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[1] An apparent link between upwelling-related physical
signatures, macronutrients, and toxic diatom blooms in the
various “hotspots” throughout California has motivated
attempts to forecast harmful algal blooms (HABs) as a func-
tion of select environmental variables. Empirical models for
predicting toxic Pseudo-nitzschia blooms in one such region,
the Santa Barbara Channel (SBC), are tested in a nowcast
mode using predictions based on merging data from MODIS
ocean color geophysical products and the Regional Ocean
Modeling System (ROMS) applied to the Southern California
Bight. Thresholds for each model generate event forecasts.
Spatially-explicit, monthly HAB maps are compared to ship-
board observations and California monitoring data, demon-
strating that the models predict offshore events otherwise
undetected by nearshore monitoring. The use of mechanistic
hydrodynamic models in concert with empirical, biological
models facilitates future process studies on the effects of
coastal eutrophication and climate change on regional
HAB dynamics. Citation: Anderson, C. R., R. M. Kudela,
C. Benitez-Nelson, E. Sekula-Wood, C. T. Burrell, Y. Chao,
G. Langlois, J. Goodman, and D. A. Siegel (2011), Detecting toxic
diatom blooms from ocean color and a regional ocean model,
Geophys. Res. Lett., 38, 104603, doi:10.1029/2010GL045858.

1. Introduction

[2] Since 2000, the Santa Barbara Channel (SBC) has
become a seasonal “hot spot” of HAB activity in coastal
California (CA). The toxin-producing diatom Pseudo-
nitzschia is the dominant HAB genus in the region, reaching
densities above 10° cells L™" and toxin loads near 10 pg L™!
during bloom events [4Anderson et al., 2006; Trainer et al.,
2000]. These blooms can negatively impact marine wildlife
[Fritz et al., 1992; Lefebvre et al., 1999; Scholin et al., 2000]
and put humans at risk of amnesic shellfish poisoning [Per!
et al., 1990] when the neurotoxin domoic acid (DA) is
produced and transferred through the marine foodweb.
Spring and summer upwelling in coastal California pumps
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essential macro- and micronutrients to surface waters,
fuelling mixed-assemblage diatom blooms that include
Pseudo-nitzschia. The challenge is to identify the physical
and chemical environment required to provide toxigenic
species of Pseudo-nitzschia a greater competitive advantage
over other diatoms and define the role that DA production
plays in bloom regulation. Researchers have applied statis-
tical modeling approaches to identify the in situ conditions
associated with DA-producing blooms in the SBC and
Monterey Bay [dnderson et al., 2009; Lane et al., 2009]
with results alluding to the important role of limiting
macronutrients, particularly silicic acid, in both upwelling
regions. In the present paper, bloom likelihoods are modeled
in a spatially explicit manner in order to provide additional
value to the successful nearshore monitoring already pro-
vided by the California Department of Public Health
(CDPH). We demonstrate the combined use of empirical
HAB models, satellite ocean color data, and a Regional
Ocean Modeling System (ROMS) for the ecological pre-
diction of both Pseudo-nitzschia blooms and DA events in
the SBC region (Figure 1), emphasizing the interplay of
physical transport/retention and macronutrient availability.

2. Satellite Data and ROMS

[3] For 2009-2010, 1-km MODIS-Aqua data were
acquired from NASA’s Ocean Biology Processing Group
(http://oceancolor.gsfc.nasa.gov/) for the central California
region, processed to Level 2 (SeaDAS v. 6.1), and further
sub-scened for the SBC region. The high-resolution ocean
model is based on a ROMS framework, a community-based
hydrodynamic model designed for regional applications
[Shchepetkin and McWilliams, 2005]. For HAB predictions,
we employ a hydrostatic ROMS configuration over the
Southern California Bight (SCB) with a 1-km spatial reso-
lution that has been running in real-time since April 2007
from NASA’s Jet Propulsion Laboratory (http://ourocean.
jpl.nasa.gov/SCB) using a three-dimensional variational data
assimilation (3DVAR) method for improved model skill
[Chao et al., 2009; Li et al., 2008a; Li et al., 2008b]. Com-
parisons with observational data demonstrate that the SCB
ROMS realistically captures the mean ocean circulation state
as well as interannual, seasonal, and eddy-scale variability
but may have limited skill at reproducing submesoscale
circulation [Dong et al., 2009].

