95 to increase the coherence between
the fronts. This resulted in longer, smoother fronts with fewer occurrences of dendritic
fronts. Since long, jagged edges are often the result from noise and not true thermal
fronts (Cayula and Cornillon, 1992), the results of the changes in the contour-following
function appear to produce more realistically-shaped fronts. The Cayula and Cornillon
(1992) algorithm with the threshold adjustments described above were applied to the
SST, nLw_ 443, and FLH daily composite data.

2.3.3 Canny (1986) Algorithm

Another frontal detection method was tested to characterize the chl+ fronts. The
“Canny method” developed by Canny (1986) was applied because it was able to better
detect nearshore gradients for this parameter. The Canny method for edge detection
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consists of four steps. First, to smooth the image, noise suppression using linear filtering
with a Gaussian mask is applied to the image. The size of the mask depends on the
parameter sigma (o), the standard deviation of the Gaussian filter. Increasing the value of
sigma and thus the width of the Gaussian mask reduces the detector’s sensitivity to noise.
However, this results in a loss of some of the finer detail in the image. The probability of
error in the detected edges also increases as the Gaussian width is increased. In this
study, a sigma value of 1.0, corresponding to a 7 x 7 pixel mask, was applied.

Second, the edge gradient (strength and direction) for each pixel is computed
using a 3 x 3 pixel window in the smoothed image. Third, the edges which contain two
or more adjacent pixels in the gradient image are thinned to a one pixel edge through
non-maximal suppression. In this thinning process, the magnitude of the edge gradient of
each candidate edge pixel is set to zero if it is weaker than the two adjacent pixels in the
gradient direction. Fourth, hysteresis (double) thresholding is applied to the thinned edge
gradient image to determine the significance of the edge gradient. Chains of candidate
edge pixels below the lower gradient hysteresis threshold are labeled as non-edges. Only
those pixels above the lower threshold and connected through a chain to any pixel above
the upper gradient hysteresis threshold are labeled as edge pixels. In this study,
thresholds of 0.05 and 0.08 were applied. Both threshold values are set to small values in
order to increase the detector’s sensitivity to identify inshore chl+ fronts without
increasing the detection of noise. These thresholds also produce the most visually
accurate edge detection results for the chl+ fronts.

Both edge detection algorithms described above were also applied to an ~ 90 m?
resolution digital bathymetry grid of the inner WFS obtained from NOAA (Divins and
Metzger) to identify areas of significant depth gradients. These areas were investigated
to determine their role in the establishment and stability of the detected thermal and
ocean color fronts. These data were also used to identify regions where bottom
reflectance was accentuating the ocean color gradients.

The Cayula and Cornillon (1992) algorithm is a FORTRAN program that was
embedded in the Interactive Data Language (IDL; Research Systems, Inc.) software for
processing. The Canny algorithm was implemented using Matlab™ software
(Mathworks, Inc.). The final frontal images were georeferenced and remapped in the
standard North American Datum 1983 projection for spatial analysis. This was carried
out using ArcGIS developed by Environmental Systems Research Institute (ESRI™™).

2.4 Sustained Fronts

Frontal features of SST, chl+, nLw_443, and FLH were sequentially analyzed to
identify frontal duration for up to four days. Scales of oceanographic variability on the
WES are typically driven by inertial oscillation (He and Weisberg, 2002). Therefore, the
radius of inertial motions was used to determine the width scale of the fronts. This is
defined as:

_v 1
= (1)

where v is the current velocity, m s, and fis the Coriolis parameter, 6.67E-5 s™.
Weisberg and He (2003) showed average current velocities to be 20 cm s™ for this region.



Therefore, the area in which a front would rotate due to the Coriolis force over one
inertial period, 25.9 hours at 27° N latitude, would have a radius of ~ 3 km.

The internal Rossby radius of deformation is another scale of physical processes
(Rossby, 1937) that potentially influence frontal features in the WFS:
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