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In July 2009, an unusually intense bloom of the toxic dinoflagellate Alexandrium catenella occurred in the Gulf of
Maine. The bloom reached high concentrations (from hundreds of thousands to one million cells L’l) that dis-
colored the water and exceeded normal bloom concentrations by a factor of 1000. Using Medium Resolution
Imaging Spectrometer (MERIS) imagery processed to target chlorophyll concentrations (>2 pg L™1), patches of
intense A. catenella concentration were identified that were consistent with the highly localized cell concen-
trations observed from ship surveys. The bloom patches were generally aligned with the edge of coastal waters
with high-absorption. Dense bloom patches moved onshore in response to a downwelling event, persisted for
approximately one week, then dispersed rapidly over a few days and did not reappear. Coupled physical-
biological model simulations showed that wind forcing was an important factor in transporting cells onshore.
Upward swimming behavior facilitated the horizontal cell aggregation, increasing the simulated maximum
depth-integrated cell concentration by up to a factor of 40. Vertical convergence of cells, due to active swimming
of A. catenella from the subsurface to the top layer, could explain the additional 25-fold intensification (25 x
40=1000-fold) needed to reach the bloom concentrations that discolored the water. A model simulation that
considered upward swimming overestimated cell concentrations downstream of the intense aggregation. This
discrepancy between model and observed concentrations suggested a loss of cells from the water column at a
time that corresponded to the start of encystment. These results indicated that the joint effect of upward
swimming, horizontal convergence, and wind-driven flow contributed to the red water event, which might have
promoted the sexual reproduction event that preceded the encystment process.

1. Introduction

The toxic dinoflagellate Alexandrium catenella (previously Alexan-
drium fundyense, Prud’homme van Reine, 2017) has a major economic
impact on molluscan shellfisheries on the coastal northwest Atlantic due
to the risk of paralytic shellfish poisoning (PSP, Anderson et al., 1990),
especially in the Gulf of Maine (GOM, Fig. 1). As an example, in 2005, in
the state of Massachusetts alone, economic losses of as much as $50
million were caused by an extensive A. catenella bloom (Jin and Hoag-
land, 2008). The Alexandrium blooms in the Gulf of Maine start in spring,
typically April, and persist into summer when the remainder of the cells
may encyst. These cysts settle into the sediment to over-winter
(Anderson, 1998).
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While these blooms are described as “red tide”, this is typically a
misnomer. PSP, which results from shellfish that have accumulated
saxitoxins, can occur with low cell concentrations of only several hun-
dred cells L7, During bloom conditions (Smayda, 1997), A. catenella
rarely reaches concentrations of more than a few thousands cells L™
(equivalent to much less than 1 pg L™ chlorophyll-a), and is thus
insufficient to discolor the water. In contrast, Karenia brevis, the dino-
flagellate that causes Gulf of Mexico “red tide”, has a similar size but a
toxin risk starting at 5000 cells L1, and typically accumulates to >10°
cells L1 (equivalent to 1 pg L™! chl-a) at which concentration K. brevis
does discolor the water.

Understanding the A. catenella bloom in the Gulf of Maine, especially
at seasonal to interannual time scales has been a major focus during the
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Fig. 1. MERIS-derived relative chlorophyll concentrations (ug L™%) for July 6,
9, and 12 of 2009 during the red water event. Gray contours highlight 50, 100,
and 200-m isobaths. Important geographic locations are labeled on the top
panel. Black diamond represents the location of NERACOOS buoy B where wind
measurements were collected (shown in Fig.2), and black cross stands for the
Wilkinson Basin (WB) location of the sediment trap where time series of cyst
data was collected, as described in Pilskaln et al., 2014 and McGillicuddy et al.,
2014. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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past two decades. Kleindinst et al. (2014) classified the bloom into three
categories (‘limited’,’moderate’ and ‘extensive’) by the extent of the
annual shellfish bed closure for coastal New England states due to PSP.
The most extensive recent bloom occurred in spring and summer 2005,
causing extensive shellfish bed closure along the coast (Anderson et al.,
2005a). A large deposition of cysts in the fall prior to the bloom year may
be crucial for the bloom initiation (Anderson et al., 2005b). Combining
in situ observations with coupled physical-biological numerical
modeling efforts, McGillicuddy et al. (2005) provided insights into the
mechanisms responsible for bloom initiation and development. In that
study, seasonal evolution of the bloom was found to be
temperature-dependent  during bloom initiation and more
nutrient-dependent in June-August. Environmental pressures, like
nutrient depletion, may also influence the timing and magnitude of cell
removal by encystment (McGillicuddy et al., 2005).

The results of physical-biological models have suggested that cyst
abundance in the western Gulf of Maine may serve as the first-order
predictor of next year’s bloom (He et al., 2008; Li et al., 2009). Other
environmental factors modify the scale of the bloom. The major bloom
in 2005 was associated with strong downwelling in May, and
warmer-than-usual temperature in the western Gulf of Maine (He and
McGillicuddy, 2008). In contrast, a moderate bloom took place in 2006
and was associated with normal wind and hydrodynamic conditions (Li
et al., 2009). In 2010, a weaker-than-expected bloom occurred, despite
high cyst abundance the previous fall. The suppression of the bloom was
largely due to nutrient-depletion as a result of the intrusion of an
anomalous water mass into the Gulf of Maine as well as an
earlier-than-normal spring bloom of the phytoplankton population. The
combined physical, biological, and chemical properties work in concert
to influence the bloom after excystment occurred (McGillicuddy et al.,
2005, 2011; Li et al., 2014).

