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Abstract

It has recently been shown that inner shelf waters of NE Monterey Bafgr@alifunction as an
“extreme bloom incubator”, frequently developing dense “red tide” blooms that caryrapidl
spread. Located within the California Current upwelling system, this open lisgnigly
influenced by oceanographic dynamics resulting from cycles of upwedlirggdble winds and
their relaxation and/or reversal. Different wind forcing causes influxfigrdnt water types that
originate outside the bay: cold nutrient-rich waters during upwelling, and wari@ngoor
waters during relaxation. In this study, we examine how the bay’s bloom ifmcubeta can
interact with highly variable circulation to cause red tide spreading, didperd retention. This
examination of processes is supported by satellite, airborne and in situ obsefadionsjor
dinoflagellate bloom during August and September of 2004. Remote sensing of high spatial,
temporal and spectral resolution shows that the bloom originated in the NE bay, wiee it
highly concentrated in a narrow band along a thermal front. Upwelling cicoulaipidly

spread part of the bloom, mixing cool waters of an upwelling filament with warm Idoame
waters as they spread. Diurnal vertical migration of the dinoflagellatdgimms was mapped
by autonomous underwater vehicle surveys through the spreading bloom. Following bloom

expansion, a two-day wind reversal forced intrusion of warm offshore waters thasedspe

much of the bloom. Upwelling winds then resumed, and the bloom was further dispersed by an

influx of cold water. Throughout these oceanographic responses to changing winds, an intens
bloom persisted in sheltered waters of the NE bay, where extreme blooms afequesntly

observed. Microscopic examination of surface phytoplankton samples from the lcantral
indicates that spreading of the bloom from the NE bay and mixing with regioteal wasses

resulted in significantly increased abundance of dinoflagellates and astedasidance of
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diatoms. Similar dinoflagellate bloom incubation sites are indicated in otleey @iréhe
California Current system and other coastal upwelling systems. Through frequeent bl
development and along-coast transports, relatively small incubation siteggméigantly

influence larger regions of the coastal marine ecosystems in whichethdg.r

Keywords: coastal upwelling, winds, phytoplankton, red tidésghl odinium ful vescens

Regional Index Terms USA, California, Monterey Bay

1. Introduction
1.1. Environmental setting

The central California Current System (CCS) is highly productive due tedsiveh
upwelling of nutrient-rich water (Reid et al., 1958; Ryther, 1969; Barber anth SIAg1).
Monterey Bay, California, the largest open bay along the west coast of thé&iguse (1), lies in
the central CCS. Climatological conditions in outer Monterey Bay (MB) showllipgvand
associated high productivity between approximately March and November (Penrangt
Chavez 2000). Under upwelling favorable (northwesterly) winds, cold filamengeaeeated at
Point Afio Nuevo, north of the bay, and at Point Sur, south of the bay (Figure 1), and their
advection into MB is a major source of cold, nutrient-rich waters (Broenkow andhiSni€178;
Breaker and Broenkow, 1994; Rosenfeld et al., 1994). Cold filaments originatinghizohfid
Nuevo upwelling typically flow southward across the bay mouth and bifurcate, susiotat
water flows offshore and some into the bay (Rosenfeld et al. 1994). This upwedirigtmon

creates what has been termed an “upwelling shadow”, in which residence timeafichsibn

are enhanced (Graham et al., 1992; Graham, 1993; Breaker and Broenkow, 1994; Graham and
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Largier, 1997; Castilla et al., 2002). Distinction of the northern bay during the upweléeagrs
is also evident in nutrient distributions, with these waters having the lowedératrd highest
ammonium concentrations (Broenkow and Smethie, 1978).

Monterey Bay waters are primarily a mixture of recently upwelle@mand warmer, less
saline offshore water (Graham and Largier, 1997). These warmer offshers e@ter MB
during relaxation / reversal of upwelling favorable winds (Bolin and Abbott, 1963; Broenkow
and Smethie, 1978; Rosenfeld et al., 1994; Ramp et al., 2005). Early descriptions of MB
seasonal variability identified the period of approximately August througbb®cas the
“oceanic period”, during which upwelling winds are weaker and more variablen@mnsions of
warm waters from the California Current are more frequent (Skogsberg, 1936p8iggnd
Phelps, 1946). This early description is supported by recent analysis of 20 yeztedlivdé sea
surface temperature images, which shows that along the central Caldoastawarm
shoreward intrusions are most frequent during August-October (Stegmanr2@06). Warm
intrusions can profoundly influence phytoplankton ecology. A warm intrusion during the 2002
oceanic period increased stratification while spreading a dense din@ftagdtiom from the NE
bay, throughout the bay and out into the adjacent coastal ocean (Ryan et al., 2005). A warm
intrusion during the 2003 oceanic season created a front in which dense phytoplankton patches
were sheared into thin layers (Ryan et al., 2008a). In this study we examinduences of
upwelling / cold intrusion and relaxation / warm intrusion on dinoflagellate bloom dgmam
during the 2004 oceanic period.
1.2. Red tides and harmful algal blooms