3. Empirical HAB Models

[4] We updated existing statistical threshold models for
predicting blooms of Pseudo-nitzschia, particulate domoic
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Figure 1. Schematic of ROMS model and MODIS satellite products used to compute the “Remote-Sensing” HAB Models
(Table S2 of the auxiliary material) for predicting the probability of elevated Pseudo-nitzschia abundance and toxin con-
centrations in the SBC off the coast of central California. Numbers in the far right map denote monthly “Plumes and
Blooms” sampling stations 1-7 with station 1 nearest the mainland and station 7 off the shelf of Santa Rosa Is. The Santa
Barbara Channel Islands from west to east are: San Miguel Is. (SM), Santa Rosa Is. (SR), Santa Cruz Is. (SC), and Anacapa

Is. (A).

acid (pDA), and cellular domoic acid (cDA) using 2009-
2010 hydrographic, optical, and chemical observations. The
results yield two sets of logistic generalized linear models
(GLMs): 1) best-fit full models where all available parameters
were tested for inclusion [Anderson et al., 2010; Lane et al.,
2009], and ii) a set termed remote-sensing models that only
test parameters available from satellite or other remote
platform. Model development and skill are fully described in
the auxiliary material containing Tables S1 and S2." The
environmental variables retained in the new GLMs generally
agree with previous models [Anderson et al., 2009], indi-
cating a consistent set of predictors for the SBC related to
enhanced chlorophyll, macronutrient depletion, and upwell-
ing signatures. The most significant among these predictors
include R, (510/555), the silicic acid to nitrate+nitrite ratio
(Si:N), the silicic acid to phosphate ratio(Si:P), tempera-
ture, and salinity. Despite the better overall skill of the full
models verses the remote-sensing models for all response
variables [skill score ranges; = 0.49-0.74; skill score
range,; = 0.42-0.54], current HAB predictions are only
possible using the remote-sensing models due to the lack of
a biogeochemical model within our local ROMS, precluding
prediction of nutrient and chlorophyll fields. The probability
of detection ranges are less distinguishable with 76 to 95%
detection rate for full models (Table S1) versus 83 to 90%
detection rate for remote-sensing models (Table S2). Thus,
from the remote-sensing set of models for Pseudo-nitzschia,
pDA, and cDA (Table S2), we developed spatially-explicit
probability maps (Figures 1 and 2) for predictions in near
real-time from satellite ocean color data and numerical
simulations of temperature and salinity.

4. HAB Nowcasts and Monitoring Data

[5] Since the spatial and temporal resolution of HAB
nowcasts are both limited by the availability of cloud-free
MODIS imagery from low satellite zenith angles, only the
mean for monthly predictions is shown (Figures 2 and 3). We
evaluate our predictions by comparing shipboard observa-

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GL045858.