Downwelling in the Gulf of Maine has previously been presented as a
factor in dinoflagellate bloom development, as downwelling can sweep
cells into the coastal plume, which leads to increased concentration near
the coast (Franks and Anderson, 1992; McGillicuddy et al., 2003). A
similar effect of downwelling circulation ‘sweeping’ cells to the coast
was described for K. brevis blooms along the Texas coast (Hetland et al.,
2007). In 2009, downwelling-favorable winds occurred from mid-June
to early July, a duration not seen during the same summer periods of
other recent years. A drifter released near Portsmouth followed a track
consistent with this downwelling tendency. The red water event in early
July followed the persistent downwelling-favorable winds (Fig. 2,
highlighted period is embraced by arrows), which is unusual during
mid-summer.

A unique behavior of dinoflagellates is the ability to swim actively
towards light and/or nutrients (Kamykowski et al., 1992). Swimming
behavior leading to changes in vertical concentration can be observed
from Lagrangian optical drifters (Schofield et al., 2006), and from sat-
ellite observations (Tyler and Stumpf, 1989; Choi et al., 2013; Lou and
Hu, 2014). Swimming behavior coupled with wind-induced transport,
can accumulate cells at frontal boundaries (Le Fevre, 1987). The com-
bination of physical accumulation and vertical swimming by di-
noflagellates has been well demonstrated to facilitate cell aggregation
(Tyler and Seliger, 1981; Franks, 1992; Litaker et al., 2002; Janowitz
and Kamykowski, 2006; Stumpf et al., 2003, 2008). For example,
chlorophyll biomass of K. brevis along Southwest Florida can increase
10-fold in a day along a front (Stumpf et al., 2008). Along the Texas
coast, while wind-driven flow transports K. brevis cells to the coast,
upward swimming keeps the cells near the surface so they do not exit
through bottom return flow, thereby leading to cell accumulation
nearshore (Hetland et al., 2007).

A. catenella is an energetic swimmer with a swimming to sinking
velocity ratio of >10:1, and is known to be highly adapted for frontal
zones compared to other types of dinoflagellates (Carreto et al., 1986;
Smayda, 2002). Offshore frontal systems can serve as sources for seeding
dinoflagellate blooms, i.e., the ‘pelagic seed bank’ (Smayda, 2002). Cells
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Fig. 2. Time series of cumulative upwelling indices (CUI) for 2004-2011 at NERACOOS buoy B in the western Gulf of Maine, initialized from May 01 of each year.
The unit for the indices is 10* m2. Vertical arrows bracket the period of strong downwelling during the late June to mid July of 2009.

entrained into coastal currents can also seed offshore habitats (Franks
and Anderson, 1992). A physical front is defined as a narrow zone of
enhanced horizontal gradient of physical properties, usually a density
front produced by salinity in coastal zones (Yentsch and Phinney, 1996).
Temperature may differ across these salinity fronts, so in certain cases
satellite sea surface temperature (SST) may indicate coastal fronts. One
study did find that thermal fronts and PSP toxins were spatially related
in the coastal region of the Gulf of Maine (Luersson et al., 2005),
although such thermal fronts are typically undetectable in spring and
summer (Ullman and Cornillon, 1999). Physical/density fronts in the
Gulf of Maine are associated with salinity changes (Incze and Yentsch,
1981; Stumpf and Goldschmidt, 1992; Hetland et al., 2015). Compared
to physical fronts, biological fronts are more complex, often associated
with biological enhancement, and small- and meso- scale blooms
featuring spatial patterns that were not generally observable in SST
fields (Belkin and O’Reilly, 2009).

Although the interannual variability of the bloom has been described
with in situ measurements, the use of satellite imagery for A. catenella
research has been rather limited. There are some practical reasons for
the lack of remote sensing applications. A. catenella is only a small
component of the phytoplankton assemblage in the Gulf of Maine, thus
normally not the major contributor to the biomass (Love et al., 2005). If
patches of high biomass blooms occurred in the past, we have lacked
high-resolution satellite products and concurrent field observations to
identify these patches. July 2009 was the first time we had satellite
images concurrent with field observations to confirm a A. catenella
bloom event that affected water color. During this time period,
A. catenella in the Gulf of Maine developed a strong bloom that reached
concentrations that visibly discolored the water. McGillicuddy et al.
(2014) used Medium Resolution Imaging Spectrometer (MERIS) 1-km
data to show broad spatial and temporal patterns of chlorophyll in the
Gulf of Maine that could be associated with A. catenella. However,
identification of the bloom patches is not possible with this
low-resolution satellite data.

The 2009 Gulf of Maine bloom diminished shortly after the ship-
board observations of discolored water (McGillicuddy et al., 2014).

Details of the initiation and disappearance of the extreme bloom were
not possible with the limited in situ data. In this paper, we seek to un-
derstand the coupling of wind-induced downwelling (convergence) and
upward swimming in aggregating cells during the red water event. To do
this, we synthesize additional observational and satellite data, along
with numerical model simulations that incorporate finer-scale spa-
tial-temporal behavior of these blooms to better understand the process.

2. Methods

Satellite data processing. Satellite data sets have been used to aid in
understanding the dynamics of other dinoflagellate blooms that develop
to high concentrations (e.g., Tyler and Stumpf, 1988; Raine et al., 2001;
Stumpf et al., 2008). Of the several ocean color sensors that were
available during the study period, MERIS, on the European Space
Agency’s Envisat-1, provided the highest resolution with bands suitable
for discriminating chlorophyll in coastal optically complex waters.
Level-1 MERIS full-resolution imagery (nominal 300 m resolution) was
obtained from the NASA Ocean Color web site (oceancolor.gsfc.nasa.go
v) and processed with the NASA’s SeaDAS software version 7.0.1 (NASA,
2013) to obtain Rayleigh-corrected albedo (standard "rho_s" or ps prod-
uct). Products were mapped to universal transverse Mercator (UTM) at
300 m with nearest neighbor interpolation. The p; was used to allow
subsequent analysis without the negative radiances that standard at-
mospheric corrections can produce in highly colored waters, which are
particularly likely to occur in dense surface accumulations of cells.

