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ABSTRACT 

LI, YIZHEN. Investigation of the 2006 Alexandrium fundyense Bloom in the Gulf 
of Maine: In situ Observations and Numerical Modeling. (Under the direction of D
Ruoying He). 

In situ observations and a coupled bio-physical model were used to study the 

germination, initiation, and development of the Gulf of Maine (GOM) Alexandrium 

fundyense bloom in 2006. Hydrographic measurements and comparisons with 

GOM climatology indicate that 2006 was a year with normal coastal water 

temperature, salinity, current and river runoff conditions. A. fundyense cyst 

abundance in bottom sediments preceding the 2006 bloom was at a moderate level 

compared to other recent annual cyst survey data. We used the coupled bio-physical 

model to hindcast coastal circulation and A. fundyense cell concentrations. Field 

data including water temperature, salinity, velocity time series and surface A. 

fundyense cell concentration maps were applied to gauge the model’s fidelity. The 

coupled model is capable of reproducing the hydrodynamics and the temporal and 

spatial distributions of A. fundyense cell concentration reasonably well. Model 

hindcast solutions were further used to diagnose physical and biological factors 

controlling the bloom dynamics. Surface wind fields modulated the bloom’s 

horizontal and vertical distribution. Seasonal temporal and spatial evolution of the 

bloom was affected by cell mortality and nutrient availability. The initial cyst 

distribution was found to be the dominant factor affecting the severity and the 

interannual variability of the A. fundyense bloom. The initial cyst abundance for the 



 

 

 

 

 

 

 

 

 

 

2006 bloom was about 50% of that prior to the 2005 bloom. As the result, the 

time-averaged gulf-wide cell concentration in 2006 was also only about 60% of 

that in 2005. In addition, weaker alongshore currents and episodic 

upwelling-favorable winds in 2006 reduced the spatial extent of the bloom as 

compared with 2005. 
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1. Introduction 

1.1 Geography and Mean Circulation in the Gulf of Maine 

The Gulf of Maine (GOM) is a semi-closed marginal sea on the U.S east coast (

1.1). The three main basins in the GOM are Wilkinson, Georges and Jordan Basin, 

which are separated at 200-m depth. At the seaward edge, two subsurface banks – 

Georges Bank and the Browns Bank (<100m) limit the exchange between the gulf and 

the Atlantic Ocean. However, there is still massive transport of slope waters and Gu

Stream waters from warm core rings entraining through the Northeast Channel (NEC). 

A mixture of St. Lawrence River water and the Labrador Current water also enters t

Gulf of Maine over the Scotian Shelf (e.g. Chapman and Beardsley, 1989), with

annual average of 0.14Sv through the Cape Sable (Smith, 1983). Downstream, the 

Great South Channel (GSC) provides an exit of the Maine coastal water connecting t

GOM to the Middle Atlantic Bight (MAB).  
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The mean circulation in the GOM is cyclonic (Bigelow, 1927; Lynch et al., 1997). The 

key coastal current within the GOM is called the Maine Coastal Current (MCC), w

is consisted of two main branches—The Western Maine Coastal Current (WMCC

the Eastern Maine Coastal Current (EMCC) (Figure 1.1). The EMCC extends from th

mouth of Bay of Fundy to the southwest of Penobscot. Offshore of Penobscot Bay, the

current separates into two parts, one continuing along the coast and the other veering

offshore. The WMCC is fed by the inshore branch of the EMCC and coastal river 
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runoff. Downstream, the WMCC reaches a second branch point offshore of Cape A

At this point, one portion of flow episodically turns inshore into Massachusetts and 

Cape Cod Bays, and then rejoins the other southward-flowing portion of current 

northeast of the Cape Cod. Further downstream, the current undergoes another 

bifurcation, with one branch flowing toward the Middle Atlantic Bight, and another 

flowing around the Georges Bank (GB) (Lynch et al., 1997). Shoreward of both E

and WMCC, there is also the Gulf of Maine Coastal Plume (GOMCP, Keafer et al., 

2005) that emanates from coastal river runoff. It makes a direct connection between

EGOM and WGOM, especially during summer when river runoff is large.  

nn. 

MCC 

 

Offshore, the Georges Bank (GB) is a shallow-bank south of the Northeast Channel. 

od of 

en et al., 

 

 

The Sub-tidal circulation over the GB is known to move in a clockwise direction 

(Bigelow, 1927). The flow has an average speed of 10cm/s and a recirculation peri

around 48 days. The largest current speed is near the bank boundary rather at the center 

(Limeburner et al., 1996). Dynamical factors that account for the clockwise circulation 

pattern include the tidal rectification over the variable bottom topography, the 

horizontal density gradients (i.e. stratification), and the surface wind stress (Ch

1995, Butman et al., 1987).  
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1.2 The Seasonal Variability of the GOM Circulation 

s variations at the seasonal 

time scale remains to be a complex problem to study. The transport discrepancy 

between the EMCC and the WMCC shows such a strong seasonality. Offshore veering 

of the surface EMCC arises in spring, persists throughout the summer, and then 

diminishes during the fall. The deep flow of EMCC is out of phase with the surface 

flow. Its offshore veering occurs in the winter. These variations are associated with the 

seasonal fluctuations in the alongshore pressure gradient forces (Pettigrew et al., 