tions collected monthly at seven stations on a single day and
monitoring data from the CDPH (Figures 3a—3e) with
monthly averaged probabilities at those seven sampling sta-
tions (Figures 3f—3h) and maps of spatially explicit proba-
bilities at 1-km resolution throughout the SBC (Figure 2).
In January and February, when no offshore data were col-
lected (Figure 3), high Pseudo-nitzschia bloom probabilities
were predicted (Figures 2 and 3) in disagreement with a
low nearshore Pseudo-nitzschia Relative Abundance Index
(RAI) [Langlois, 2009] pooled for three nearshore sites
(Ellwood Pier, Goleta Pier, and aquaculture lease site
M-653-02; Figure 3d). Probabilities of pDA and cDA
(0-50%) from January to February are in better agreement
with low shellfish DA levels used by the CDPH (Figure 3e).
With the ramping up of the annual spring bloom, April
predictions of Pseudo-nitzschia and cDA reached 70-100%
(Figures 3g—3h) in correspondence with an increase in the
RAI and shellfish DA levels above the regulatory limit of
20 ug gfl(Figures 3d, 3e, and 2). Shipboard measurements
of Pseudo-nitzschia abundance and DA were well below all
thresholds (Figures 3a—3c), indicating model overestimation
of offshore April bloom conditions in the mid-channel zone.
Modeled cDA probabilities were highest in May 2009 when
the RAI was at its peak for the year (Figure 3h) and shellfish
DA reached almost 40 pg g ' (Figure 3e), however, no mid-
channel shipboard data were collected during this month
(Figures 3a—3c). In July, models predict high bloom prob-
abilities of Pseudo-nitzschia (Figures 2 and 3) correspond-
ing with bloom levels of Pseudo-nitzschia (up,= 1.2 %
10° cells L™"'; Figure 3a) at all shipboard stations and ele-
vated mean RAI at the three state monitoring sites (ura; =
0.17; Figure 3d). Conversely, elevated probabilities of pDA
(mostly nearshore) and cDA (in the western channel) in
July are inconsistent with low nearshore shellfish and off-
shore phytoplankton samples (uppa = 0.019 mg/L; pepa =
0.13 pg/cell). Given the often patchy nature of toxin dis-
tributions [Anderson et al., 2006], this mismatch is likely
due to the high spatial variability predicted by the HAB
models (Figure 2).

[6] Toxic Pseudo-nitzschia blooms have generally been
spring and sometimes summer events in the SBC [Anderson
et al., 2008, 2009; Trainer et al., 2000], but during the 2009
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Figure 2. Monthly probability maps of Pseudo-nitzschia blooms (> 10* cells L"), elevated pDA (> 0.5 ug L") and cDA

(> 10 pg cell ") for January to December 2009.

El Nifio summer to fall transition, we observed what may
have been a single, prolonged DA event on monthly SBC
cruises in October and November (Figures 3a—3c), similar to
the large DA event observed in a sediment trap study of the
SBC during the 1997-1998 ENSO event (E. Sekula-Wood
et al., Pseudo-nitzschia and domoic acid fluxes in Santa
Barbara Basin (CA) from 1993 to 2008, submitted to
Harmful Algae, 2010). Cellular DA in November 2009
reached 121 pg cell ! at a mid-channel offshore station, and
offshore particulate levels exceeded 5 pug L™ (Figure 3).
Curiously, DA-related mammal strandings for 2009 in the
SBC region did not peak in fall (M. Bermann, Santa Barbara
Museum of Natural History, personal communication, 2010)
nor did isolated shellfish test positive for DA after May
(Figure 3e). In contrast to nearshore observations, predic-
tions in November do reflect the observed increase in toxins
(Figure 3). Daily DA event probabilities hovered between
60 and 80% from October to December with intermittent
spikes up to 100% (daily imagery for the entire month
not shown). This mismatch between onshore and offshore
observations is again consistent with the high spatial vari-
ability associated with seasonal mesoscale eddies that may
serve as transient retentive zones for HABs [Anderson et al.,
2006]. In summary, model predictions generally agree with
monthly phytoplankton observations and California moni-
toring data despite the varying spatial scales. HAB models
generated nowecasts of elevated probabilities for Pseudo-
nitzschia and DA in Fall 2009 that were consistent with
offshore shipboard observations yet not aligned with near-
shore shellfish monitoring data. Moreover, the seasonal

predictions for cellular DA, a measure of a bloom’s toxicity,
agreed well with offshore observations of toxic events in
2009.