The Gulf of Maine has both case I (bio-optically simple) and case II
waters. Examining an intense bloom requires a robust algorithm that
specifically targets chlorophyll (including high concentrations), while
avoiding ambiguities due to colored dissolved organic matter, which is a
significant issue with plumes originating from Maine’s tannin-rich rivers
(Balch et al., 2016; Yentsch and Phinney, 1997). Estimation of cell
concentration was based on chlorophyll concentration estimated using a
ratio of 709 nm (near-infrared) and 665 nm (red) bands (Gilerson et al.,
2008; Moses et al., 2012). The 665 nm band is positioned on a strong
absorption zone of chlorophyll-a; the near-infrared is insensitive to
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absorption by all substances in water, except the water itself.
Near-infrared/red ratios can quantify chlorophyll in photosynthetic
dinoflagellate blooms, even with less sensitive near-infrared measure-
ments at wavelengths above 720 nm (Stumpf and Tyler, 1988). This 709
nm algorithm detects chlorophyll concentration within 1-m of the sur-
face, which is compatible with the positively phototactic (upward)
swimming of A. catenella (Anderson and Stolzenbach, 1985).

For atmospheric correction, the 885 nm band was used presuming a
maritime atmosphere (Stumpf and Pennock, 1989). Errors resulting
from aerosol type in this type of algorithm are small and systematic only
over broad scales (Stumpf and Tyler, 1988). Combining the chlorophyll
algorithm and atmospheric correction gives chlorophyll (C):

C = a[(p,(709) —p,(885)) / (p,(665) —p,(885))] — —b @

using the Gilerson coefficients of a = 61 yg L 'and b = 38 ug L. The
algorithm is insensitive to chlorophyll-a < 2 ug L™1. Gilerson et al.
(2008) and Stumpf and Tyler (1988) indicated the linear ratio algorithm
with these spectral bands is valid to chlorophyll-a >100 pg L™!. We
compared our results with the MCI (Maximum Chlorophyll
Index)-derived counterpart (Gower et al., 2005). The MCI (not shown)
only detected the densest concentrations in some of the high concen-
tration patches, likely because the MCI is only sensitive to chlorophyll
concentrations greater than about 10 ug L™! (Binding et al., 2013). The
Gilerson method detected the spatial distribution of the bloom over a
much larger area, giving much more information on the bloom
distribution.

To further understand the process of the coherence variance of water
mass boundaries (and associated density fronts) with biological patches,
spectral marine absorption products using the Quasi-Analytical Algo-
rithm at 443 nm (QAA, Lee et al., 2002, 2009) by both MERIS and
Moderate Resolution Imaging Spectro-radimeter (MODIS) were pro-
cessed to reflect the riverine sources. Satellite-derived absorption (agg)
produced by colored dissolved organic and particulate matter, i.e.,
CDOM and detrital material) has been shown to capture salinity varia-
tions near the coast, which would represent coastal low salinity water
masses (e.g., Stumpf and Goldschmidt, 1992; Balch et al., 2004; Bai
et al., 2013; Salisbury et al., 2011). As supplemental analysis, to deter-
mine if the variations in biological patches were associated with thermal
gradients, sea surface temperature (SST) imagery from the MODIS on
NASA’s Aqua and Terra satellites was processed and subsequently
mapped at 1.1 km resolution for the same area and time of interest. No
SST fronts were found to be associated with the biological patches in the
coastal area. Perceptually uniform color scales (viridis on QAA and SST)
were used on the satellite imagery to allow visualization of gradients or
fronts (Liu and Heer, 2018).

Cumulative Upwelling Index. To describe surface wind conditions in
June-July 2009, we computed the cumulative upwelling index (CUI) at
NERACOOS buoy B. The surface wind forcing was quantified using an
Upwelling Index (UI = 7,/pf, i.e., the offshore component of the surface
Ekman transport), following the method of Schwing et al.(1996), where
the along-shore component of wind stress 7,is calculated using the Large
and Pond (1981) formulation, pis the water density,and fis the local
Coriolis parameter. Positive (negative) UI represents upwelling (down-
welling) favorable wind conditions, respectively. The cumulative UI
(CUI) was then computed by integrating the resulting UI over time (i.
e.,CUI = :01 UIdt) between May 1 and August 1 of each year. The slope
of CUI is particularly informative, in that the most upwelling favorable
wind conditions are represented by the steepest rising trend in CUL In
contrast, a declining trend in CUI indicates that downwelling favorable
winds (negative UI) become more dominant. Similar approaches have
been applied to quantify wind-induced coastal transport events at
various oceanic regions (e.g., Hyun and He, 2010; Li et al., 2014;
McGillicuddy et al., 2014).
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3. Coupled physical-biological model

We used a coupled physical-biological model described by Li et al.
(2009) to hindcast time-space continuous hydrodynamics and
A. catenella cell fields during the red tide events between June-July
20009.

The circulation module is based on the Regional Ocean Modeling
System (ROMS, http://www.myroms.org/), a free-surface, hydrostatic,
primitive-equation model. ROMS is formulated in vertically stretched,
terrain-following coordinates (Shchepetkin and McWilliams, 2005). For
the hydrodynamic open boundary conditions (OBCs), a multi-nested
configuration was implemented to downscale global data assimilative
Hybrid Coordinate Ocean Model (HYCOM, http://hycom.rsmas.miami.
edu/dataserver) solutions to a shelf-wide ROMS model and subse-
quently to the GOM ROMS model (He et al., 2008) via a one-way nesting
approach. The method of Marchesiello et al. (2001) was applied to
prescribe boundary values of tracers and baroclinic velocity. For the free
surface and depth-averaged velocity boundary conditions, the method of
Flather (1976) was used with the external values provided by the
“parent” model. Because HYCOM does not consider tides, we also
superimposed along open boundaries tidal (Mg, Sz, No, K, Kj, O1, Q1)
sea level and depth-averaged velocity using harmonics derived from an
ADCIRC simulation of the western Atlantic (Luettich et al., al.,1992).
The Mellor-Yamada (1982) closure scheme and the quadratic drag
formulation were applied to compute the vertical turbulent mixing and
the bottom friction specification. The GOM ROMS has a spatial resolu-
tion of 3 km (2 km) in the along-shore (cross-shelf) direction, and 36
terrain-following vertical levels that have higher resolutions near the
surface and bottom to better resolve boundary layers.