Recent studies show that NE Monterey Bay frequently experiencesexired tide”

blooms comprised of dense dinoflagellate populations, particularly during the cseason
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(Ryan et al, 2008b). Dinoflagellate populations in the NE bay can exhibit strong arstepersi
diurnal vertical migration (Donaghay et al., 2006), and their lateral advechaagaly expand
blooms (Ryan et al., 2005; Kudela et al., 2008; Rienecker et al., 2008). Coastal upwelling
systems host diverse dinoflagellate species, many of which can form H&igduBlooms
(HABs; Horner et al.; 1997, Smayda, 2000; Kudela et al., 2005). Because dinoisgellat
comprise about 50% of all red tide species and 75% of all HAB species (Sournia, 1998aSmay
1997), understanding their bloom incubation sites (Ryan et al., 2008b) and mechanisms of
spreading is central to advancing understanding and prediction of red tide and HsiEnphe.
Among the challenging aspects of dinoflagellate ecology research isgawes of the physical
oceanography underlying dinoflagellate bloom development in complex, rapidly changing
coastal environments (Tester et al., 1991; Franks and Anderson, 1992; Anderson, 1995;
Donaghay and Osborn, 1997; Smayda, 2002; Ryan et al., 2005; Pitcher and Nelson, 2006;
Fawcett et al., 2007).
1.3. Research Objectives

The primary objective of this study is to illustrate how responses of oceafraton to
characteristic variability in wind forcing can influence the dynamicstehise dinoflagellate
blooms in Monterey Bay, California. Clearer understanding of important predassee region
will support comparative approaches to understanding blooms across differertugpasting
regions having similar atmosphere-ocean coupling and ecosystem structuagpp@ach is

integration of intensive multi-scale, multidisciplinary observations.
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2. Methods
2.1. Satellite Remote Sensing

Data from two satellite sensors were used in this study. One was the Moderat
Resolution Imaging Spectroradiometer (MODIS) on the Aqua satellitan Bre MODIS image
data we produced true color, chlorophyll fluorescence line height (FLH) ol
concentration, and sea surface temperature (SST) images. We process&ldd@Diom
Level 1A using the SeaDAS software, applying calibrations for ocearteéesansing developed
by the MODIS Ocean Biology Processing Group. The true color images use the 648 hm (r
555 nm (green) and 469 nm (blue) bands, having spatial resolutions of 250, 500 and 500 m,
respectively, with application of a basic atmospheric scattering tomed-or the atmospheric
correction required to derive products (FLH, chlorophyll and SST), we computed true 250-m
aerosol retrievals using the 859 nm band and a fixed aerosol model (Franz et al., 2006).
Resulting image data were mapped to a cylindrical projection. The true i@soiUELH,
chlorophyll and SST images are at best ~ 1 km at nadir; bilinear interpolasoused to
generate 500 m resolution images. The MODIS chlorophyll algorithm conbisteled where
the bloom was most intense, but the FLH algorithm (Letelier and Abbott, 1996) provided
consistent coverage of the bay, including the most intense regions of the red tide blodwer., Fur
the FLH patterns closely matched the patterns of reddish coloration evident iODISNue
color images. Therefore, we present true color, FLH and SST imagery tibeddaom
evolution. The second source was full-resolution (300 m) data from the Medium Resolution
Imaging Spectrometer (MERIS). Specifically, we used the Maximum Qtigil Index (MCI),

a particularly effective indicator of intense phytoplankton blooms (Gower, €085).
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2.2. Airborne Remote Sensing