5. Conclusions

[7] It is now recognized that predictive models of HABs
are necessary to supplement limited time-series data and
identify characteristic physical-biological interactions that may
influence HAB formation over regional scales [McGillicuddy,
2010]. Future efforts will combine mechanistic and statisti-
cal approaches for making robust, reliable forecasts in
response to a diverse range of environmental processes.
Toxic blooms that are not observed by standard monitoring
methods nor noted by a rise in animal strandings still threaten
wildlife populations, for example, via vertical export of
toxins to benthic biota [Sekula-Wood et al., 2009]. Spatially-
explicit models of HAB probabilities provide a comple-
mentary tool for assessing public health risk, predicting
ecosystem disturbance, and warning resource managers of
offshore blooms.

[8] The conditions that lead to Pseudo-nitzschia blooms
and the subsequent production of DA may differ as evidenced
in laboratory and field experiments linking toxin production
to varying forms of macro and micro- nutrient limitation
[Bates et al., 1998; Fehling et al., 2004; Kudela et al., 2004,
2010; Maldonado et al., 2002; Pan et al., 1996; Wells et al.,
2005]. As a result, the accuracy of current statistical HAB
models that are not based on unique optical signatures
[Cannizzaro et al., 2008; Tomlinson et al., 2009] is gener-
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Figure 3. Monthly observations of (a) Pseudo-nitzschia abundance, (b) pDA, and (c) cDA from shipboard sampling tran-
sect (see Figure 1) measured on a single day; grey bars represent no offshore data collection in the months of Jan, Feb, May,
June, and December 2009 and horizontal dashed lines indicate optimized probability thresholds (see Tables S1 and S2 of the
auxiliary material). Observations of (d) Relative Abundance Index (RAI) for Pseudo-nitzschia spp. and (¢) DA in mussel
tissue; horizontal dashed line marks the 20 ug ¢! regulatory limit for DA-contaminated shellfish. (DA in mussel samples
from August to December was categorized as “non-detect” in field kits.) Modeled probabilities of (f) Pseudo-nitzschia
blooms, (g) pDA events, and (h) cDA events at each station are monthly means calculated within a 4-pixel area surrounding
each sampling station.

ally constrained by estimation of the key environmental better-performing fu/l HAB models that combine relevant
fields necessary to predict blooms and toxin production, physical and chemical fields ultimately requires a validated
both fundamentally a response to nutrient type and avail- ROMS and biogeochemical model nested within ROMS to
ability [McGillicuddy et al., 2003, 2005]. Application of the produce daily, high resolution simulations of chlorophyll,
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silicic acid, nitrate, and phosphate [Moore et al., 2001] as
well as the increasingly-recognized organic nitrogen sources
that trigger toxin production in Pseudo-nitzschia [Cochlan
et al., 2008; Howard et al., 2007; Thessen et al., 2009].
The remote-sensing models in this study miss important
dynamics linked to the nutrient environment, and this likely
contributes to an inflated rate of false positive predictions.
Separating the Pseudo-nitzschia model, for instance, into
spring/summer and fall/winter models (data not shown)
suggests it may be possible to distinguish Pseudo -nitzschia
blooms in fall/winter using a chlorophyll anomaly method
from MODIS data [e.g., Tomlinson et al., 2009], while in
spring and summer, using simulations of nutrient levels to
distinguish Pseudo-nitzschia from other blooms in the SBC.
The additional information provided by nutrient ratios and
concentrations from biogeochemical model-to-ROMS cou-
pling, particularly at subsurface depths within the euphotic
zone, will greatly aid in forecasting surface to subsurface
blooms. Ideally, the more inclusive approach using eco-
system models that parameterize nutrients and differentiate
carbon species will not only facilitate better predictions for
resource managers but allow for experimental exploration of
eutrophication and ocean acidification effects on HAB
variability in the California Current System.