2005). 

ly speaking, the gulf-wide circulation is the strongest and most coherent in the 

summer, and becomes less recognizable in winter. Spring and fall are two transition 

seasons.  In the spring, the southwestward flow is in the opposite direction of the 

mean-wind stress, and the current speed increases in the offshore direction. In summer, 

besides the gulf-wide cyclonic circulation, there is also a pair of linked recirculated 

cyclonic gyres within the Jordan Basin and Georges Basin (Pettigrew et al., 2005; 

Figure 1.1). Moreover, there is clear strengthening of anticyclonic gyre in Georges 

Bank (e.g. Butman et al., 1987; Lynch et al., 1997).  In fall, while Scotian Shelf input 

increases, the cyclonic gyre in the interior GOM is still evident (Brown and Irish, 1992; 

Lynch et al., 1997). Compared to summer, there is less spatial variability of the coastal 

current. In winter, the coastal current system lacks spatial coherence, suggesting the 

While the GOM mean circulation pattern is understood, it

General
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strong influence from mesoscale structures (Lynch et al., 1997; Xue et al., 2000).  

The seasonality of the circulation is directly related to the evolving density structure. 

The density structure is modulated by the combined effects of wind, river discharge, 

heat flux, tidal mixing, and the inflow from the Scotian Shelf and the Slope Sea. 

 

ater 

seasonality 

el 

t times 

nic 

x) 

, 

The tide is another important modulator of the density and circulation structure. The 

GOM, especially near Bay of Fundy is known for its near resonant semi-diurnal tidal 

Specifically, winds change from predominantly northwesterly in winter to 

southwesterly in summer. The wind-driven return flow near-shore provides significant

contribution to the details of the coastal current. The surface heat flux erodes the w

stratification in winter, and reestablishes the stratification in summer. Such 

helps forming the annual cycle of GOM circulation (Xue et al., 2000). The river 

discharge helps to establish a clear annual cycle in surface salinity (Xue et al., 2000). 

The river discharge also alters the pattern of the coastal current. In detail, the freshened 

bulge develops near the estuary mouth in the summer typically induces upper-lev

coastal current with the coast to its right (Chao and Biocourt, 1986). The Penobscot 

Plume in particular, was found to be able to steer the coastal current offshore a

(Lynch et al., 1997, Pettigrew et al., 1998). Baroclinic effects (including the barocli

pressure gradient, the effect of stratification on vertical mixing and the air-sea heat flu

contribute to offshore shifts and the exchanges across the boundary (Lynch et al.

1997).  
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responses. The M2 tide contributes to the seasonal circulation in several ways such as 

generating the Georges Bank gyre and the Browns Bank gyre, and enhancing the 

coastal current through tidal rectification and tidal mixing. Moreover, the tidal mixing 

results in the spindown of the circulation due to the bottom friction. It also tends to 

increase the salinity along the coast (Xue et al., 2000). Tidal flows also affect longer 

period circulation variability through the nonlinear tidal rectification (e.g. Loder, 1980; 

Chen et al., 1995). In addition, dynamic processes upstream and offshore of the GOM 

influence the gulf interior density and circulation structures through continuous mass, 

heat and salt transport (e.g., Loder et al., 2001).  

Besides the strong seasonal variability, the GOM circulation also exhibits significant 

variations at interannual time scale. One of such variability is the degree of 

998 and 2000 are two 

examples in contrast. In summer 1998, most of the near-surface waters of EMCC 

turned offshore east of the Penobscot Bay. The EMCC underwent abrupt transition to 

weak and less organized WMCC west of Penobscot, causing dramatic discontinuity of 

the water properties between the eastern and western GOM. In summer 2000, the 

transport discrepancy between the EMCC and the WMCC was dramatically reduced, 

suggesting much of the EMCC continued on to feed the WMCC. The Penobscot Bay 

outflow was found to flow as far as the Casco Bay, mainly through subsurface. In 2001, 

1.3 The Interannual Variability of the GOM Circulation 

connectivity of the Maine Coastal Current. The summers of 1
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the conditions were intermediate between 1998 and 2000 conditions —a portion of

EMCC veered offshore but the other part of it continued to feed the WMCC. During 

2001 to 2005, the current speed of EMCC exceeded that of WMCC by 50%-75%, 

suggesting that part of the EMCC still feeds the WMCC during these years. The de

of continuity as suggested above is controlled by the Penobscot transect that functions 

as a ‘gate’. When gate is ‘open’, the transport is more continuous between EMCC an

WMCC, and vice versa. The thermal gradient feature inferred from satellite sea 

temperature composites was consistent with the concept of extreme gate ‘open’ in 2000, 

‘ajar’ in 2001, and ‘close’ in 1998, indicating baroclinic pressure gradient may have 

contributed to these variations (Pettigrew et al., 2005). 