Airborne remote sensing of Monterey Bay was acquired during the eapds sihbloom
expansion. The Airborne Visible/Infrared Imaging Spectrometer (AVIEASHer and Green,
2001) and the MODIS Airborne Simulator (MAS) (King et al., 1996) were flown on a NASA
ER-2 high-altitude (20 km) aircraft on August 26, 2004. Pixel size of the AVIRISS)MA
images was ~17 (34) m. AVIRIS swath width at this altitude was 11 km, requirinigleult
parallel, overlapping swaths to image the bay. The northern bay was imageddnjjaeent
swaths acquired in ~ 27 minutes. The MAS swath width (37 km) permitted imaging muest of t
bay during each overpass. AVIRIS imagery was atmospherically carnesiteg an algorithm
developed for hyperspectral remote sensing (Gao et al., 2000). Having contiguoubddsm
AVIRIS enabled imaging of bloom intensity by detection of spectral shifteeim¢ean surface
reflectance peak near 700 nm that are associated with intense blooms (Gawee06e6,
Schalles, 2006, Dierssen et al., 2006). Ocean color and thermal imagery were demved fr
MAS data. SST was computed from the at-sensor radiance using the MAS 11.03 hacnogl ¢
and the emissivity function in the ENvironment for Visualizing Images (ENMtyware. The
resulting SST images were calibrated with concurrent SST data from the nsd@iimgye 1).
We computed a bloom index (Bl), similar to the MCI index of MERIS, from MAS atesens
radiance data (next section).
2.3. Multi-spectral Remote Sensing Algorithms

All multispectral ocean color algorithms used in this study quantify bloomsityefrom
upwelling radiance in the red — near infrared (NIR) region of the spectrum. Thepgbe
region of the spectrum can occur between ~685 and 710 nm, depending on the concentration and

type of phytoplankton and other particulate and dissolved constituents, and it shifteto long
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wavelengths with increasing bloom intensity (Gower et al., 2005, Schalles, 20G&€biet al.,
2006). The methods of deriving bloom imagery are illustrated in Figure 2. Centers of the
radiance measurement bands used for each sensor (triangles) are showertoeltlectance
spectra measured in phytoplankton-dominated waters of Monterey Bay. Bloom intessity
guantified as the amount that upwelling radiance in the center band exceededlzabpbae
derived from radiance measured in the adjacent bands. Linear baselinalkhdeeeight are
shown for the MAS bands applied to the spectrum from the higher chlorophyll wakers. T
linear baseline method is well established for both MODIS (Letelier abdtAd996) and
MERIS (Gower et al., 2005). The primary difference is that the MODIS fluaresdme height
(FLH) center band at 673-683 nm is placed to measure algal chlorophyll fluoeesceission,
whereas the MERIS maximum chlorophyll index (MCI) center band at 709 nm is pdaced t
measure strong reflectance in the NIR caused by extremely derssesactumulations of
phytoplankton. Because the airborne MAS sensor does not have a chlorophyll fluorescence
band, but does have a band centered in the NIR, the algorithm results in an “extreme bloom”
characterization similar to MERIS MCI.

2.4. Moorings

Two moorings, one at the mouth of Monterey Bay (M1) and the other in northern shelf
waters (MO) monitored oceanographic and atmospheric variation (Figure 1). Eneablosis
include winds at M1, water velocity at both moorings, and salinity and chlorophyll fheoress
at MO. Surface wind speed and direction were measured by a RM Young model 05103 wind

monitor. Temperature and salinity were measured by Sea-Bird micauductivity,

temperature, depth (CTD) sensors at 3.5, 10, 20, 40, and 60 m. Chlorophyll fluorescence at 2 m

was measured by a WetLabs backscattering and fluorescence sensor, @nickadimgs were
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calibrated using extracted chlorophyll measurements of water sank#esiaxt to the sensor
regularly during the study period. Water velocities at MO and M1 were measuRid b
Instruments Workhorse acoustic Doppler current profiler (ADCP) instrumeetsauBe shallow
circulation transported the bloom, we examined only velocity above 20 m at both locations. The
shallowest ADCP velocity measurements at MO (M1) are at 10 (20) m.