[9] Acknowledgments. This research was supported by funding from
the National Oceanic and Atmospheric Administration - Monitoring and
Event Response to Harmful Algal Blooms (NOAA-MERHAB, Award
NA04NOS4780239 - Pls: R. Kudela, P. Miller, and G. Langlois) publica-
tion 145, the National Science Foundation Chemical Oceanography pro-
gram (PI: C. Benitez-Nelson), and the National Aeronautics and Space
Administration (PI: D. Siegel). The research described in this paper was
carried out, in part, at the Jet Propulsion Laboratory, California Institute
of Technology, under contract with the National Aeronautics and Space
Administration (NASA). We sincerely thank Nathalie Guillocheau, Bernard
Friedman, Raghu Murtugudde (Chesapeake Bay Forecasting Project),
Thomas Ellis, the Plumes and Blooms staff, and crew of the R.V. Shearwater
for significant contributions to data collection and analysis. We also
acknowledge two anonymous reviewers for comments that greatly improved
the paper.

References

Anderson, C. R., M. A. Brzezinski, L. Washburn, and R. Kudela (2006),
Circulation and environmental conditions during a toxigenic Pseudo -
nitzschia australis bloom in the Santa Barbara Channel, California,
Mar. Ecol. Prog. Ser., 327, 119—-133, doi:10.3354/meps327119.

Anderson, C. R., D. A. Siegel, M. A. Brzezinski, and N. Guillocheau
(2008), Controls on temporal patterns in phytoplankton community
structure in the Santa Barbara Channel, California, J. Geophys. Res.,
113, C04038, doi:10.1029/2007JC004321.

Anderson, C. R., D. A. Siegel, R. Kudela, and M. A. Brzezinski (2009),
Empirical models of toxigenic Pseudo-nitzschia blooms: Potential use
as a remote detection tool in the Santa Barbara Channel, Harmful Algae,
8, 478-492, doi:10.1016/j.hal.2008.10.005.

Anderson, C. R., M. R. P. Sapiano, M. B. K. Prasad, W. Long, P. J. Tango,
C. W. Brown, and R. Murtugudde (2010), Predicting potentially toxi-
genic diatom blooms in the Chesapeake Bay, J. Mar. Syst., 83, 127—
140, doi:10.1016/j.jmarsys.2010.04.003.

Bates, S. S., D. L. Garrison, and R. A. Horner (1998), Bloom dynamics and
physiology of domoic-acid-producing Pseudo-nitzschia species, in
Physiological Ecology of Harmful Algal Blooms, edited by D. M.
Anderson, A. D. Cembella, and G. M. Hallegraeff, pp. 267-292,
Springer, Heidelberg, Germany.

Cannizzaro, J. P., K. L. Carder, F. R. Chen, C. A. Heil, and G. A. Vargo
(2008), A novel technique for detection of the dinoflagellate Karenia
brevis in the Gulf of Mexico from remotely sensed ocean color data,
Cont. Shelf Res., 28, 137-158, doi:10.1016/j.csr.2004.04.007.

Chao, Y., et al. (2009), Development, implementation and evaluation of a
data-assimilative ocean forecasting system off the center California coast,
Deep Sea Res., Part II, 56, 100-126, doi:10.1016/j.dsr2.2008.08.011.

ANDERSON ET AL.: REMOTE DETECTION OF TOXIC DIATOM BLOOMS

L04603

Cochlan, W. P., J. Herndon, and R. M. Kudela (2008), Inorganic and
organic nitrogen uptake by the toxigenic diatom Pseudo-nitzschia
australis (Bacillariophyceae), Harmful Algae, 8, 111-118, doi:10.1016/
j-hal.2008.08.008.

Dong, C., E. Idica, and J. C. McWilliams (2009), Circulation and multiple-
scale variability in the Southern California Bight, Prog. Oceanogr., 82,
168-190, doi:10.1016/j.pocean.2009.07.005.

Fehling, J., K. Davidson, C. J. Bolch, and S. S. Bates (2004), Growth and
domoic acid production by Pseudo-nitzschia seriata (Bacillariophyceae)
under phosphate and silicate limitation, J. Phycol., 40(4), 674—683,
doi:10.1111/j.1529-8817.2004.03213 .x.