 the 

gree 

d 

surface 

Besides the coastal current, the interannual variability of water temperature and salinity 

within the GOM and its adjacent ocean regions was a focus of several studies.  The 

interannual variability of sea surface temperature (SST) showed large spatial 

homogeneity over a large region from the Southern Greenland and Labrador to Cape 

the 

s, 

Hatteras over a length of over 1000-km (Thompson et al., 1988). The analysis of 

historical data (1977-1987) exhibited a high degree of coherent variability from Cape 

Hatteras to the central GOM. Specifically, both the central MAB and the WGOM 

showed coherent variability of lower salinity and higher SST in summer. The 

homogeneity in SST was according to the heat distribution modulated by wind forcing

while the coherence in salinity was induced by the local river runoff. In contrast, the 
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variation of the water properties in the eastern GOM was incoherent with the 

variability of the rest of the shelf region. This was because in the eastern GOM

water property was less influenced locally but rather dominated by the interannu

variability of the inflow (i.e., advection process) from Scotian Shelf and from Slop

Sea through the Northeast Channel (Thompson et al., 1988; Mountain et al., 1994; 

Mountain et al., 1998). 

The GOM is subject to major Harmful Algal Bloom (HAB) poisoning syndromes an

impacts. The most signif

 the 

al 

e 

1.4 The Harmful Algal Bloom in the GOM  

d 

icant HAB problem in the GOM is caused by toxic 

Alexandrium fundyense, which leads to the paralytic shellfish poisoning (PSP) after 

human ingestion of shellfish that feed on the A. fundyense. The affected marine 

esponsible 

mer 

. It 

ion 

resources are predominantly shellfish, but also higher levels of the food web, including 

lobsters, fish and large marine mammals like whales. The HAB organism is r

for repeated closures of shellfish beds in both nearshore and offshore waters. The 

Georges Bank and Nantucket Shoals are also occasionally found to contain high 

concentrations of toxic Alexandrium fundyense. Specifically, the bloom in sum

2005 is considered the worst in at least 33 years (Anderson et al., 2005a), causing the 

state shellfish bed closure from Bay of Fundy all the way to the Massachusetts Bay

also caused extensive closures of offshore federal waters, including the ocean reg

near Wilkinson Basin. The bloom caused four million dollars of loss in revenues each 
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week in the seafood industry.  The A. fundyense bloom also took place in the 

subsequent spring and summer in 2006-2008 with various intensities. It has b

major task for coastal managers and environment agencies to monitor the bloom 

initiation and development every summer. 

The dynamics of the A. fundyense bloom involves complicated interactions between 

biological and physical factors. A key feature of the A. fundyense bloom dy

ecome a 

1.5 The A. fundyense Bloom Dynamics  

namics is a 

dormant cyst stage that allows the species to overwinter. The vegetative cells are 

germinated from the cyst seedbeds during spring and summer when temperature and 

 

1.5.1 Observational studies of the A. fundyense blooms 

inly in the eastern GOM, with a focus on the Bay of Fundy. 

Martin and White (1988) documented abundant vegetative cells at the mouth of Bay of 

Fundy whose distribution generally overlaped with high concentrations of resting cysts 

 

 

light are favoring the growth. They are subsequently transported by coastal currents 

(Anderson et al., 2005b). Studies of the A.fundyense bloom assume either observational

or numerical approaches. 

The A. fundyense bloom ecology has been studied in the regional subdomains of the 

GOM since the 1980s, ma

in the underlying sediments (White and Lewis, 1982). The major contribution of these

studies was the indication of the self-sustaining of the population; i.e., all of the various
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life stages (cysts, vegetative cells, gametes and zygotes) were found in the same area. 

Fewer vegetative cells were found upstream inside the Bay of Fundy or on the Scotian

Shelf.  The local cyclonic gyre in the Bay of Fundy provided retentive physical 

environment for the self-sustaining populations. There was also an indication of a 

significant efflux of organisms of high densities penetrating into the western GOM 

(Martin and White., 1988). In the western GOM, Anderson and Keafer (1985) noticed 

the presence of high concentration of cysts 30km northeast of Cape Ann. Hydrograph

survey revealed cell concentrations on the order of hundreds to thousands of cells/L, 

associated with plumes of freshwater emanating from riverine sources. They furthe

suggested that the alongshore transport of cells in coastally trapped river plumes was 

responsible for the toxicity progression from north to south (Franks and Anderson

1992a; 1992b).  