2.5. Autonomous Underwater Vehicle

The MBARI AUV Dorado was deployed during the period of bloom expansion,
surveying repeatedly from the inner northern shelf to the mouth of the bay andgtbes
region from which the dinoflagellate bloom spread. The speed of the AUV during sungys wa
~1.5 m &, and the vehicle pitch through a sawtooth sampling pattern was 30°. These sampling
attributes provided synoptic high-resolution sections through shelf waters. ThevA8)V
equipped with a sensor suite for measuring physical, chemical and opticaliprop@re
present observations from three sensors: a SeaBird SBE 25 CTD that measpesdttee and
conductivity, a Paroscientific 8CB/4000-I pressure sensor, a HOBI Labs HSe2 deats
measured optical backscattering at two wavelengths and chlorophyll fluzzcesead an in situ
ultraviolet spectrophotometer (ISUS) sensor that measured nitrate gatioest(Johnson and
Coletti, 2002).
2.6. Phytoplankton

As part of a long-term monitoring program, surface phytoplankton samples have been
collected approximately every three weeks since 1989 at stations C1 and WM& (Big
Enumeration was done on glutaraldehyde-preserved samples of surface wholdtergtd onto
Poretics, polycarbonate, 0.2um pore size, 25mm diameter membranes. Preparedstide

analyzed under epifluorescence microscopy using a Zeiss Axiophot microscope, and
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phytoplankton were identified to functional group at a minimum and to species for the more
abundant organisms. Biomass estimates (carbon per liter) were computenflagdilates and

diatoms. Cell volume estimates were made from measurements of caly demsnts),

dimensions and shape, using equivalent standard geometric shapes. Conversion to carbon used

the equations of Eppley et al. (1970): [leG = 0.94 log, Volume — 0.6] for dinoflagellates and

[log10C = 0.76 logp Volume — 0.29] for diatoms (Buck et al., 1996, 2005).

3. Results
3.1. Bloom Period Overview

The red tide bloom that is the focus of this study caused the strongest bio-ogriahl s
measured at mooring MO (location in Figure 1) during 2004. Near-surface chldrophyl
concentrations increased by a factor of 3 to 4 at this location during late Alugusth early
September (Figure 3a). This increase in biomass occurred in two peaks WiPaday period.
Between the two peaks, the rapid decline and rise in chlorophyll concentratiospcoded
with a similar pattern in salinity, with an approximately 1-day lagrigglieading). Through
this period of rapid changes in chlorophyll and salinity, winds varied from upwédagable
(from the NW, 8/24 to 8/28), into a strong wind relaxation / reversal (8/28 to 8/30), and back to
upwelling favorable (8/31 to 9/5). As remote sensing and in situ observations show, this wind
forcing had profound influences on the development of a major red tide bloom. This bloom will
be examined through three phases: expansion, dispersion and retention.
3.2. Bloom expansion

Extreme bloom conditions were observed by two satellite sensors in NE MoBtgre

on August 25, 2004 (Figure 4a). The exceptionally high MERIS MCI signal of this bloom patch
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indicates very high near-surface chlorophyll concentrations. Model studiegeénitiaaan MCI
value of 2 corresponds with surface chlorophyll concentrations of #g08(Unpublished
results using model described in Gower et al., 2005). Although this bloom patch was ngt directl
sampled, extracted surface chlorophyll concentrations exceedinggd0have been repeatedly
measured in dinoflagellate blooms in this area of the bay (Ryan et al., 2008b), and values
exceeding 100Qg I'* were measured in a 2006 bloom (Kudela, unpublished data). The MODIS
true color image shows reddish brown discoloration of surface waters in the blaom reg
(Figure 4a). Recently upwelled water offshore of the bloom patch is evidémt esal SST
patch in the outer northern bay (Figure 4a). At that time, southern Monterey Bhaiyesklow
FLH.

The strong bloom was still present in the NE bay on August 27, as evidenced by the
reddish color of surface waters and high FLH (Figure 4b). The major change svarmtiday
period was the appearance of reddish waters with high FLH in the southern baybayuter
currents (Figure 4a,b) were of sufficient magnitude to have transported bloors fr@te the
northern to the southern bay, a maximum distance of ~ 25 km, during the two days. Tle satelli
image of August 27 (Figure 4b) coincided with a period of gradually decresaindy and
rapidly increasing chlorophyll concentrations at mooring MO (Figure 3a),stensivith
advection of a salinity gradient and bloom waters past the mooring.

Although no clear satellite imagery of Monterey Bay was acquired on August &y dur
a critical stage of the bloom expansion (Figure 4a,b), airborne remote sensing day
observed structure and transport of the bloom (Figure 5). High-resolution SST mdye clear
showed the upwelling filament extending across the mouth of the bay from the north, and the

sharp SST front of ~°Z between the upwelling filament and warm waters of the northern bay



O©CO~NOOOTA~AWNPE

12
(Figure 5a). The cool waters were evidently flowing into the central bayyid@ne circulation
over the northern bay, evident in the mooring currents and SST pattern. The bloom index (BI),
which accentuates extreme bloom conditions (Figure 5b), showed the highest bloonmglgmal i
NE bay (Figure 5b), where the bloom had been observed by MODIS and MERIS the previous
day (Figure 4a). The band of highest Bl was along a thermal front (FiguBy%ugust 26,
some of the most intense bloom was advected seaward and southward (label P in Figure 5b).
This patch was connected to the bloom source region by a thin filament of enhanced Bl (labe
in Figure 5b). The inshore bloom patch was in the warmest waters of the bayshioeeopatch
was also in warm waters, and warm filaments extended between the paighes%g,b).
These patterns indicate that warm bloom waters of the NE bay were transpistiedecdind
entrained southward along the flank of the upwelling filament.

