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Occurrence and Spatial Extent of HABs on
the West Florida Shelf 2002—Present

Ruhul Amin, Bradley Penta, and Sergio deRada

Abstract—Harmful algal blooms (HABs) can lead to severe
economic and ecological impacts in coastal areas and can threaten
marine life and human health. About three quarters of these toxic
blooms are caused by dinoflagellate species. One dinoflagellate
species, i.e., Karenia brevis, blooms nearly every year in the Gulf of
Mexico, particularly on the West Florida Shelf (WFS), where these
blooms cause millions of dollars in socioeconomic damage. In this
letter, we use the red band difference (RBD) bloom detection tech-
nique for detection of low backscattering phytoplankton blooms,
such as K. brevis, and conduct time-series analyses of the spatial
extent of these blooms using Moderate Resolution Imaging Spec-
troradiometer (MODIS) monthly mean data spanning July 2002
(sensor inception) to September 2014. The time-series results show
that the RBD successfully detects the documented HABs in the
region, illustrating the seasonal and interannual variability, in-
cluding the extensive blooms of 2005 and 2014.

Index Terms—Harmful algal blooms (HABs), karenia brevis,
low backscattering blooms (LBBs), phytoplankton, red band dif-
ference (RBD), remote sensing.

I. INTRODUCTION

ARMFUL algal blooms (HABs) have been known to oc-

cur throughout human history, and in recent years, HABs
have become a major environmental problem affecting coastal
areas globally. The nature of the problem has expanded both in
extent and public perception. Human activities and population
growth have contributed to increases in various noxious algal
species in coastal regions worldwide [1], [2]. Eutrophication
in estuaries and coastal waters is believed to be a major factor
causing HABs [3], [4]. Whereas HABs can be composed of sev-
eral classes of microalgae, including diatoms, dinoflagellates,
raphidophytes, cyanobacteria, prymnesiophytes, pelagophytes,
and silicoflagellates [5], approximately 75% of all HAB species
are dinoflagellates [6], [7]. Marine HABs generally occur in
warm regions or seasons and in places with elevated nutrient
levels such as coastal waters influenced by agricultural activity
from inland regions [8]. The unique ecophysiology of these
organisms favors their increasingly successful exploitation of
coastal waters and global bloom expansion [9].
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According to the Florida Conservation Commission (http://
www.floridaconservation.org/), more than 40 species of toxic
microalgae live in the Gulf of Mexico, but the most com-
mon bloom-forming species is the toxic dinoflagellate Karenia
brevis (syn. Gymnodinium breve and Ptychodiscus brevis).
Although K. brevis blooms have been reported throughout
the Gulf of Mexico, they are most frequent along the West
Florida Shelf (WES), where they occur nearly every year,
usually between late summer and early spring. K. brevis blooms
produce brevetoxin that causes neurotoxic shellfish poisoning,
leading to death in fish, birds, and marine mammals [10].
Brevetoxin can irritate human eyes and respiratory systems
once it becomes aerosolized in sea spray [11], [12]. Although
no human fatalities have been directly attributed to brevetoxin,
toxin levels potentially fatal to humans can be reached during
K. brevis blooms [5], [13].

Optical remote sensing (ocean color) techniques are well
suited to study species such as vertically migrating dinoflagel-
lates (including K. brevis) that aggregate at the surface for pho-
tosynthesis during the day. Their dense aggregations produce
strong bio-optical signals that can be detected by spaceborne
and airborne optical sensors. There has been considerable inter-
est in using satellite measurements to study blooms since these
measurements can provide us with high spatial and temporal
resolution, early bloom detection, and guidance for in situ
sampling and can reveal important spatiotemporal evolution of
blooms by either growth or advection by physical processes.
In addition, assimilation of satellite chlorophyll imagery into
coupled biophysical models has recently been achieved [14],
and development of specific satellite-derived dinoflagellate
products will lead to their assimilation into ecological models
and improved forecasting capability.