 

ic 

r 

, 

The interconnections between the regional bloom phenomena remained enigmatic until 

the first coordinated gulf-wide survey carried out during 1997-2001 in the Gulf of 

Maine Ecology and Oceanography of Harmful Algal Bloom (ECOHAB-GOM) 

program. A systematic cyst survey revealed that in the western GOM the cyst deposit 

 

.g. 

broadly distributed in the offshore waters from the Casco Bay to the Penobscot Bay

(Anderson et al., 2005c), much larger than previously discovered by Anderson and 

Keafer (1985). Vegetative cells were also found distributed gulf-wide in character (e

McGillicuddy et al., 2005; Townsend et al., 2001). The peak cell concentrations 
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occurred in association with the transport pathways of MCC. Also evident from the 

ECOMHAB-GOM surveys (1998, 2000, 2001) was the persistence of high cell 

abundance at the mouth of Bay of Fundy, geographically associated with a large peak 

in the distribution of benthic cysts (Townsend et al., 2005; McGillicuddy et al., 20

With observations of repeated blooms each year, McGillicuddy et al. (2005b) 

confirmed the significant interannual variability of the blooms. Moreover, 

McGillicuddy et al. (2005) noticed a common feature of the repeated blooms. The 

center of mass shifts progressively upstream from west to east with respect to the 

coastal current as the season progresses from June to August, indicating a ‘seas

shift’ of the bloom. 

05). 

onal 

Both the physical and biological environment may alter the A. fundyense bloom. 

Several studies focused on how the A.fundyense species stand in the trophic cascades. 

The A.fundyense is only a small proportion of the phytoplankton assemblage in the 

GOM, and therefore has limited influence on the ambient conditions such as nutrient 

 

athic 

abundance and predator abundance (Love et al., 2006). However, there has been 

evidence that oceanographic processes were important in controlling the relative 

concentrations of Dissolved Inorganic Nitrogen (DIN) and silicate. While the DIN 

fueled the vegetative growth of A.fundyense cells, silicates tended to favor the growth 

of diatoms. Therefore, high silicate from fresh water sources tended to support the

post-A.fundyense-bloom population of diatoms, which could have expresed allelop
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inhibition of A. fundyense bloom (Townsend et al., 2005).   

The current transport is important for the ultimate distribution of the bloom. A close 

relationship between the satellite-derived thermal front near Penobscot Bay and the cell 

distribution were identified (Luersson et al., 2005), suggesting the alongshore 

connectivity of the MCC was important for the delivery of vegetative cells. Keafer et 

ty 

 

e 

 

al. (2005) used the observations of cell concentration in May and June 2001 to study 

the contribution of coastal transport to the distribution of A. fundyense cells. The 

harmful cells were not found in the western GOM but were present in the low-salini

coastal plume in the eastern GOM during May. In June, the cells were partly bifurcated

offshore near Penobscot, whereas the remaining were transported into the western 

GOM, still within the ‘inside track’ of the WMCC. In summer 2005, warmer and 

fresher water condition was present due to pronounced surface heating and river runoff. 

At the same time, coastal currents were two times stronger than the mean 

climatological condition. Surface winds were anomalous with both episodic 

northeasterly bursts and downwelling-favorable mean condition. All these factors 

favored more vigorous along-shore transport and aggregation of toxic cells in 2005 (H

and McGillicuddy, 2008). 
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1.5.2 Modeling studies of the A.fundyense Blooms 

bservational evidence and laboratory experiments provided the basis for constructing 

coupled physical-biological models for further investigating the population dynamics 

of A.fundyense bloom (e.g., Stock et al., 2005; McGillicuddy et al., 2005; He et al., 

h the 

al 

 

 key aspect of the population dynamics. The growth of the 

vegetative cells in the western GOM was limited primarily by temperature from April 

through June, and by nutrient from July to August. In this model, the seasonal shift in 

the center of mass was related to the changing growth conditions: growth was more 

rapid in the western GOM early in the 

facilitated the growth, whereas growth was more rapid in the eastern gulf later in the 

season due to the nutrient limitation in the western gulf. In addition, a simple model of 

encystment based on nutrient limitation was used to predict the encystment of the cyst 

bed. The retentive gyre in the Bay of Fundy was found to favor the encystment from 

local populations. 

the cyst bed was vertical-averaged, and therefore the upward -swimming process of the 

cells was not accounted for. There was no mortality of the vegetative cells in the 

O

2008).  

McGillicuddy (2005) utilized an A. fundyense dynamic module coupled wit

climatological circulation model to study the mechanism regulating the season

fluctuation of the bloom. The sensitivity experiments indicated that the germination of

cells from resting cysts was a

season due to warmer temperature that 

The disadvantage of this model was that the germination flux from 
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biological model as well.  

Stock et al. (2005) utilized a biological model constructed from laboratory and field 

data that estimates the germination and growth rates of A. fundyense as a function of 

multiple environmental conditions, coupled with the 3-dimensional (ECOM) 

circulation model. Sensitivity experiments revealed the significance of including the 

nutrient limitation and a mortality term in the initiation and development of A. 