AVIRIS hyperspectral imaging showed that much of the advecting bloom exhibited a
spectral peak in bands centered at 701 and 711 nm (inset of Figure 5b). Chlorophyll
concentrations and remote sensing reflectance spectra measured in sgadliffierent bloom
(Figure 2) showed spectra peaking at 700 nm in waters having chlorophyll conaestra
exceeding 50 ug't Thus the regions of the bloom exhibiting a spectral peak in the 711 nm
band likely contained chlorophyll concentrations significantly higher than 50'pgslindicated
by the very high MCI corresponding to ~400 1§ (Eigure 4a).

In addition to the most concentrated patches, moderate Bl values were evidentolve

of the northern bay and extending into the southern bay (Figure 5b). This signal extetiged fur

south in the outer bay, consistent with southward advection of bloom waters and mixing with the

upwelling filament that was evidently flowing into the bay (Figure 5a). Ambamages of the

bay acquired one hour apart illustrate mixing of the advected bloom with recentileg
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waters (Figure 6). During this brief period, the nearshore bloom patch and theswaraters
moved northward and onshore (arrow 1 in Figure 6a-d). Concurrently, the warm bloom patch
adjacent to the upwelling filament moved southward (arrow 2). The changes in SST around the
offshore patch indicate that strong mixing occurred between the warns\lateing seaward
from the inner bay and the cool, recently upwelled waters (arrow 2 in Figure 6a,c)

The AUV surveys across the northern bay on August 26-27 mapped the transport of
warm bloom waters. Because the night-time survey was south of the daytuag @igure 5a),
and shallow transport over the outer bay was southward, the AUV sampling was quasi-
Lagrangian, providing the opportunity to sample the same bloom patch. Southward transport of
warm waters inshore of the upwelling filament is evident as the expanded donfaatia# s
warm water between the first and second transects (15 and 16°C isotherms if7 BigyreThe
bloom is defined by chlorophyll fluorescence exceeding tfepcentile of all measurements
from the two surveys (shaded areas in Figure 7). During the day, chlorophydkfieace was
highest near the surface, within the shallow, warm, low-nitrate waters€si@ a,b). During
the night of August 26/27, the bloom was below the warm surface layer, in watersesf high
nitrate concentration (Figures 7 c¢,d). Non-photosynthetic quenching of fluorescaulde w
result in the opposite pattern, with reduced (enhanced) fluorescence at the duriiag daytime
(nighttime). Further, optical backscatter exhibited the same patterroaspthyll fluorescence
(not shown). This change in the vertical distribution of phytoplankton, with downward
displacement of the population at night into colder, more nutrient-rich water, isteonsvith
the migratory behavior of dinoflagellates, which can swim into the nutriclinegitive night for

nutrient uptake (Cullen and Horrigan, 1981, Heaney and Eppley, 1981, Donaghay et al., 2006).
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3.3. Bloom dispersion

By August 31, the distribution of the bloom had changed significantly. Following the
wind reversal (Figure 3b), flow into the bay from the south brought relatively chiglquator
waters, which flushed and mixed with bloom waters in nearly the entire soutlyeextended
into the northern bay, and forced bloom waters out of the northern bay (Figure 4c). The patche
of high FLH still exhibited a reddish brown color (Figure 4c). Northward flow cordinue
through September 1, bringing cool waters from the Point Sur upwelling into the southern bay
(Label 1 in the SST image of Figure 4d). Flow at both moorings was onshore. Weak gpwellin
had resumed the previous day (Figure 3b), and SST indicated flow of cool, recentledpwel
waters into the northern bay (Label 2 in Figure 4d). These flows further éidghesbloom. A
bloom patch flushed from the bay is identified by label 3 in Figure 4d. By September 3t flow
the moorings remained onshore and turned southward at MO, and flow of cold upwelled waters
into northern bay further dispersed the bloom (Figure 4e). Outside the bay, the upwelling
filament flowed offshore, characteristic of the bifurcated flow of upweglfilaments (Rosenfeld,
et al., 1994). The bloom patch flushed from the bay advected southward and was reduced in
magnitude (Label 3 in Figure 4e). Observations from mooring MO showed the hydhicgad
bio-optical changes associated with the flushing and mixing. Chlorophyll ccostoemsrand
salinity dropped precipitously on August 31 — September 1 when the lower salinity, chlerophy
poor offshore waters arrived at the mooring site (Figure 3a).
3.4. Bloom retention