The biological module is a single-component model (Anderson et al.,
2005a; Stock et al., 2005; McGillicuddy et al., 2005; He et al., 2008; Li
etal., 2009). The purpose of this paper is to better understand the impact
of wind and upward swimming on the red water event during a short
duration of time, and thus both growth (light and nutrient dependent)
and mortality and cyst germination are neglected herein. The module
can be expressed as a single advection-diffusion equation:
oc -

5 V(@ +W,)C) = V-KVC )
Local Rate of Change Advection Diffusion where C is the cell concen-
tration of A. catenella; wand W,are the fluid velocity and A. catenellaup-
swimming velocity, taken as 10 m day~! (Kamykowski et al., 1992)
throughout the model simulation in the ocean interior. K is the diffu-
sivity coefficient from the physical circulation model. On the left hand

side of the equation, %—fstands for the time rate of change for the cell

concentration C, and V-((¥ + W,)C)stands for the advection flux of
concentration due to both physical circulation and directional upward
swimming. The right hand side stands for the diffusion of the cells.

A. catenella cell concentrations (in relative units) were initialized at
surface layer based on MERIS satellite data (in the form of cell density)
in July 06, 2009. A no-gradient boundary condition was applied to cell
concentrations along the model open boundaries. The boundary setting
assumes little impact on the internal solutions (cells are conserved in all
models, see conservation calculation in Fig. S1) because the study
domain is away from the boundaries and the simulation is for a short
period.

For both shelf-scale ROMS and GOM ROMS hindcasts, surface at-
mospheric forcing, including cloud fraction, precipitation, surface
pressure and humidity, air temperature, surface wind, and shortwave
radiation were obtained from the National Center for Environmental
Prediction (NCEP), North America Regional Reanalysis (NARR). Both
NARR wind (not shown) and wind at NERACOOS (http://www.nera
coos.org/) buoy B show persistent downwelling-favorable winds dur-
ing June 20-early July. Sporadic reversals occurred during 3-6 July,
then a downwelling-favorable wind event occurred from July 6-9,
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followed by an upwelling during 9-12 July; these can be seen in the
cumulative upwelling index (CUI, Fig. 2). Spatial and temporal resolu-
tions of these forcing fields are 32 km and 3 h, respectively. They were
applied in the standard bulk flux formulation to derive wind stress and
net surface heat flux needed by the simulations. GOM ROMS also in-
corporates river runoff as an important forcing agent, for which
observed daily river runoff time series from United States Geological
Survey (USGS) were used to provide freshwater input to the model.

Given the nature of the one-way nesting, model hindcasts were
performed in sequential order. The nested shelf-scale ROMS hindcast
was performed first, in which only the hydrodynamics were computed;
then with the initial condition and OBCs from shelf-scale ROMS, the
nested GOM ROMS hindcast was carried out, in which both hydrody-
namics and the A. catenella cell concentration were simulated
simultaneously.

Details of the numerical simulations are summarized in Table 1. For
the short simulation of interest, we set up three model runs to examine
the relative contribution of upward swimming and surface wind forcing.
(1) In the first run (Exp.1, Swimming+Wind), we assumed a steady
upward swimming over the water column forced by realistic surface
wind forcing; (2) In the second simulation (Exp.2, No Swimming+-
Wind), wind forcing remained the same, while upward swimming of the
cells was switched off. The experiment thus became a passive tracer
simulation; (3) In the third simulation (Exp.3, Swimming+No Wind), we
assumed a steady swimming, with wind forcing turned off to contrast
with Exp.1 that included a downwelling event during July 6-12. (4) For
a follow up examination of model sensitivity, a model was initiated from
June 25, 2009 with uniform concentration everywhere to investigate the
impact of upward swimming on the cell accumulation.

4. Results
4.1. Satellite observations

Chlorophyll. In the central Gulf of Maine, satellite estimates of
chlorophyll-a (chl-a) with this algorithm were < 2 ug L™!, which is
typical for the area (Fig. 1). The coastal zone had estimated chl-a con-
centration of 2-8 pg L™!. In some areas, the estimated concentrations in
these areas were > 8 ug L™}, with narrow bloom patches having chl-a
accumulations estimated at 50-100 pg L™

McGillicuddy et al. (2014) reported cell concentrations of 324,000 to
2.5 million cells L1 in a bloom patch offshore of Portsmouth on July 10.
Based on the results of Anderson et al. (1990), A. catenella has a chl-a
content that varies around 20 pg chl-a cell™!. Accordingly, 1 million
cells L1 would have about 20 ug L’l, 324,000 and 2.5 million cells
would have about 6.5 pg L™! and 50 ug L' of chl-a, respectively. The
measured cell counts and satellite ocean-color estimates in the area are
consistent within 50% of that range, which is about the variability
inferred from Anderson et al. (1990). In contrast, samples taken on a
transect off Cape Ann on July 12 peaked at <10,000 cells L', While this
concentration is high for A. catenella, it would correspond to chl-a of < 1
pg L1, barely resolvable against the background concentration in the
coastal Gulf of Maine, and consistent with satellite estimates of < 2 to 3
pg L7 in that area on the same day.