 

y 

tages 

 

Over the past several years, the continuous monitoring of cyst abundance and repeated 

gulf-wide samplings of coastal hydrography and cell concentrations enabled further 

model development, calibration and analysis that helped to advance the understanding 

the A. fundyense bloom dynamics. He et al. (2008) conducted a model hindcast study 

to understand the mechanism governing the 2005 bloom, which was the most severe 

fundyense bloom. The diagnosis of the cell budget also indicated that the size of the 

modeled bloom was largely set by the cyst abundance, whereas transport of cells from

the eastern GOM became increasingly important later in the spring. Similar to 

McGillicuddy et al. (2005), their results showed that the net growth was first limited b

the temperature and then by nutrient, and mortality later in the season. Disadvan

in the model included the neglect of the interannual variability in both cyst abundance

and coastal circulation. The mortality function was set as constant, which was 

problematic in capturing the demise of the bloom late in the season.  

one in at least 33 years (Anderson et al., 2005a). The circulation was forced by realistic 
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atmospheric forcings, riverine sources, and open-ocean conditions. The coupled 

biological model was a modification of Stock et al. (2005). The model hindcast 

successfully reproduced the hydrography, circulation and the seasonal evolution of A. 

fundyense bloom. Sensitivity experiments were conducted to quantify the relative 

importance of the factors governing the bloom. The high abundance of cysts in t

western GOM was found to be the primary factor of the 2005 bloom; wind forcin

important in regulating the transport of the vegetative cells; river runoff resulted

stronger buoyant plumes that facilitated the transport of cell concentration into th

western GOM, but had limited effect on the gulf-wide bloom distribution. Compared to

Stock et al. (2005), an improvement was made by He et al. (2008), setting up the 

mortality function that depends on a Q10 formula, which successfully captured the 

decay of the bloom late in the bloom season.  

he 

g was 

 in 

e 

 

While previous observational and modeling analyses have provided many insights on 

bloom dynamics, much is still unknown with regards to how the bloom would be 

altered with the changing physical and biological environments year by year. The 2006 

bloom provides a perfect opportunity to test the hypothesis suggested by He et al.(2008) 

that the cyst abundance controls the severity of the next year’s bloom, and thus is the 

 a 

object of this thesis research.  In Chapter 2, a case study of the GOM coastal 

circulation and A. fundyense bloom in summer 2006 will be presented, followed by

discussion of future work in Chapter 3. 
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2. Investigation of the 2006 Alexandrium fundyense Bloom in the Gulf of Maine: 

2. 1 Introduction 

In the Gulf of Maine (GOM), recurrent booms of the toxic dinoflagellate Alexan

fundyense have become a major economic and public is

In situ Observations and Numerical Modeling 

drium 

sue to New England states, as 

they cause closures of shellfish beds in both nearshore and offshore waters. The most 

n of shellfish that have accumulated 

A. fundyense toxins. 

Earlier studies have shown that A. fundyense blooms are regulated by a suite of highly 

 

tal 

astern Maine Coastal Current (EMCC) and the western Maine 

e.g. 

 

o 

g 

another bifurcation, with one branch flowing toward the Middle Atlantic Bight, and 

serious threat from these booms is paralytic shellfish poisoning (PSP), which is a 

potentially fatal disorder for humans after ingestio

complex biological and physical processes, and the timing and distribution of the 

bloom are closely related to the GOM coastal circulation (see for example, Anderson et

al., 2005 DSR II Special Issue). The general circulation pattern within the gulf is 

cyclonic (e.g., Bigelow, 1927; Lynch et al, 1997; Pettigrew et al, 2005). A key coas

circulation component is the Maine Coastal Current (MCC), which consists of two 

main branches –the E

Coastal Current (WMCC). The EMCC starts from the mouth of Bay of Fundy, 

following southwest to Penobscot. It often veers offshore south of Penobscot Bay (

Pettigrew et al., 2005). Some EMCC can continue along the coast to join the WMCC. 

Downstream, the WMCC is fed by the inshore branch of the EMCC as well as river 

runoff. The fresh water inputs from the St. John, Kennebec, Androscoggin, Saco and 

Merrimack Rivers feed the alongshore current until it reaches a second branch point

offshore of Cape Ann. At this point, one portion of flow episodically turns inshore int

Massachusetts and Cape Cod Bays, and then rejoins the other southward-flowin

portion of current northeast of Cape Cod. Further downstream, the current undergoes 
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another flowing around Georges Bank (GB) (Lynch et al., 1997). On GB, the mean 

current has an average speed of 10cm/s, leading to a recirculation period of ~ 48 days

The highest current speed is near the bank boundary, rather than at the center 

(Limeburner, 1996).  

ean circulation patterns are well described, coastal currents in the GOM 

interannual variability (e.g., Pettigrew et al., 2005), 

rn may dramatically affect the transport and distribution of A. fundyense 

ental variability and understanding how physical 

rn bloom germination, initiation, and development have 

een the focal point for A. fundyense dynamics studies in recent years. In 

, Anderson et al.

. 

While these m

have significant seasonal and 

which in tu

populations. Characterizing environm

and biological factors gove

therefore b

particular  (2005) showed that the extensive A. fundyense bloom in 

summer 2005 was the largest in at least 33 years. Follow-up analyses (He and 

In a sense, the 2006 bloom

that cy

Specifically

about half that which pre

predict the 2006 bloom

study is to investigate the 2006 

m erical 

modeling experiments are used to depict the full space-time evolution of the bloom and 

 

McGillicuddy, 2008; He et al., 2008) supported the hypothesis that the high abundance 

of cysts in western GOM was the primary cause of the 2005 bloom.  

 season provides the first opportunity to test the hypothesis 

st abundance is a first-order predictor of overall magnitude of the bloom.  