While most of the bay exhibited relatively low FLH following bloom dispersion and the
return of upwelling, an intense bloom patch was retained in nearshore waters of the NE ba

This patch appeared ruddy brown in the MODIS true color image and exhibited higénidLH
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MCI (Figure 4e).
3.5. Phytoplankton community changes

Previous studies have examined dinoflagellate species data from northeamipgs
during summer and fall of 2004 (Curtiss, 2008; Kudela et al., 2008). Here we present previously
unreported dinoflagellate and diatom data from the central bay (stations C1 and Md 1frigur
that are relevant to understanding influences of the dinoflagellate bloom dgn@mable 1).
Samples were acquired on August 17, preceding bloom expansion, and September 8gfollowin
bloom dispersion. Dinoflagellates dominated biomass on August 17 by a factor of 2. igllowi
bloom expansion and dispersion, dinoflagellate dominance increased to a factoPséutio-
nitzschia species dominated diatom biomass on August 17, and their absence in samples from

September 8 accounted for the sharp decrease in diatom biomass.

4. Discussion
4.1. The upwelling shadow

The “upwelling shadow” in northern Monterey Bay is of particular relevandeeto t
observed bloom dynamics. Upwelling shadows strongly influence patterns ofweester
distributions, fronts, and circulation, thereby determining distributions of nutaedtplankton
(Graham and Largier, 1997, Castilla et al., 2002, Narvaez et al., 2004). One influbece is t
cyclonic circulation that develops within northern MB during upwelling. Thisilzton
entrained part of the bloom and transported it alongside an upwelling filamert, spngad the
bloom southward. Another influence of the upwelling shadow is retention. Retention was
evident during two phases of the bloom. The first phase was bloom expansion. Despite the

strong cyclonic flow transporting part of the bloom seaward and southward, adéejepthe
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bloom remained in the NE corner of the bay. This is the same area where dudlites bave
indicated a strong retention zone (Ryan et al., 2008b). The second phase of retentied occur
when much of the bay was flushed by two water masses: warm offshore whdsved by cold
upwelled waters. Data from two satellite sensors on September 3 confirmestithdée waters
were retained in the northernmost upwelling shadow while most of the rest of thacdbbgen
dramatically changed by these water mass influxes. The NE bay thustiedabot only as the
source region for the expanding bloom, but also as a refuge from dispersion.

4.2 Bloom transport and water mass mixing

The SST changes observed within the bloom patch as it was entrained by the upwelling
filament and transported southward indicate significant mixing of bloom waitrsaeently
upwelled waters. Thus the bloom was not only transported, but also presumablydésiilize
relatively nutrient-rich upwelled waters. The high-resolution remote semsirggied that
cross-frontal mixing extended along much of the front, including the northernmumst veere
it is dominated by buoyancy, and the southern portion dominated by shear (Graham sd Larg
1997). High-resolution SST showed that lateral mixing was stronger in the emrsdbuthern
bay, i.e. along the southern, shear-dominated portion of the front and where influx ofrecentl
upwelled waters into the bay was greatest. The more diffuse bloom pattdresantral and
southern bay were consistent with relatively strong cross-frontal andstrelésnixing.
4.3. Biological-physical interactions