Many techniques have been developed to detect algal blooms
in the Gulf of Mexico. Stumpf et al. [15] proposed the use
of the magnitude of the difference between satellite chloro-
phyll concentration estimates and a background mean of the
previous 0.5-2.5 months’ chlorophyll estimates as an index for
detecting bloom areas. This method is now used operationally
at NOAA NESDIS CoastWatch to alert for possible blooms.
Cannizzaro et al. [16] proposed another technique based on
in situ data that uses the backscattering/chlorophyll ratio to dis-
criminate between K. brevis and other blooms. They determined
that K. brevis has lower backscatter characteristics than blooms
of diatoms and other dinoflagellate species. Both of these meth-
ods are based on using the blue—green region of the spectrum.
However, blue—green reflectance ratio algorithms [17]-[19]
have been found to perform poorly in coastal waters due to
increased absorption of chromophoric dissolved organic matter
(CDOM), increased particle scattering, inaccurate atmospheric
corrections, and reflectance from shallow bottoms [20]-[23].
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Fig. 1. WEFS. Study area is highlighted in blue. Gray contours are bathymetric
isobaths.

Thus, the red spectral region is particularly attractive for our use
since it is less contaminated by CDOM and bottom reflectance
and is less susceptible to atmospheric correction inaccuracies
than the blue—green region. Consequently, uncertainties in
bloom detection algorithms are reduced when the red spectral
region is used instead of the blue—green region. Moderate Reso-
lution Imaging Spectroradiometer (MODIS) red bands (677 and
678 nm) were designed with high signal-to-noise ratios for re-
trievals of fluorescence and, hence, chlorophyll [24]-[27]. The
fluorescence line height (FLH) algorithm [24]-[26] uses these
bands to compute a proxy for chlorophyll. However, in highly
scattering waters, typical of coastal areas, the fluorescence com-
ponent represents a small portion of the total reflectance signal,
and the FLH erroneously extracts a combined elastic scattering
and fluorescence signal rather than the much smaller fluores-
cence signal [28]-[30], resulting in false positives. As a re-
finement to the FLH algorithm, the red band difference (RBD)
technique [31] was developed for detection of low backscatter-
ing blooms (LBBs), which include K. brevis and other athecate
dinoflagellate species. When low backscattering conditions ex-
ist, the red spectral region becomes chlorophyll fluorescence
dominated, and the RBD takes advantage of this signal to detect
blooms. Consequently, in highly scattering waters, the RBD
does not give false positives. Since the RBD is insensitive to
atmospheric correction and less sensitive to CDOM absorption
and bottom reflectance, it can more accurately distinguish
blooms from other bloom-like features, such as CDOM and
sediment plumes, making it an effective tool for LBB detection.

II. DATA AND METHODS
A. Satellite Data

We used calibrated Level 1B MODIS-Aqua data (http://
ladsweb.nascom.nasa.gov/) and processed them using the Naval
Research Laboratory’s (NRL’s) Automated Processing System
(APS) [32]. For our study area (see Fig. 1), we constructed
1-km resolution monthly composites (i.e., weighted means of
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cloud-free pixels) of chlorophyll via the OC3 [18] algorithm
and of LBB via the RBD [31] algorithm.

B. RBD Technique

The RBD technique, described in detail in [31], was devel-
oped for relatively low backscattering blooms such as those of
K. brevis. In summary, this technique takes advantage of the
chlorophyll fluorescence signal (emission centered on 685 nm)
as an indicator of the bloom. Since there is nothing else in the
water that fluoresces in the red region, the RBD easily dis-
tinguishes bloom regions from false bloom-like features such
as CDOM plumes, sediment plumes, and bottom reflectance.
This results in accurate bloom detection and precise bloom
delineation. The RBD algorithm is defined as follows:

RBD = nLw(\) — nLw(\;) (D

where nLw()\) is normalized water-leaving radiance, which
is defined as the upwelling radiance just above the sea sur-
face, in the absence of an atmosphere and with sun directly
overhead. A\; represents MODIS band 13 (667 nm), and A
represents MODIS band 14 (678 nm). The RBD technique was
based on the principle that photosynthetic organisms absorb
strongly around 675 nm, which causes nLw(\) to have a trough
around this band (see [31, Fig. 1]). Due to the contribution
of chlorophyll fluorescence emission centered on 685 nm and
the relatively lower backscattering efficiency of LBB species
(such as K. brevis) [16], this trough is shifted toward shorter
wavelengths around 667 nm, or below, depending on the con-
centrations of chlorophyll and the quantum yield of chlorophyll
fluorescence [31], [33], [34]. Therefore, the signal around o,
which falls in the shoulder of the red—near-infrared(NIR) water-
leaving radiance peak, has higher values than the signal around
A1 due to the chlorophyll fluorescence contribution. Further-
more, a threshold is applied to discriminate blooms from the
background signal. For K. brevis bloom detection, the value
for this threshold was determined by Amin et al. [31] (RBD >
0.15 W/m? /um/sr). Using satellite data (MODIS-Aqua from
mid-August 2002 to December 2011) matched with in situ
K. brevis cell count data from the Florida Fish and Wildlife
Conservation Commission’s Fish and Wildlife Research Insti-
tute (FWC-FWRI), Ramos [35] reevaluated the RBD threshold
and concluded that the value from [31] is the appropriate
threshold for K. brevis bloom detection. The RBD technique
can also be used to quantify the blooms in terms of chlorophyll.
Wernand et al., [36] used a similar band difference approach
to estimate high concentration of chlorophyll in the Western
Wadden Sea and the North Sea using in situ data.

III. RESULTS AND DISCUSSION

Bloom detection from ocean color measurements is usu-
ally hampered by uncertainties over optically complex coastal
waters. These uncertainties arise from imperfect atmospheric
correction, imperfect ocean color product retrieval algorithms,
and interference from other bloom-like features such as CDOM
and sediment plumes. Some of these uncertainties are reduced
with red—NIR algorithms such as the RBD and the FLH. While
both algorithms use a portion of the chlorophyll fluorescence
signal to detect blooms [31], [37], FLH breaks down in highly
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Fig. 2. MODIS monthly composite images. (a) September 2005 chlorophyll
image. (b) Corresponding RBD image. (c) October 2005 chlorophyll image.
(d) Corresponding RBD image.

scattering waters, where high red peak values are primarily due
to contributions from elastic scattering modulated by chloro-
phyll absorption rather than fluorescence, thus falsely indicat-
ing possible blooms [28]—[30]. In contrast, the RBD technique
does not give false-positive values in highly scattering waters
[31]-[33], resulting in more precise bloom detection.

In coastal waters, the standard NIR atmospheric correction
[38] often fails due to high turbidity, contributing significantly
higher radiances in the NIR bands. Consequently, the water-
leaving radiance at NIR can no longer be considered negligible
for atmospheric correction in extreme blooms [39], [40]. Thus,
negative readings may result in the blue—green bands due to
the overcorrection of the atmosphere [41]. Even short-wave IR
[42] atmospheric corrections have been found to occasionally
give negative radiances in HAB regions, an indication of the
limitations of atmospheric correction algorithms. These errors,
larger in shorter wavelengths [33], [40], cause inaccurate values
from retrievals using blue—green band ratio algorithms (e.g.,
0OC4). Since RBD uses band differences of two near spectral
bands over which the atmospheric impact is small, and more
importantly, uses the difference rather than the ratio of the
bands, it is insensitive to atmospheric correction [31], [33].

In addition to atmospheric correction uncertainties, CDOM
absorption also causes significant uncertainties in chloro-
phyll retrieval from reflectance spectra in coastal waters [43].
Fig. 2 shows a qualitative comparison of monthly composite
chlorophyll from September 2005 [see Fig. 2(a)], the corre-
sponding RBD image [see Fig. 2(b)], the chlorophyll image
from October 2005 [see Fig. 2(c)], and the corresponding RBD
image [see Fig. 2(d)]. Although chlorophyll images sometimes
show features in bloom regions, these numbers are usually
not accurate due to the aforementioned uncertainties. Clearly
seen in both chlorophyll images [see Fig. 2(a) and (c)], bloom-
like features (warm colors) exist throughout the Florida coast
due to the uncertainties associated with the blue—green bands.
However, these features are not present in the RBD images
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[see Fig. 2(b) and (d)], demonstrating the efficacy of the RBD
algorithm to isolate LBBs.

In 2005, Florida experienced the most significant HAB event
in the MODIS record, covering an area of approximately
67500 km? [44]. This event caused hypoxic zones off west-
central Florida, and benthic communities, fish, turtles, birds,
manatees and other marine mammals suffered extensive mortal-
ities. With the standard RBD threshold, our estimate shows that
the bloom area was about 60 000 km? for the September 2005
monthly composite image shown in Fig. 2(b). In the studied
region, blooms are typically detected using the chlorophyll ano-
maly method [15] or the FLH [37]. However, unlike these meth-
ods, the RBD gives much more precise bloom location and extent
duetoitsrelative insensitivity to atmospheric correction, CDOM,
and bottom reflectance. Thus, as expected, the RBD estimated
area is smaller than the area documented in Hu et al. [44].

