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[1] A coupled physical/biological modeling system was used to hindcast a massive
Alexandrium fundyense bloom that occurred in the western Gulf of Maine in 2005
and to investigate the relative importance of factors governing the bloom’s initiation
and development. The coupled system consists of a state-of-the-art, free-surface
primitive equation Regional Ocean Modeling System (ROMS) tailored for the Gulf
of Maine (GOM) using a multinested configuration, and a population dynamics model
for A. fundyense. The system was forced by realistic momentum and buoyancy fluxes,
tides, river runoff, observed A. fundyense benthic cyst abundance, and climatological
nutrient fields. Extensive comparisons were made between simulated (both physical
and biological) fields and in situ observations, revealing that the hindcast model
is capable of reproducing the temporal evolution and spatial distribution of the
2005 bloom. Sensitivity experiments were then performed to distinguish the roles
of three major factors hypothesized to contribute to the bloom: (1) the high abundance
of cysts in western GOM sediments; (2) strong ‘northeaster’ storms with prevailing
downwelling-favorable winds; and (3) a large amount of fresh water input due to
abundant rainfall and heavy snowmelt. Model results suggest the following. (1) The high
abundance of cysts in western GOM was the primary factor of the 2005 bloom.
(2) Wind-forcing was an important regulator, as episodic bursts of northeast winds
caused onshore advection of offshore populations. These downwelling favorable
winds accelerated the alongshore flow, resulting in transport of high cell concentrations
into Massachusetts Bay. A large regional bloom would still have happened, however,
even with normal or typical winds for that period. (3) Anomalously high river runoff
in 2005 resulted in stronger buoyant plumes/currents, which facilitated the transport
of cell population to the western GOM. While affecting nearshore cell abundance
in Massachusetts Bay, the buoyant plumes were confined near to the coast, and
had limited impact on the gulf-wide bloom distribution.
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1. Introduction

[2] In summer 2005 the Gulf of Maine (GOM) experi-
enced the largest toxic bloom of Alexandrium fundyense in
at least 33 years [Anderson et al., 2005]. The bloom posed a
serious human health threat due to the accumulation of
neurotoxins in shellfish that feed on A. fundyense cells,
resulting in a potentially fatal illness known as paralytic

shellfish poisoning (PSP). During this event, GOM hydrog-
raphy, circulation, and surface momentum and buoyancy
forcing were all found to be anomalous, some aspects of
which may have contributed to the bloom and its impact
along the coast [He and McGillicuddy, 2008]. Biological
factors may have played an important role as well, as
A. fundyense has unique life history characteristics that lead
to complicated bloom dynamics. Anderson [1998] summa-
rized the life history of A. fundyense, which includes both a
resting cyst and a planktonic phase of vegetative growth. In
particular, cyst germination is the key process that initiates
recurrent blooms that are self-seeding and propagatory in
nature, supplying cells that populate the GOM [Anderson et
al., 2005] As such, the timing, intensity, and spatial distri-
bution of blooms of this meroplanktonic dinoflagellate are
determined collectively by complex interactions between the
physical environment and biological processes.
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[3] While in situ observations provide valuable clues to
physical and biological factors that may have been important
for the 2005 bloom event, they are too sparse to depict the full
space-time evolution of the bloom and to reveal the under-
lying circulation and bloom dynamics. In this regard, nu-
merical model simulations offer a means by which detailed
mechanisms regulating bloom initiation and development
can be examined. Prior modeling studies have investigated
various aspects of the A. fundyense dynamics in detail. Stock
et al. [2005,2007] examined the factors governing the
initiation and development of A. fundyense blooms in the
western GOM during springs of 1993 and 1994. In those
studies, coastal circulation was simulated using a three-
dimensional Princeton Oceanmodel forced by climatological
boundary conditions and observed winds, heat flux, and river
discharge. It was coupled with an A. fundyense population
dynamics submodel constructed from laboratory and field
data that estimates the germination and growth rates of
A. fundyense as a function of ambient environmental con-
ditions [Anderson et al., 2005]. McGillicuddy et al. [2005]
coupled the same A. fundyense submodel with GOM clima-
tological seasonal mean flow. Simulated bloom conditions
matched observations reasonably well, and were used to
analyze the mechanisms regulating the mean large-scale
seasonal fluctuations of the A. fundyense population.
[4] Our goal in the present study is to apply an im-

proved coupled physical-biological model that considers
realistic surface and open boundary conditions to hindcast
the massive A. fundyense bloom in 2005. On the basis of a
combination of physical and biological observations,
Anderson et al. [2005] hypothesized that three factors
may have contributed to this record bloom: (1) strong
northeasterly wind that facilitated onshore transport of
offshore cell populations; (2) high river runoff, which
increased the water stratification, and southwestward trans-
port via buoyant coastal plume, as well as enhancing
growth conditions via nutrient supply; and (3) high abun-
dance of A. fundyense cysts in the GOM sediments (the
western GOM in particular), which provided an enhanced
source population. Our objective here is therefore to test
these three hypotheses by performing model sensitivity
experiments to differentiate and quantify the relative im-
portance of these factors in regulating the 2005 bloom.