Dinoflagellate blooms in NE Monterey Bay can form extremely dense pamsati
aggregated near the surface. The great intensity of blooms in this regiorers t@labt only
favorable growth conditions for dinoflagellates, but also concentration of populations by

biological-physical interactions (Ryan et al., 2008a). A key physical precesavergent
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surface flow. Dinoflagellate populations transported into convergent frontal zamég c
concentrated if their upward swimming is sufficient to overcome downwelling in the
convergence (Ryther, 1955; Franks, 1997; Stumpf et al., 2008). This process is indicatéd by hig
resolution remote sensing and in situ observations of blooms in the NE bay (Ryan et al., 2005;
Ryan et al., 2008b). In the present study, as the bloom was being transported, it was highly
concentrated along a thermal front. The frontal zone extended across watersed by the
intruding upwelling filament into the warmest waters containing the bloom. niitueling
filament flowed toward the bloom and northern shore, consistent with forcing of convengence
the bloom area. Thus, the same physical dynamics that were stirriogalegater masses and
spreading the bloom probably generated the front in which the bloom was highly condentrate
Bloom concentration, in turn, may have also intensified the front. The spatial caceiolethe
most intense bloom patch with the warmest waters indicates that the bloom maytérasiGed
shallow light absorption and heating, a process that can be significant ifl e@dsta (Dugdale
et al., 1987; Cabhill et al., 2008).

Interaction between the ecophysiological characteristics of bloom pamsg®mayda,
1997) and the physics of bloom transport are also evident in this skadiiwo sanguinea,
Ceratium spp., andCochlodinium fulvescens dominated this bloom, and these phytoplankton
have consistently dominated blooms observed in this region (Ryan et al., 2005; Kudela et al.,
2008; Curtiss et al., 2008). These phytoplankton are of the “mixing-drift” type (2ma90o0;
2002), which are adapted to dynamic and rapidly changing conditions forced by wgiiabil
coastal upwelling, including the high velocity zones of fronts, entrainment lsjatcarrents
and responses to wind relaxation. The intensification of dinoflagellate dominancéral ce

Monterey Bay following bloom expansion, dispersion and mixing indicates that ttiespe



O©CO~NOOOTA~AWNPE

18
comprising the bloom were successfully adapted to energetic environmentailitsares is
characteristic of mixing-drift phytoplankton.

4.4. Other coastal upwelling regions

The GEOHAB (Global Ecology and Oceanography of Harmful Algal Bloonzgram
espouses a comparative approach to studying HAB ecology, in which natuntsl &nee
compared and contrasted within and between regions to elucidate common fordiagisras
as well as regionally distinct influences (GEOHAB, 2005; Anderson et al., 2005aketdd.,
2008). There is growing evidence of bloom incubation in sheltered regions of coastdihgpwel
systems, including northern San Louis Obispo Bay on the California édaslo{ine, personal
communication), Lisbon Bay on the Iberian codsti(a et al., 2006), Paracas Bay in the Peru
upwelling system (Kahru et al., 2004), and St. Helena Bay in the southern Benguelangpwel
system (Pitcher and Nelson, 2006; Fawcett et al., 2007). Of these locations, jexlmpstt
thoroughly characterized is St. Helena Bay. Shared characteristics adr®oBay and St.
Helena Bay include: (1) upwelling flows separate from the coast and exdess anouth of bay,
creating distinct zones and sharp frontal boundaries; (2) retention inshore of thlengpwe
plumes favor stratification and development of dinoflagellate blooms, and retentioteiste
during both upwelling and relaxation; (3) intensity of the dinoflagellate bloonrsgsy
influenced by physical concentration mechanisms. In Monterey Bay, @niftemodel studies
indicate that strong nearshore poleward currents develop within and adjacent todbarizay
wind relaxation/reversal (unpublished results), suggesting a potentildrgyio St. Helena
Bay, however none of the limited Monterey Bay drifter observations were madg ced tide
bloom periods. Due to limited observations, definitive differences between theadgitzite

ecology of these systems are less certain. One apparent differéimaewnhile red tide is
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primarily a relaxation-period phenomenon in St. Helena Bay, the present studytehoved
tide can persist in Monterey Bay through upwelling and relaxation. Anotherappi#ference
is that while blooms are transported poleward and retained within St. Helerliay
relaxation, our study shows significant bloom flushing from Monterey Bay dwelagation.
Some key comparative aspects are simply unexplored. For example, dinaBagetiaumulate
in the frontal zone across the mouth of St. Helena Bay during upwelling, but studies eréyiont

Bay have not specifically sampled fronts to evaluate this possibility.