Two additional noise sources may result in overestimation
of the LBB area by the RBD technique. Together, these noise
sources appear as “‘salt and pepper” noise on RBD images
[e.g., see Fig. 2(b) and (d)]. Clouds constitute one of the noise
sources—from cloud-edge pixels and undetected (therefore,
not masked) thin clouds. Since clouds are much brighter than
water, photons reflected from the clouds are scattered by the
atmosphere, brightening the neighboring water pixels (the ad-
jacency effect [45]). The second source is due to the variation
in the response among the red band detectors on the MODIS
instrument. These variations are visible as striping at the end
of each scan line on individual MODIS images. Application of
the RBD threshold excludes some of these contaminated pixels;
however, while raising the RBD threshold would reduce the
“salt and pepper” noise, it would also remove real blooms with
low concentrations. Removal of the noise sources would allow
a more precise bloom area estimation with the RBD technique.
Therefore, we are currently studying other approaches to reduce
the effects of this noise and improve the accuracy of RBD spa-
tial estimation. Since K. brevis blooms often extend hundreds of
square kilometers, using the blob detection approach, as in our
previous studies of clouds and shadows [46], [47], may improve
LBB spatial extent estimation on the WFS. Fully resolving the
remaining noise is ongoing research and outside the scope of
this letter.

Fig. 3 shows the monthly mean bloom extent (in km?) from
RBD for the entire MODIS Aqua record (July 2002 to Septem-
ber 2014). K. brevis blooms occur almost every year between
August and March and occasionally at other times [48]. This
trend is clearly seen in the time-series plot in Fig. 3, where
the striking event of 2005 and the more recent event (July—
September 2014) are particularly evident. Since the 2005 bloom
was exceptionally large relative to the rest of the years, it was
excluded from the mean and standard deviation calculations
(4892 and 4317 km?, respectively). All of the data points above
the lower standard deviation line (mean—STD) in Fig. 3 should
represent blooms, but since the data have been filtered using the
RBD threshold, there appear to be blooms nearly every month
even during nonbloom seasons. This variability is due to the
unfiltered “salt and pepper” noise and also due to blooms of
other LBB species since the RBD is not K. brevis specific.
Notwithstanding the “salt and pepper” noise, the RBD esti-
mates a more precise bloom area than the chlorophyll anomaly
or the FLH algorithms [31] when compared with the reported
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Fig. 3. Time series of LBBs (likely dominated by K. brevis) spatial extent estimated from MODIS monthly composite data for the study region.
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Fig. 4. Progression of the LBBs on the WFES using the RBD technique. (a) July 2014. (b) August 2014. (c) September 2014. The arrow on the colorbar indicates

the RBD threshold.

bloom area [44]. Since nonbloom signals resemble “salt and
pepper” noise, true bloom regions can be identified by an ob-
server easily in the RBD images. Fig. 4 illustrates the coastward
progression of the 2014 K. brevis bloom with RBD imagery
from July to September [see Fig. 4(a)—(c)]. Bright “salt and
pepper” like pixels can be observed in the figure, however, the
bloom is a large, easily distinguished feature distinct from the
“salt and pepper” noise.

IV. CONCLUSION

This letter complements previous research in bloom detec-
tion and shows further evidence that the RBD technique is
indeed an effective detection tool for LBBs such as K. brevis.
Substantiated by documented blooms [15], [16], [31], [37],
applying the RBD technique to MODIS monthly composite
data spanning the entire mission (July 2002-Septemper 2014)
elucidates the seasonal and interannual dynamics of LBBs on
the WFS. This letter also demonstrates the value of including
the chlorophyll fluorescence channel in future satellite sensors
such as those being planned for the NASA’s hyperspectral Pre-
Aerosol-Cloud-Ecosystem (PACE) missions. The results shown
here are based on a large collection of satellite imagery, which,
along with collections of atmospheric and ocean model data,
can be further examined not only to improve HAB detection
techniques but also to understand the environmental processes
that contribute to such events.
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