2. Methods

[5] Our coupled modeling system consists of a circulation
model and an A. fundyense population dynamics model.
These two models are linked together by advection and
mixing, for which the physical model passes 3-day velocity
and turbulence diffusivity fields to the biological model.

2.1. Circulation Modeling

[6] The coastal circulation simulations was performed
using the Regional Ocean Modeling System (ROMS), a
free-surface, hydrostatic, primitive-equation model in wide-
spread use for estuarine, coastal and shelf-wide applications
[e.g., Dinniman et al., 2003; Lutjeharms et al., 2003;
MacCready and Geyer, 2001; Marchesiello et al., 2001;
Peliz et al., 2003]. ROMS employs split-explicit separation
of fast barotropic and slow baroclinic modes, and is
formulated in vertically stretched terrain-following coordi-

nates using algorithms described in detail by Shchepetkin
and McWilliams [1998, 2003, 2005]. The ROMS compu-
tational kernel includes high-order advection and time
stepping schemes, weighted temporal averaging of the
barotropic mode to reduce aliasing into the slow baroclinic
motions, and conservative parabolic splines for vertical
discretization. A redefinition of the barotropic pressure-
gradient term is also applied in ROMS to reduce the
pressure-gradient truncation error, which has previously
limited the accuracy of terrain-following coordinate models.
[7] To overcome the difficulties associated with defining

open boundary conditions for a regional coastal circula-
tion model, we implemented a multinested configuration
(Figure 1), which allows direct connection between the north
Atlantic basin-scale circulation with the targeted GOM
coastal circulation. The North Atlantic (NA) circulation
hindcasts were provided by Naval Research Laboratory
and University of Miami using the Hybrid Coordinate Ocean
Model (HYCOM). As part of the Global Ocean Data Assim-
ilation Experiment (GODAE), the NA-HYCOM assimilates
satellite observed sea surface temperature and sea surface
heights, providing daily best estimates of North Atlantic
Circulation at� 10 km resolution (http://hycom.rsmas.miami.
edu/dataserver).
[8] Inside HYCOM, we nested a shelf-scale ROMS,

which encompasses both the Gulf of Maine (GOM) and
the Middle Atlantic Bight (MAB). Horizontal resolution
varies from 5 km near the coast to 10 km in the deep ocean.
Vertically, there are 36 terrain-following sigma levels in the
water column with higher resolution near the surface and
bottom in order to better resolve boundary layers. A one-way
nesting approach was used to connect shelf-scale ROMS
with the basin-scale HYCOM. Specifically, open boundary
conditions (OBCs) were applied to tracers and baroclinic
velocity following the method of Marchesiello et al. [2001],
whereby Orlanski-type radiation conditions were used in
conjunction with relaxation (with timescale of 0.5 days on
inflow and 10 days on outflow) to HYCOM solutions. Free
surface and depth-integrated velocity boundary conditions
were specified using the method of Flather [1976] with the
external values provided by HYCOM. Because HYCOM
does not currently include tidal forcing, tidal harmonics from
an ADCIRC simulation of the western Atlantic [Luettich et
al., 1992] were superimposed on the OBCs. Analysis of the
interior solution confirmed the approach yielded accurate
tidal predictions as compared with earlier studies [e.g.,
Moddy et al., 1984; Xue and Pettigrew, 2000]. We applied
the method of Mellor and Yamada [1982] to compute
vertical turbulent mixing, as well as the quadratic drag
formulation for the bottom friction specification. The same
one-way nesting approach and OBC treatment were then
applied to downscale the shelf-scale (GOM-MAB) circula-
tion to the innermost model for the GOM. The GOM ROMS
model has a spatial resolution ranging from 1 km near the
coast to 3 km in the offshore gulf water. There are also
36 layers in the vertical having the same resolution distribu-
tion as the shelf-scale GOM-MAB ROMS.
[9] Distinctive advantages of such multinested configura-