On July 6, dense bloom patches (Fig. 1) spanned from the mouth of
Penobscot Bay southwestward. The downstream portion and the center

Table 1
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of mass (CoM) of the bloom patches was offshore of 100-m isobath near
Casco Bay (Fig. 3). Three days later, on July 9, the patches of elevated
chl-a were more extensive and moved closer to the coast (within the 50-
m isobath), while further extending southwestward to New Hampshire
waters. The CoM in the July 9 MERIS image was also located closer to
shore (than July 6) and inside the 50-m isobath near the northern end of
the Casco Bay (Fig. 3). By July 12, the patches disappeared, chlorophyll
concentrations greatly decreased, and low chlorophyll concentrations
persisted in the coastal zone through the rest of the month.

QAA marine absorption due to CDOM. The coastal plume of the Gulf of
Maine is a dominant feature in the coastal current system (e.g., Hetland
and Signell, 2005; Pettigrew et al., 2005; Keafer et al., 2005). The plume
contains a high-concentration of materials (e.g., CDOM) from the
riverine sources that visible from satellite (Balch et al., 2016). The QAA
product provides the marine absorption mostly due to CDOM, and, in
coastal regions with rivers, is a good indicator of lower salinity water
(Incze and Yentsch, 1981; Yentsch and Phinney, 1997). The low-salinity
water mass is distinguishable from shelf waters in MERIS QAA marine
absorption product, as seen in both colored imagery and grayscale
(Fig. 3D & E). The nearshore zone has sufficiently high CDOM to lead to
negative reflectances in the blue bands used in the algorithm, leading to
algorithm failure (gray along the coast in Fig. 3A-C, and darker gray in D
&E). This “saturation” corresponded to absorption greater than about
0.56 m!. The blooms on July 6 occurred mostly on water mass edge
identified by absorption of 0.15 m™!, and mostly near and offshore of the
100-m isobath southwest of Boothbay Harbor. By July 9, the bloom
patches moved closer to the coast (Fig. 1). The CoM had moved about 50
km onshore. The 0.15 m~! CDOM contour also moved onshore, although
the patches had shifted to fall along the 0.56 m ™! absorption boundary
(lower panel, Fig. 3). During downwelling, we would expect the surface
water to move more rapidly onshore than the deeper water mass. By July
12, the freshwater, as shown by the absorption and water color (Fig. 5),
moved downstream while further expanding offshore (Figs. 3& 4). The
offshore expansion was also apparent in both MODIS Terra and Aqua
products (not shown). The coherent cross-shelf movement of the dense
bloom patches along the edges of low-salinity water masses suggests the
coupling between physical and biological processes during the event.

SST. Throughout the event, there was no consistent SST pattern in
MODIS (Fig. S3), and SST fronts did not correspond to either CDOM
fronts or chlorophyll patches. The lack of thermal gradients in MODIS
SST is not surprising, as thermal fronts in this region are not as evident in
summer months compared to other seasons (Ullman and Cornillon,
1999). Density fronts during spring and summer are more associated
with salinity differences rather than temperature (Yentsch and Phinney,
1997). Temperature fronts, if they occur, should track salinity fronts in
the coastal Gulf of Maine, as salinity is more likely to define water
masses and density; a salinity difference of only 1 produces the same
density change as a temperature difference of 4 °C. The QAA product
shows the likely salinity gradients, with the low-salinity coastal waters
clearly distinguished from the shelf waters (Fig. 3).

4.2. Model results

In the first three experiments, the model was initiated with the July
06 concentration field (in relative units) derived from the MERIS data
(Fig. 1). Because we initiated the bloom from the satellite imagery, to

Numerical simulation experiments carried out in this study. The model switches (swimming and wind forcing), time period of each simulation, and model initial

condition are shown.

Experiments Swimming Wind Forcing Simulation Period Initial Condition for Cell Concentration
1. Swimming+Wind ON ON July 6-12 MERIS
2. No Swimming+Wind OFF ON July 6-12 MERIS
3. Swimming+No Wind ON OFF July 6-12 MERIS

4. Sensitivity Run ON ON

June 25-July 12 Uniform everywhere
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Fig. 3. (Upper) MERIS spectral marine absorption due to CDOM and detrital material (colored dissolved and particulate organic matter), QAA algorithm on (A) 6
July, (B) 9 July, and (C)12 July 2009. Land is masked as white, and cloud and invalid data are masked as gray. (Lower) zoom-in view of the spectral marine ab-
sorption for (D) July 6 and July 9, 2009 but color coded in greyscale, with waters closer to the coast (high absorption) in darker gray. Overlaid red dots are locations
for simultaneous MERIS patches with chlorophyll concentration of greater than > 10 ug %, Blue circles on July 6 and July 9 represent the center of mass in MERIS-
derived chlorophyll, same as in bottom row of Fig. 4. The center of mass is derived by calculating the weighted position of the relative concentration, i.e., CoM=X
(CX)/Z(X), where C is the tracer concentration, and X is the geographic location of each individual cell. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

ensure the cells are conserved in mass, it is necessary to use depth-
integrated cell concentration in the model to compare with satellite
counterparts. The evolution of depth-integrated model solutions is
shown in Fig. 5. To better illustrate the spatial movement of the cells, the
centers of mass (CoM) of the concentration field in both model results
and MERIS observations were derived to represent the movement of the
patchy distribution of cells during the event.