Fritz, L., M. A. Qulliam, J. L. C. Wright, A. M. Beale, and T. M. Work
(1992), An outbreak of domoic acid poisoning attributed to the pennate
diatom Pseudonitzschia australis, J. Phycol., 28, 439-442, doi:10.1111/
j.0022-3646.1992.00439.x.

Howard, M. D. A., W. P. Cochlan, N. Ladizinksy, and R. M. Kudela
(2007), Nitrogenous preference of toxigenic Pseudo-nitzschia australis
(Bacillariophyceae) from field and laboratory experiments, Harmful
Algae, 6,206-217, doi:10.1016/j.hal.2006.06.003.

Kudela, R., A. Roberts, and M. Armstrong (2004), Laboratory analyses of
nutrient stress and toxin production in Pseudo-nitzschia spp. from
Monterey Bay, in Harmful Algae 2002, edited by K. A. Steidenger
et al., Fla. Fish and Wildl. Conserv. Comm., Tallahassee.

Kudela, R. M., S. Seeyave, and W. Cochlan (2010), The role of nutrients in
regulation and promotion of harmful algal blooms in upwelling systems,
Prog. Oceanogr., 85, 122-135, doi:10.1016/j.pocean.2010.02.008.

Lane, J. Q., P. T. Raimondi, and R. M. Kudela (2009), Development of a
logistic regression model for the prediction of toxigenic Pseudo-
nitzschia blooms in Monterey Bay, California, Mar. Ecol. Prog. Ser.,
383, 37-51, doi:10.3354/meps07999.

Langlois, G. (2009), Marine Biotoxin Monitoring Program annual report,
39 pp., Calif. Dep. of Publ. Health, Richmond.

Lefebvre, K. A., etal. (1999), Detection of domoic acid in northern anchovies
and California sea lions associated with an unusual mortality event, Nat.
Toxins, 7, 85-92, doi:10.1002/(SICI)1522-7189(199905/06)7:3<85::
AID-NT39>3.0.CO;2-Q.

Li, Z., Y. Chao, J. C. McWilliams, and K. Ide (2008a), A three-dimensional
variational data assimilation scheme for the Regional Ocean Modeling
System: Implementation and basic experiments, J. Geophys. Res., 113,
C05002, doi:10.1029/2006JC004042.

Li, Z., Y. Chao, J. C. McWilliams, and K. Ide (2008b), A three-dimensional
variational data assimilation scheme for the regional ocean modeling
system, J. Atmos. Oceanic Technol., 25, 2074-2090, doi:10.1175/
2008JTECHO594.1.

Maldonado, M. T., M. P. Hughes, E. L. Rue, and M. L. Wells (2002), The
effect of Fe and Cu on growth and domoic acid production by Pseudo-
nitzschia multiseries and Pseudo-nitzschia australis, Limnol. Oceanogr.,
47(2), 515-526, doi:10.4319/10.2002.47.2.0515.

McGillicuddy, D. J. (2010), Models of harmful algal blooms: Conceptual,
empirical, and numerical approaches, J. Mar. Syst., 83, 105-107,
doi:10.1016/j.jmarsys.2010.06.008.

McGillicuddy, D. J., C. A. Stock, D. M. Anderson, and R. P. Signell
(2003), Hindcasting blooms of the toxic dinoflagellate Alexandrium
spp. in the western Gulf of Maine, in Ecological Forecasting: New Tools
for Coastal and Ecosystem Management, edited by N. J. Valette-Silver
and D. Scavia, NOAA Tech. Memo. NOS NCCOS 1, pp. 49-54, NOAA,
Silver Spring, Md.

McGillicuddy, D. J., D. M. Anderson, D. R. Lynch, and D. W. Townsend
(2005), Mechanisms regulating large-scale seasonal fluctuations in
Alexandrium fundyense populations in the Gulf of Maine: Results from
a physical-biological model, Deep Sea Res., Part II, 52, 2698-2714,
doi:10.1016/j.dsr2.2005.06.021.