tion include: (1) it allows us to account for the impacts of
upstream and deep-ocean forcing on the GOM circulation in
a dynamically consistent and quantitatively accurate manner;
and (2) the high resolution enables the GOM ROMS to
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resolve important small-scale coastal dynamics (e.g., river
plumes), which are critical for resolving the transport and
distribution of A. fundyense population. Prior experience
with regional models in the Gulf of Maine suggests signif-
icant improvement in skill can be achieved through accurate
specification of the open boundary condition [He et al.,
2005].
[10] Given the nature of one-way nesting, model hind-

casts were performed in a sequential order. The nested shelf-
scale GOM-MAB ROMS hindcast was performed first, in
which only the hydrodynamics was computed; then with
OBCs from shelf-scale ROMS, the nested GOM ROMS
hindcast was carried out, in which both hydrodynamics and
the A. fundyense cell concentration were simulated simulta-
neously. Both the shelf-scale GOM-MAB ROMS and GOM
ROMS hindcasts started on March 1st and ended on Sep-
tember 1st, 2005. Initial hydrodynamic conditions for both
simulations were taken from HYCOM best estimate con-
ditions for 1 March 2005.

2.2. A. fundyense Population Dynamics Model

[11] The A. fundyense submodel is a single-component
biologicalmodel containing parameterizations ofA. fundyense
germination, growth, swimming behavior, and mortality.
Fundamental to A. fundyense modeling approach is the
concept that the ecosystem in which A. fundyense resides
is not explicitly modeled. This is justified on the basis that
A. fundyense generally constitutes only a small fraction of
the phytoplankton assemblage in the GOM [McGillicuddy et

al., 2005]. As such, although blooms of A. fundyense display
considerable interannual variation in terms of their occur-
rence and magnitude, they are a minor component of GOM
phytoplankton community and presumably have little effect
on ambient conditions such as nutrient concentration [Love
et al., 2005] and the abundance of predators.
[12] The evolution of A. fundyense can be expressed as an

advection-diffusion-reaction equation:

@C

@t
þ ~uþ wað Þ � rC ¼ r � KrC þ m� mð ÞC þ Fg

where C is the concentration of A. fundyense, ~u and wa are
the fluid velocity and A. fundyense upward swimming
velocity; K is the diffusivity, m and m are the cell growth and
mortality terms respectively, and Fg is the germination flux
from the sediment layer (cyst stage) to the water column
(vegetative cell stage). The rate of A. fundyense growth m is
dependent on temperature, salinity, and irradiance and
nutrient concentration. Swimming velocity wa is set at
10 mday�1, a value determined by laboratory work in early
studies [e.g., Anderson and Stolzenbach, 1985; Kamykowski
et al., 1992; MacIntyre et al., 1997]. Interested readers are
referred to Stock et al. [2005] for detailed description of the
model and parameterizations for m, wa, m and Fg.
[13] The A. fundyense submodel used in this study

includes one important improvement on the Stock et al.
[2005] formulation. Rather than using a constant average
rate of mortality, we allowed m to vary with ambient water

Figure 1. Multinested configuration for the regional GOM circulation and A. fundyense bloom
modeling. The outermost model is the data assimilative North Atlantic HYCOM, which provides open
boundary conditions (OBCs) for the shelf-scale ROMS model, which in turn provides OBCs for the
innermost Gulf of Maine ROMS model.
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temperature T on the basis of the Q10 formulation [Durbin
and Durbin, 1992]:

m ¼ a � Q T�10:35ð Þ=10½ 

10 ; where a ¼ 0:066; and Q10 ¼ 21:75

The underlying assumption is that activity of A. fundyense’s
predators will increase with temperature (Figure 2), just as
the growth rate of A. fundyense increases with temperature
(albeit formulated in a different manner [see Stock et al.,
2005]). This parameterization of temperature-dependent
mortality was found to be more effective in capturing the
late-season demise of the bloom, during which loss processes
are apparently accelerated. However, this formulation still
remains a vast simplification of the suite of loss processes
including predation, cell mortality, and encystment. Im-
proved representation of these effects is a topic of ongoing
research.
[14] The initial A. fundyense concentration was set to

zero everywhere. The distribution of benthic cysts was
specified from sediment core surveys (Figure 3) conducted
in fall 2004 (central hindcast) and fall 1997 (sensitivity
experiment) respectively, and we assume over-winter loss
of cysts is negligible before germination begins the follow-
ing spring. Because no information was available to specify
cell concentration along model open boundaries, we applied
no-gradient OBCs for A. fundyense at all three GOM
ROMS boundaries throughout the simulation. Similarly,
the numbers of in situ nutrient observations in 2005 were
insufficient to specify the time evolution of the three-
dimensional nutrient (dissolved inorganic nitrogen, or
DIN) fields, so we used the nutrient climatology described
by Petrie et al. [1999], linearly interpolated between
quarterly fields (15 February, 15 May, 15 August and
15 November) provided by that database.