The red water was observed/initialized offshore. The first model
simulation considered upward swimming and was driven by realistic
surface forcing (Swimming+Wind, topmost row in Fig. 5). This run
reasonably reproduced the onshore and downstream motion of con-
centration field as observed, except for a “blob” of high concentration
offshore Southeast of Casco Bay. Highest model-simulated cell concen-
trations were generally confined to the coastal zone with depth shal-
lower than 50-m, although the CoM was only slightly downstream
(within Casco Bay) compared to observed (near the northern end of
Casco Bay). Nevertheless, when compared to the spatial pattern on July
6, the CoMs on July 9 in both Swimming-+Wind experiment and MERIS

travelled downstream from the 100-m isobath south of Penobscot Bay to
coastal zones shallower or near 50-m isobath. The second model run (No
Swimming+Wind, second row from the top in Fig. 5) showed a similar
spatial pattern in the western Gulf of Maine as in the first run. Cells were
aggregated at the mouth of Casco Bay while they were more evenly
distributed in coastal waters further downstream (water depth <50 m).
The CoM of cells is almost identical as in the first run, suggesting that
upward swimming has little impact in modulating the lateral transport
of the cells. The third model sensitivity run without wind (Swim-
ming+No Wind, third row from the top in Fig. 5) showed higher con-
centrations of cells further offshore compared to the first and second
runs, hence much fewer cells onshore. As a result, CoM in this run was
located offshore on the 100-m isobath. These results suggest that wind
forcing played a major role determining cell transport.

After July 9, wind shifted from downwelling-favorable to upwelling-
favorable. The realistic model run (Exp. 1, Swimming+Wind) showed
continued southward and offshore movement of cells. While during July
6-9 the high concentrations of cells were confined near coast, by July 12
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Fig. 4. Simulated RGB “true color” image produced from 300-m MERIS atmospherically corrected remote sensing reflectance. Land is masked in tan, and clouds
(near shore) are masked in gray. Colored dissolved pigments from the river colors the lower salinity coastal water reddish-brown (Yentsch and Phinney, 1997). The
pair shows the expansion of the discolored water offshore from 09 July to 12 July 2009, consistent with the upwelling event described in the text. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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MERIS observations showed negligible cells in coastal waters. In the
meantime, while wind directions reversed, the coastal “brown” water,
which is colored from the land-based CDOM (and some algae), expanded
largely offshore from July 9 to July 12 (Fig. 4). Although saturated (or
failing because of extremely low reflectance) near the coast, the QAA
product by both MERIS (Fig. 3) and MODIS (not shown) showed sub-
stantial offshore expansion of high CDOM water during this period of
upwelling-favorable wind. At this time, all three simulations showed
more cells in the western Gulf than satellite imagery would suggest,
especially at the offshore northeast of Cape Ann (Fig. 5).

The model has no source or sink terms, so cells are conserved. July 12
shows a substantial inconsistency between model and observations with
negligible cells indicated in the satellite imagery (Fig. 1& Fig. 5). While
the model-data-difference was more apparent when swimming behavior
was included, even the passive model (Exp. 2, No Swimming+Wind)
showed more cells than indicated from satellite. This difference is an
indicator of loss of cells from the surface water, and likely loss from the
water column. In the meantime, field data (Fig. 1 of McGillicuddy et al.,
2014) showed low cell concentrations in the western Gulf north of Cape
Ann (black cross in Figs. 1& 5), and cyst deposition was observed near
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Wilkinson Basin (McGillicuddy et al., 2014). The possible processes
responsible for the cell loss will be discussed in the next section.

As discussed above, coastal downwelling during July 6-9 facilitated
onshore movement and aggregation of the cells, thereby allowing the
formation of highly concentrated patches near coastal zones. Cross-
shore transport of the biological patch was consistent with the move-
ment of salinity-dominated coastal water mass. Wind from late June to
July 9, 2009 produced an unusually persistent coastal downwelling
event compared to the same time periods in other years from 2004 to
2011 (Fig. 2). To quantify the contribution of upward swimming to cell
aggregations, we initiated the model from June 25, 2009 (to include the
unusual downwelling event in June) with a uniform cell concentration
everywhere, and compared the resulting depth-integrated cell concen-
tration with and without upward swimming (Exp.4 in Table 1). The
swimming case aggregates more cells than the case without swimming
(Fig. 6). In the swimming case, the concentration reached a maximum at
mid-day of July 3 (Fig. 7A). The persistent coastal downwelling (Fig. 7B)
from late June up until July 3 combined with the upward swimming to
promote cell accumulation. A sporadic reversal to upwelling-favorable
wind lowered the concentration until July 6, before downwelling re-
accumulated the cells near the coast. The weak upwelling-favorable
wind during July 9-12 slightly reduced the concentration to ~20-fold
that of the initial condition. The maximum depth-integrated cell con-
centration during aggregation for the swimming case was up to 40 times
the magnitude for the no-swimming case (Fig. 7A), qualitatively
consistent with Franks et al. (1997), who found a clear link between
frontal aggregation and upward swimming velocity.

5. Discussion

Importance of upward swimming to cell accumulation of A. catenella.
The swimming behavior of dinoflagellates produces systematic
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movement through the water column (Tyler and Seliger, 1981; Kamy-
kowski, 1981; Anderson and Stolzenbach, 1985; Franks, 1992; Smayda,
2002). Positive phototaxis leads to accumulations in surface waters and
particularly to accumulations at oceanic fronts (e.g., Incze and Yentsch,
1981; Seliger et al., 1979; Tyler et al., 1985; Tyler and Stumpf, 1989;
Franks, 1992; Pitcher et al., 1998; Litaker et al., 2002; Stumpf et al.,
2008). Modeling studies have explained this accumulation through the
combination of swimming activity and physical circulation transport
(Franks, 1992; 1997; Hetland, 2007; Janowitz and Kamykowski, 2006;
Stumpf et al, 2008). Including swimming within fully
three-dimensional population models is essential to correctly model the
distributions of these blooms.

Stumpf et al. (2008) studied the aggregation of K. brevis cells near the
inner shelf front along Southwest Florida identified from satellite data.
On January 2 of 2005, cells were evenly distributed along the coast.
Cells were subsequently advected to the south, and accumulated along
the front by January 6. From January 6 to 8, bloom magnitude increased
up to 10-fold within a period of 1-2 days, which could not be explained
by local cell growth (typically less than 1 doubling per day). A conver-
gence by physical circulation along with nutrient-seeking active swim-
ming (Janowitz and Kamykowsi, 2006) may work in concert to favor
K. brevis accumulation. Similarly, as physical and biological processes
are coupled, here we can estimate the bloom aggregation combining
directional swimming behavior and physical circulation using numerical
model simulations.