5. Conclusions
Coastal areas having the conditions that generate frequent intense blodnas, suc

northern Monterey Bay, may disproportionately influence the greater cossiake ecosystems
in which they reside. Subject to rapid changes in circulation that result yraopts weather
patterns, such “bloom incubators” may serve as seed sources to adjaceneovastanents.
Identification of particularly active bloom sites and understanding of ddestaport patterns
are prerequisite for determining where in situ monitoring resources atenserled. Emergent
coastal ocean observing systems are essential to advance this challesegmgh area that has

significant implications for ecosystem and human health.
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Figure Captions
Figure 1. Climatological SST for the study computed from August — October, 2002 — 2007
MODIS SST. Upwelling centers are at Point Aiilo Nuevo and Point Sur. Mooringsatsstat
MO and M1 provided meteorological and oceanographic data used in this study. MO is on the
northern shelf in 75 m water depth; M1 is over Monterey Submarine Canyon in 1000 m water
depth. Surface phytoplankton samples were taken at station C1 and mooring M1 during the

study.

Figure 2. Methods to quantify bloom intensity from multi-spectral remotersggn3ihe centers

of sensor measurement bands used in the remote sensing algorithms are maiked| &y for
MODIS chlorophyll fluorescence line height (FLH), MERIS maximum chloytiphdex (MCI),
and MODIS Airborne Simulator (MAS) bloom index (Bl). For each sensor, only the blareds
covering the spectral range of chlorophyll fluorescence and bloom red/NéRtaeite, i.e. those
used for bloom imaging, are shown. Band widths differ between bands on the samesednsor,
between the multispectral sensors. The two reflectance spectra aia gitunmeasurements in
Monterey Bay on September 21-22, 2006, using a Satlantic Profiler II. Note tipaithaear

700 nm rises and shifts to longer wavelengths at higher chlorophyll concentrations

Figure 3. (a) Chlorophyll and water mass changes measured at mooring MO. Shown ar
chlorophyll at 2 m, and the average of salinity measured at 3.5, 10 and 20 m. The hourly time
series were 33-hour low-pass filtered to exclude diurnal and tidal signal33-flour low pass
filtered winds at mooring M1 during the bloom expansion and dispersion period. The times of

MODIS images presented in Figure 4 are marked by diamonds and vertical lines
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Figure 4. Description of bloom development from satellite remote sensingesnaae true-color,
fluorescence line height (FLH) and sea surface temperature {883d¢s from the MODIS

satellite sensor, and the maximum chlorophyll index (MCI) from the MER&lisatensor.

Vectors represent ADCP-measured velocity at 20 m depth at mooring M1, and in theadgpt
10-20 m at mooring MO, averaged over the 24 hour period preceding each image. The base of
each vector is at the mooring location; a reference vector of 25 @rskown in (a). Numbers

in (d) and (e) identify features described in the text. Image times are shlagwerto the

mooring observations in Figure 3.

Figure 5. High-resolution airborne remote sensing of bio-optical and physicalicoadiuring a
critical phase of bloom expansion. a) SST and b) bloom Index (Bl) are from MORI&Ae
Simulator (MAS) imaging on August 26, 2004. Vectors in (a) represent ADCRsredas

velocity at 20 m depth at mooring M1, and in the depth range 10-20 m at mooring MO, averaged
over the 24-hour period preceding image acquisition. The base of each vector is at thg moor
location; a reference vector of 25 cthis shown in (a). The white lines show the transects made
by the AUV on August 26-27 (see Figure 7). The inset of (b) shows the peak neféecta
wavelengths of the red tide bloom in the far red — near infrared, measured concbgrentl

AVIRIS.

Figure 6. lllustration of bloom advection from high-temporal-resolution airb@emete
sensing. MAS SST and bloom Index (Bl) images were taken ~ 1 hour apart on August 26.

Arrows serve as fixed spatial references. The sequence illustratesnent of bloom waters
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northward near shore (arrow 1) and southward along the inshore edge of the upwaftiegtfil

(arrow 2). The white contour is the 16.25°C isotherm.

Figure 7. Observation of bloom transport made by autonomous underwater vehicle (AUV).

AUV transect locations are shown in Figure 5a. The daytime survey on August 2@nvdkdr
northern transect (a,b); during the subsequent night a survey was run along the sogthern li

(c,d). Both AUV surveys progressed from onshore to offshore, sampling between 2 m and near
bottom; only the depth range 2 to 20 m is shown. High phytoplankton abundance is indicated by

shading, relative to temperature (contours in top panels) and nitrate (contoursnm [metiels).
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Table 1L Statistics of phytoplankton biomass for autotrophic dinoflagellates and diatams-at t
series stations C1 and M1 (summed) during the dinoflagellate red tide bloom period. See
methods for description of biomass estimates.

17 August 8 September
Dinoflagellate biomass (ug C %) 556 1667
Diatom biomass (ug C ) 246 34
Dinoflagellate/diatom biomass ratio 2.3 49
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