2.3. Forcing

[15] Table 1 lists the forcing functions used in the model
simulations. For both the shelf-scale MAB-GOM ROMS
and GOM ROMS hindcasts, surface atmospheric conditions
from National Oceanic and Atmospheric Administration
(NOAA)’s Air Quality Research Lab (ARL) EDAS archive
(http://www.arl.noaa.gov/ss/transport/archives.html) were
utilized. The spatial resolution of this archive is 40 km.
Air-sea fluxes of heat and momentum were computed by
applying the standard bulk formulae [Fairall et al., 2003] to

EDAS marine boundary layer winds, air temperature, rela-
tive humidity, air pressure, and ROMS generated sea
surface temperature (SST) and surface currents. In addition,
the EDAS solar radiation field was also used in the

Figure 2. Improved mortality function used in the A. fundyense population dynamics model.

Figure 3. Comparison of benthic cyst distribution and
abundance between (top) 2004 and (bottom) 1997. The
2004 cyst abundance data was used to produce the central
hindcast of 2005 A. fundyense bloom.
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A. fundyense growth model. Real-time river runoff time
series from United State Geological Survey (USGS) were
collected to specify freshwater input into the GOM. As tides
are important circulation component in this coastal region,
the 7 major tidal constitutes (M2, S2, N2, K2, K1, O1, Q1)
were introduced by superimposing tidal harmonics on sub-
tidal OBCs using the Flather [1976] boundary condition.

3. Model Results: Central Hindcast Simulation

[16] Standard circulation state variables (sea level, currents,
temperature, and salinity) and A. fundyense cell concentration
were archived at 6-h intervals. Interested readers are referred to
an online animation showing the spatial and temporal evolu-
tion of modeled sea level, surface current, surface temperature
and salinity fields, and surface A. fundyense cell concentration
(http://science.whoi.edu/users/ruoying/Redtide_05/Papers/
avg_fields.avi). Both simulated physical and biological fields
display extremely complex spatial and temporal variability,
highlighting the synergy between a numerical model and
observations in the study of coastal ocean processes.

[17] Because the transport of material properties in the
coastal region is largely determined by subtidal circulation,
the fidelity of our hindcast model in reproducing subtidal
variability is examined here. (Note that the modeled tidal
characteristics are satisfactory, but will not be shown here
for brevity.)
[18] Sea level comparisons (Figure 4) were made at

6 coastal sea level gauges, where both modeled and ob-
served sea levels were 36-h low-pass filtered to remove tidal
variability. It was found that the model is able to resolve
subtidal sea level variations reasonably well, with correla-
tion coefficients above 0.82 at all 6 stations. The model
generally underestimates the magnitude of observed sea
level variability, probably owing to insufficiency of surface
wind-forcing, which is on a relatively coarse 40 km grid.
[19] Model-data comparisons were also made at where

Gulf of Maine Ocean Observing System (GoMOOS)
mooring data were available. For instance, at GoMOOS
buoy B (50-m isobath), the circulation model is able to
reproduce the coastal current and transport reasonably well
(Figure 5). In particular, three strong southward transport
events (two in May and one in June) due to the respective
northeaster storms are all captured by the model. The model
tracks observed temperature and shows the same seasonal
warming trend. Note that the thickness of the observed
thermocline in Figure 5 is determined by the coarse vertical
spacing of the temperature sensors on the mooring, so it is
not possible to evaluate the thermocline structure produced
by the model. The simulated and observed salinity perturba-

Table 1. Surface and Boundary Forcing Elements Used in the

Coupled Physical-Biological Model Hindcast

Details

Major tidal constituents M2, S2, N2, K2, K1, O1, Q1

Surface Forcing 6-hr wind stress and heat flux computed
with NOAA ARL EDAS archive

River runoff Near real-time USGS river gauge data
Open boundary conditions ‘‘Parent’’ model solutions

Figure 4. Comparisons of observed (gray line) and modeled (black line) subtidal sea levels at six
coastal gauges in the GOM.
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