Under normal bloom conditions A. catenella reaches concentrations
of several hundred to a thousand cells L™* (Smayda, 1997). The red
water event in 2009, however, produced a bloom with concentrations
from hundreds of thousands to 1 million cells L™ (McGillicuddy et al.,
2014). This is a 1000-fold increase in cell concentrations. The 40-fold
increase in initial cell concentrations as discussed above can be
accounted for by the frontal aggregation due to horizontal convergence

44.0° N

435 N

430 N

425 N

42.0° N

i
700°W 690 W 680 W

Depth-Integrated Concentration (relative units)

0.8 1.2 1.8 2.7 41 6.0 9.0 13.520.1

Fig. 6. Simulated cell concentrations for July 09, 2009 at 11am local time for model experiment 4 in Table 1. The model was initiated on June 25, 2009 with uniform
depth-integrated concentrations over the model domain. Note that the color scale is nonlinear. Gray contours highlight 50, 100, and 200-m isobaths, and blue vectors
show the simultaneous wind stress at the surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Jul-13  Fig. 7. (A) Time series of the model (experi-
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T ment 4 in Table 1) simulated domain-wide
maximum of depth-integrated concentrations
4 normalized by the model initial concentration
for swimming (red) and no-swimming (blue)
cases during June 25- July 13, 2009. The
model was initialized on June 25, 2009 with
uniform depth-integrated concentrations over
the model domain. (B) Temporal evolution of
wind speed at NERACOOS buoy B during the
same period. A scaling factor of 10 m/s for
wind speed is also shown. (For interpretation

of the references to colour in this figure
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legend, the reader is referred to the web
version of this article.)
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in the presence of upward swimming; yet another factor of 25 (25x40=
1000-fold) is needed to achieve the concentrations that discolor the
water.

One possible mechanism that accounts for the 25-fold discrepancy is
vertical aggregation from subsurface to the surface layer due to vertical
swimming. To examine this process, we re-examined the sensitivity
experiment with initiation on June 25 (Exp. 4 in Table 1). The experi-
ment compared swimming and no-swimming cases to produce the ver-
tical evolution of the cell concentrations, sampled at NERACOOS buoy B
in the western Gulf of Maine (Fig. S3). Without directional upward
swimming (mid panel in Fig. S3), a high density of cells at the surface
layer were dispersed over the water column as deep as 20-m during
strong mixing events. In contrast, when swimming was considered, the
cell concentrations were restrained to the top 1-2 m layer, greatly
reducing the vertical dispersion of the cells. Surface layer concentration
in the swimming case was up to 90-fold compared to the non-swimming
case. Note that the results presented herein were not strictly one
dimensional, as horizontal accumulation of cells (as stated in discussion
section, e.g., Fig. 5), may also contribute to the surface cell accumula-
tion. Nevertheless, it is clear that upward swimming facilitates vertical
convergence of the cells, preventing the cells from being mixed with
low-concentration waters at depth. The vertical convergence of cells
near the surface could account for the additional factor of 25 (e.g.,
concentration over 25 m aggregated to a 1-m layer) in the observed cell
concentration. This result indicated that discolored surface water due to
the accumulation of cells through vertical convergence combined with
horizontal convergence was possible.

Our results are consistent with various previous studies, which found
that upward swimming is effective in aggregating cells in the vertical
layer. Using in situ observations, Pingree et al. (1975) found that under
stratified water conditions, surface layer biomass containing red tide
cells can be up to 40 times higher than at depth, a process associated
with swimming behavior. Tyler et al. (1983) found concentrations
>100-fold greater at surface than only a few meters below the surface.
Glider observations of the dinoflagellate K. brevis show that the bloom
concentrations can increase by ~20 times in a day, a process due to
active vertical swimming (Qi et al., 2017). Similarly, Schofield et al.
(2016) used Lagrangian drifters to observe changes in optical

Jul-09  Jul-11  Jul-13

characteristics resulting from vertical swimming. We should note that
while aggregation of cells does not require active local growth (Carreto
et al., 1986; Franks, 1992; Smayda, 2002), nutrients supplied by phys-
ical circulation near the frontal zone may also fuel growth of the bloom
in associated biological patches (e.g., Janowitz and Kamykowski, 2006;
Heil et al., 2014).

Implication for bloom dynamics. Because there is no source or sink
term in the model, the discrepancies between model solutions and sat-
ellite data can be a good indicator of loss of cells from the system. The
modeled cell concentrations in July 12 showed much higher cell con-
centration than observed in the field (McGillicuddy et al., 2014) as well
as by satellite (Fig. 3). While the difference was more apparent when
swimming was included, even the passive model (No Swimming+Wind)
predicted more cells than were observed. The discrepancy indicated that
there was loss of cells from the water column later in the event. There are
at least three processes that may be responsible for such a cell loss. One
possible mechanism is the removal of A. catenella cells due to grazing
pressure by zooplankton, or the mortality of cells themselves due to
other factors, e.g., viruses, or parasitism (Velo-Suarez et al., 2013). The
second primary mechanism is loss by encystment following sexual
reproduction. Under environmental pressure, such nutrient depletion,
the cells combine to form gametes/zygotes, leading to the cysts that
settle into sediment layer. The accumulation and aggregation of cells
(that causes the discolored water) may favor sexual reproduction by
proximity, thereby being a precursor of the encystment process. Indeed,
sexual reproduction did occur during the 2009 red water events
(McGillicuddy et al., 2014). Therefore, it may be possible to identify the
potential of encystment by combining observations, numerical models,
and satellite imagery. Finally, the third mechanism for loss, could be
episodic mixing that may reduce the surface concentration of cells
detectable by satellite on July 12. However, accumulations did not
appear again in the satellite imagery in July, indicating this mechanism
is insufficient to explain the loss of cells. In addition, with upward
swimming, model results showed that cells mostly aggregate within the
upper 1-2 m of the water column. Mixing alone is unlikely to be the
mechanism explaining the loss, particularly when the cells did not
reappear at the surface.