, cyst abundance in the western GOM preceding the 2006 bloom was only 

ceded the 2005 bloom. Based on that observation, one would 

 to be about half as severe as that in 2005. The objective of this 

A. fundyense bloom and contrast its underlying 

echanisms with those of the 2005 bloom. Both in situ observations and num

to reveal the underlying circulation and bloom dynamics. We begin in Section 2 with a 

description of in situ data and coupled bio-physical model used herein.  Section 3

presents model/data validations. Time and space evolution, as well as term-by-term 

bloom dynamics analysis are discussed in Section 4, followed by a summary and 
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conclusions in Section 5. 

2.2.1 In situ Observations 

A coast-scale hydrographic survey was executed on the R/V Oceanus (Voyage O

between June 6

2.2 Data and Methods 

C425) 

as conducted from June 6th to 13th, covering 

the entire gulf coast region, whereas the second leg reoccupied a portion of the initial 

OM. We mainly focus on the first leg observations (Figure 

-scale Massachusetts Bay surveys spanning from April 

through late June were also utilized. In situ sampling consisted of traditional 

n of 

th and 17th, 2006. During this 12-day field survey, a total of 220 

hydrographic stations between Massachusetts Bay and the Bay of Fundy were 

occupied.  The first leg of the survey w

stations in the western G

2.1). Likewise, some smaller

CTD/Rosette hydrography and underway Acoustic Doppler Current Profiler (ADCP) 

measurements. Water samples were collected from Niskin bottles for enumeratio

A. fundyense cells (Anderson et al. 2005b). In addition, buoy observations of 

meteorological and hydrographic data from the Gulf of Maine Ocean Observing 

System (GoMOOS, http://www.gomoos.org/) were also utilized.  

The coupled bio-physical model 

While in situ observations provide valuable information for describing physica

biological conditions during the A. fundyense bloom, they are still too sparse in space 

and time to depict the evolution of the bloom and the underlying physical and 

biological dynamics. Therefore, we also utilized a coupled physical-biological

to simulate GOM hydrodynamics and the A. fundyense bloom. Herein, we present

brief description of the coupled bio-physical modeling system. Inter

2.2.2 

l and 

 model 

 a 

ested readers are 

referred to odel.  He et al. (2008) for more details on the m
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The coupled modeling system consists of a circulation module and an A. fundyense 

population dynamics module. The circulation module is based on the Regional Ocean 

Modeling System (ROMS http://www.myroms.org/), which is a free-surface, 

hydrostatic, primitive-equation model in widespread use for estuarine, coastal and open

ocean applications. ROMS employs split-explicit separation of fast barotropic and slow 

baroclinic modes, and is formulated in vertically stretched terrain-following 

coordinates (Shchepetkin and McWilliams, 2005). The comp

 

utational kernel includes 

high-order advection and time-stepping schemes, weighted temporal averaging of the 

barotrop

parabolic sp

gradient is also applied in ROMS to redu

lim

e global circulation at 

about 10 km resolution (http://hycom.rsmas.miami.edu/dataserver

ic mode to reduce aliasing into the slow baroclinic motions, and conservative 

lines for vertical discretization. A redefinition of the barotropic pressure 

ce the truncation error, which has previously 

ited the accuracy of terrain-following coordinate models.  

For the hydrodynamic open boundary conditions (OBCs), we implemented a 

multi-nested configuration consisting of sequential circulation downscaling from a 

global data assimilative Hybrid Coordinate Ocean Model (HYCOM) circulation 

model to a shelf-wide ROMS model (He and Chen, submitted) and subsequently to 

the GOM ROMS model (He et al., 2008). The global HYCOM model assimilates 

satellite observed sea surface temperature and height, and profiler (ARGO measured 

temperature and salinity) data, providing daily data assimilativ

). Inside HYCOM 

r 

we have the nested the shelf-scale ROMS model that encompasses both the 

Mid-Atlantic Bight (MAB) and GOM via a one-way nesting approach. Horizontal 

resolution of MABGOM ROMS is 5(10) km in the across- (along-) shelf direction. 

Vertically there are 36 terrain-following sigma levels in the water column with highe

resolution near the surface and bottom to better resolve boundary layers. For the 

purpose of one-way nesting, OBCs were applied to tracers and baroclinic velocity 

following the method of Marchesiello et al. (2001), whereby Orlanski-type radiation 
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conditions were used in conjunction with relaxation. Free surface and depth-averaged

velocity boundary conditions were specified using the method of Flather (19

the external values provided by HYCOM. As HYCOM solutions do not include tide

harmonics (M

 

76) with 

s, 

d 

lded 

le 

al 

d, 

The biological m

param

2005

the cons

portion of phytoplankton assem

little ef

predator abundance. The evolution of A. fundyense is then expressed as a single 

2, S2, N2, K2, K1, O1, Q1 ) of tidal sea level variation and depth-average

velocity from an ADCIRC simulation of the western Atlantic (Luettich et al., 1992) 

were also superimposed. Analysis of interior solution confirmed the approach yie

accurate tidal predictions as compared with earlier results (e.g. Moody et al., 1984; 