Moore, J. K., S. C. Doney, J. A. Kleypas, D. M. Glover, and 1. Y. Fung
(2001), An intermediate complexity marine ecosystem model for the
global domain, Deep Sea Res., Part II, 49, 403—462, doi:10.1016/
S0967-0645(01)00108-4.

Pan, Y., D. V. Subba Rao, K. H. Mann, W. K. W. Li, and W. G. Harrison
(1996), Effects of silicate limitation on production of domoic acid, a
neurotoxin, by the diatom Pseudo-nitzschia multiseries. 1. Continuous
culture studies, Mar. Ecol. Prog. Ser., 131, 235-243, doi:10.3354/
meps131235.

Perl, T. M., L. Bedard, T. Kosatsky, J. C. Hockin, E. C. D. Todd, and R. S.
Remis (1990), An outbreak of toxic encephalopathy caused by eating
mussels contaminated with domoic acid, N. Engl. J. Med., 322, 1775—
1780, doi:10.1056/NEIM199006213222504.

Scholin, C. A., et al. (2000), Mortality of sea lions along the central
California coast linked to a toxic diatom bloom, Nature, 403, 80—84,
doi:10.1038/47481.

Sekula-Wood, E., et al. (2009), Rapid downward transport of the neuro-
toxin domoic acid in coastal waters, Nat. Geosci., 2, 272-275,
doi:10.1038/ngeo472.

50f6



L04603

Shchepetkin, A. F., and J. C. McWilliams (2005), The Regional Ocean
Modeling System: A split-explicit, free-surface, topography following
coordinates ocean model, Ocean Modell., 9, 347-404, doi:10.1016/].
ocemod.2004.08.002.

Thessen, A. E., H. A. Bowers, and D. K. Stoecker (2009), Intra- and inter-
species differences in growth and toxicity of Pseudo -nitzschia while using
different nitrogen sources, Harmful Algae, 8, 792-810, doi:10.1016/].
hal.2009.01.003.

Tomlinson, M. C., T. T. Wynne, and R. P. Stumpf (2009), An evaluation of
remote sensing techniques for enhanced detection of the toxic dinoflagel-
late, Karenia brevis, Remote Sens. Environ., 113, 598-609, doi:10.1016/
j.rse.2008.11.003.

Trainer, V. L., N. G. Adams, B. D. Bill, C. M. Stehr, J. C. Wekell, P. D. R.
Moeller, M. Busman, and D. Woodruff (2000), Domoic acid production
near California coastal upwelling zones, June 1998, Limnol. Oceanogr.,
45(8), 1818-1833, doi:10.4319/10.2000.45.8.1818.

Wells, M. L., C. Q. Trick, W. P. Cochlan, M. P. Hughues, and V. L. Trainer
(2005), Domoic acid: the synergy of iron, copper, and the toxicity of

ANDERSON ET AL.: REMOTE DETECTION OF TOXIC DIATOM BLOOMS

L04603

diatoms, Limnol. Oceanogr., 50(6), 19081917, doi:10.4319/10.2005.50.6.
1908.

C. A. Anderson and R. M. Kudela, Ocean Sciences Department,
University of California, 1156 High St., Santa Cruz, CA 950654, USA.
(clrander@ucsc.edu)

C. Benitez-Nelson, C. T. Burrell, and E. Sekula-Wood, Earth and Ocean
Sciences, University of South Carolina, EWS 408, 701 Sumter St.,
Columbia, SC 29208, USA.

Y. Chao, Jet Propulsion Laboratory, California Institute of Technology,
MS 300-323, 4800 Oak Grove Dr., Pasadena, CA 91109, USA.

J. Goodman and D. A. Siegel, Earth Research Institute, Marine Science
Institute, University of California, Santa Barbara, CA 93106, USA.

G. Langlois, Environmental Management Branch, Department of Health
Services, 850 Marina Bay Pkwy., Bldg. G, Room 165, Richmond, CA
94804, USA.

6 of 6




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