The biological model used here does not have a term to allow for
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variability in reproduction or loss due to encystment. Pilskaln et al.
(2014) measured cyst fluxes every 10 days at 95 m and 180 m at Wil-
kinson Basin (black cross in Fig. 1). The cyst accumulation period started
July 9 and continued until August 19. At 95 m, the flux peaked during
the period July 9-19; this was coincident with the timing of arrival of
cells to the Wilkinson Basin (WB in Fig. 1, also in Fig. 5) and is coincident
with the loss shown by satellite against the model. Given the contrast of
model and observations, the delivery of the cells to the location may
provide an estimate for the timing of the encystment processes.

The results presented here have some implications for A. catenella
predictions. There are at least two important factors in determining the
intensity of A. catenella blooms: physical accumulation because of the
coupling of swimming and fluid dynamics, and mechanism accounting
for removal of cells from water column—including encystment. Physical
accumulation processes may help identify areas that face greater risk of
high toxicity; namely that areas that favor cell accumulation may end up
with more cells than would occur in areas without them, and the loca-
tion of cell accumulation zones varied with the wind forcing (Figs. 3,
Fig. 5, July 9). Gulf-wide, observations show that the red water in 2009
appeared to have been the southern terminus of a coast-wide event,
leading to the widespread toxicity from Bay of Fundy to the western Gulf
of Maine.

It is unknown what the grazing pressure was during the red water
event, nor whether grazers responded fast enough to impact the accu-
mulation. In a prior study, Turner (2010) found that in most cases
grazing and growth were in balance, but when Alexandrium cell con-
centrations were >10* cells L1, cell growth exceeded grazing losses by
zooplankton community. However, the role of grazing in bloom demise
remains unclear. In our case, while it is not impossible that grazing
contributed to termination of the bloom, the encystment event following
the peak bloom on July 9 suggested that encystment can lead to a rapid
loss of cells from the system. Thus, identifying the timing of the
encystment would aid in forecasting the end of a bloom. Samples at the
time indicated that sexual reproduction was occurring (McGillicuddy
et al., 2014). Accumulation of cells favors occurrence of sexual repro-
duction, both through physical contact and through nutrient stress, as
seen in laboratory experiments (Anderson, 1998). However, the trigger
for cyst formation in natural A. catenella populations remains unresolved
(Anderson et al., 1984; Anderson and Lindquist, 1985; Turpin et al.,
1978; McGillicuddy et al., 2005). As such, predictability of the encyst-
ment process remains a research question.

6. Conclusions

A red water event of Alexandrium catenella took place in July 2009 in
Gulf of Maine. The bloom initiated offshore, moved onshore, and
diminished within a week. The position of an A. catenella bloom patch
showed coherence with the coastal, typically low-salinity water. SST
provides less information, and there were no SST features related to
bloom patches. This event provided an opportunity to obtain spatial and
temporal information that is not commonly available for A. catenella.
Numerical model simulations combined with satellite imagery was used
to understand the importance of surface wind forcing and vertical
swimming during the event.

In the early stage of the event (i.e., onshore transport), model sim-
ulations suggested that the downwelling-favorable wind was critical in
transporting cells onshore during July 6-9. Further model results
showed that upward swimming can facilitate cell accumulation by ~40-
fold by horizontal convergence, suggesting that swimming behavior
may play an important role in forming such a red-water event. While a
40-fold increase relative to a normal bloom condition is insufficient to
discolor the water, another factor of 25 may come from vertical
convergence due to directional swimming toward the surface layer, as
suggested by our research (and others) on dinoflagellates.

During July 9-12, the model showed more cells than either observed
in the field (McGillicuddy et al., 2014) or estimated from satellite. Thus,
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modeling experiments provided evidence that rapid loss of cells might
respond to the timing of significant encystment in the western Gulf of
Maine. Our work also suggested that dense accumulations of cells
(which may discolor the water) may be a precursor for encystment. One
of the major challenges of forecasting the A. catenella is determining the
cyst abundance in the sediments prior to the start of a bloom season.
Currently, that process is done through expensive shipboard sampling.
Continued research to promote the understanding of encystment may
lead to reduced effort in the cyst sampling requirement.

Satellite imagery introduces a new capability in monitoring these
blooms. Because Alexandrium species do not typically dominate the
biomass in areas where they pose a health risk, the prevailing view has
been that satellite imagery is not useful for these blooms. As a practical
matter, McGillicuddy et al. (2014) noted that observing the intense
bloom from ship was “serendipitous”. Satellite observations support that
observation — two days later the high concentration patches were no
longer visible. Satellite data available to McGillicuddy et al. (2014)
lacked the resolution (1 km) to see or distinguish cell accumulations, but
also was limited by the standard blue-green band ratio algorithms that
do not readily distinguish chlorophyll from CDOM. The MERIS full
resolution imagery, when it was available from 2002 to 2012, could
provide an order of magnitude more spatial resolution than other
commonly available ocean color satellites, as well as bands that allow
specificity to chlorophyll detection. Since the 2016 launch of the
Copernicus program’s Sentinel-3 satellite, the Ocean Land Colour
Imager (OLCI) has provided an equivalent data stream, with up to daily
coverage when Sentinel-3b becomes available in 2019 (vs. 3 days for
MERIS). However, the “serendipity” that occurred for this event suggests
that other years should be re-examined for similar aggregations. Similar
events may be examined for future years as well. The combination of
satellite data and modeling expands the options for examining intensi-
fication and decline of these blooms.
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