Xue et al., 2000; He et al., 2008). The Mellor-Yamada (1982) closure scheme is 

applied to compute the 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 applied to downscale the shelf-scale MABGOM circulation 

to the inner-most GOM model. The GOM ROMS has a spatial resolution of 1 (3)-km 

in the across-shelf (alongshore) direction, and also has 36 vertical layers. Such 

multi-nested model downscaling enables the high-resolution GOM ROMS to achieve 

numerically accurate and dynamically consistent boundary forcing from its large sca

“parent” models, a step that is crucial for resolving GOM hydrography and coast

transport, both of which are important for A. fundyense bloom dynamics. Indee

earlier studies (e.g., He et al., 2005) showed more accurate open boundary condition 

specification can lead to significant improvement in GOM regional ocean model 

skills. 

odule is a single component A. fundyense model that contains 

eterizations of A. fundyense germination, growth and mortality (Anderson et al., 

; Stock et al., 2005; McGillicuddy et al., 2005; He et al., 2008). Fundamental to 

truction of this model is that A. fundyense generally constitutes only a small 

blage in the GOM, and that it is considered to have 

fect on ambient conditions such as nutrient concentration (Love et al., 2006) and 
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advection-diffusion-reaction equation: 

 

( ) ( )        (1)a g
C u w C K C m C F
t

µ∂
+ + ⋅∇ = ∇⋅ ∇ + − +

∂

r
 

where C is the cell concentration of A. fundyense, u
r

 and aw  are the fluid velocity 

and A. fundyense upward swimming velocity, which is defined as 10 m day-1 

(Kamykowski et al., 1992) in the ocean interior and tapered to zero to the ocean 

surface; K is the diffusivity, µ and m are the cell growth and mortality terms 

respectively, and gF is the germination flux from A. fundyense cysts in the sediment 

layer to vegetative cells in the water column. The growth term µ is dependent on 

r 

tock et al. 

ality 

cess triggered by their 

endogenous clock m

(

from

panel for 2005 cyst m

germination begins. No-gradient boundary conditions were applied to cell 

 

, 

temperature (T), salinity (S), solar non-spectral irradiance (E) and nutrient (NO3 in ou

model) concentration. Detailed formulations of these terms are presented in S

(2005) and later in He et al. (2008) for an improved temperature dependent mort

formulation (also are provided in the appendix). 

The initial A. fundyense cell concentration in the model was set to zero everywhere. 

Cells geminate from their benthic cyst stage in early spring, a pr

odulated by ambient water temperature and light conditions 

Anderson, 1997). Information about cyst abundance and distributions were derived 

 a gulf-wide sediment core survey conducted in fall 2005 (Figure 2.2, upper left 

ap). We assume changes in cyst abundance are negligible before 

o

concentration along model open boundaries. Due to the lack of nutrient observations,

three-dimensional climatological nutrient fields at four time points (Feb 15, May 15

Aug 15 and Nov. 15) were obtained from Petrie et al (1999), which were then linearly 
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interpolated at each time step of the model simulation.  

nd GOM ROMS hindcasts, the surface 

ospheric forcing, including cloud fraction, precipitation, surface pressure and 

idity, air temperature, surface wind, and shortwave radiation were obtained from 

ental Prediction (NCEP), North America Regional 

poral resolutions of these forcing fields are 32- km 

. They were applied in the standard bulk flux formulation to 

For both shelf-scale MABGOM ROMS a

atm

hum

the National Center for Environm

Reanalysis (NARR). Spatial and tem

and 3 hours, respectively

derive wind stress and net surface heat flux needed by the simulations. To further 

d 

. 

real-time daily river runoff time series from United States Geological Survey (USGS) 

ity 

th 

2. 3. Model-Data Comparisons 

constrain the surface heat flux, we also followed the same approach used in He an

Weisberg (2003) to relax the modeled SST field to NOAA Coast Watch daily, 1/10 

degree cloud-free SST product with a timescale of 0.5 day. 

Given the nature of the one-way nesting, model hindcasts were performed in a 

sequential order. The nested shelf-scale ROMS hindcast was performed first, in which 

only the hydrodynamics was computed; then with the initial condition and 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 simultaneously

GOM ROMS also incorporates river runoff as an important forcing agent, for which 

were used to provide freshwater input to the model. River temperature and salin

values are set as 0 psu and 6.5°C, respectively. Due to the lack of observations for 

riverine nutrient, the riverine nutrient imports are not considered in the model. The 

GOM ROMS physical-biological coupled simulation was carried out from March 15

to July 15th, 2006 to encompass the entire bloom season. 

Numerical models are advantageous for producing time- and space-continuous state 
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variables, from which important ocean physical, biological processes can be deduce

However, extensive model-data comparisons are critical as they set the level of 

confidence for the model’s utility. For this important objective, we present below 

several different types of comparisons for validating the co

d. 

upled GOM model.   

T

hydrographic conditions s 

(SST) in the western GOM were several de

common characteristic that results from stronger tidal mixing in the eastern gulf that 

The salinity field indicates an alongshore 

band of fresh water with salinity less than 31.5 psu. It should be noted that these 

observations were taken on a moving platform over 7-day time period, thus 

nt 

enter of the 

 

 

 

2.3.1 Hydrographic comparison 

A. Coastal Hydrography 

emperature and salinity data from CTD casts provided a large-scale view of the 

during June 6-13, 2006 (Figure 2.3). Sea surface temperature

grees warmer than in the eastern GOM, a 

brings cold deep-water up to the surface. 

representing only a quasi-synoptic hydrographic survey. For comparison, we prese

the modeled surface temperature and salinity fields at noon on June 9, the c

survey period. Overall, simulated temperature and salinity fields reproduced the 

observed hydrographic features with compatible spatial structures, suggesting the 

model is capable of resolving these aspects reasonably well. One discrepancy is seen in

the SST field, where the modeled offshore waters in the eastern GOM are ~ 1 °C 

warmer than the ship observation. This is likely due to the aliasing of the diurnal 

variability in the alongshore measurements (i.e., offshore stations were sampled at 

night). It is of interest to see that both observed and modeled temperature and salinity

fields were not very different from June climatological temperature and salinity fields

of the GOM. In contrast, the GOM hydrographic conditions in summer 2005 were 

significantly different from climatological mean conditions (He and McGillicuddy, 

2008). The climatology used here was compiled with historical hydrographic data 
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comprised of about 54,000 stations with coincident temperature and salinity 

measurements (Loder et al., 1997; Lynch et al., 1997). We recognize that part of the

reason for the differences between our observations and climatology shown in Figure 

2.3 is because the nearshore regions, especially estuaries and freshwater plumes, are 

not well represented in this climatology (Lynch et al., 1997). 

 Mooring data 

Point-by-point temperature and salinity time series comparisons provide anoth

to examine the model’s fidelity in resolving subsurface hydrographic conditions. At 

GOMOOS moorings A and B (see Figure 2.1 for their geographic locations), the 

modeled temperature and salinity time series track their observational counterparts 

reasonably well (Figure 2.4). The seasonal warming trend is w

 

B.

er way 

ell reproduced, both in 

its m ing. The simulated and observed salinity perturbations are also 

similar, suggesting the model is capable of resolving riverine freshwater influences. 

e 

 

C. Current 

e comparisons were quantified by a complex correlation 

Weisberg, 2002). Like subsurface temperature and salinity, the 

simulated and observed currents also compare with each other reasonably well. 

agnitude and tim

However, as the observed thermocline (halocline) in Figure 2.4 is determined by the 

coarse vertical spacing of the sensors (deployed at 2m, 20m, 50m, respectively) on th

mooring, it is not possible to evaluate details of the vertical thermohaline structure

produced by the model.  

 

GoMOOS moorings also provide velocity measurements for surface current meters 

and subsurface Acoustic Doppler Current Profilers (ADCP), allowing for direct 

comparisons with modeled currents in the water column. At both mooring A (Figure 

2.5) and mooring B (Figure 2.6), we present comparisons at three different depths: 

2-m, 10-m and 34-m. Thes

analysis (He and 
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Correlation coefficients range between 0.5 and 0.8, and orientations between 

simulation and observation agree to between 0.6o and 14.4o. Disparities are seen 

time series on an event-by-event basis. First, the model fails to pick up some reversals

in the observed currents. Second, the regression coefficients show that the model 

overestimates velocity magnitude by about 10% at station B, but underestimates 

velocity at station A. Such deficiencies may result from flaws in forcing, or 

inaccuracies of the model itself. Generally speaking, the model is performing bet

Mooring B than at Mooring A. The latter station is located near Cape Ann and

more complex bathymetric setting. Finer model resolution may be needed to improve 

the model solution at Mooring A.   

ary, these comparisons suggest the model is in general capable of reproducing 

 the biological model is couched in a 

sical environment. 

2.3.2 A. fundyense cell concentration comparison 

To validate the A. fundyense populatio

in the 

 

ter at 

 inside 

In summ

observed circulation, lending confidence that

realistic phy

n dynamics model, direct comparisons were 

made between simulated and observed surface cell concentrations (Figure 2.7). In situ 

racted the simulated cell concentration at each station 

odel-data misfit for 

each comparison.  

cell observations were collected during the gulf-wide survey in June and smaller-scale 

Massachusetts Bay surveys spanning from April through late June. To quantify 

model-data comparisons, we ext

where cell counts are available, and computed a point-by-point m

The first Massachusetts Bay survey (Figure 2.7, uppermost panel) was performed on 

April 11 and 12 during the initial phase of A. fundyense bloom. No cells were found in 

the coastal and offshore regions off Cape Ann, while cell concentrations lower than 

50cells/L were present at a couple of stations in Massachusetts Bay. The modeled 
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bloom on April 12th shows low cell concentrations in tens of cells/L offshore of Cape 

Ann, while Massachusetts Bay and Cape Cod Bay contain no cells nearshore, and 

small concentrations of less than 50cell/L near the eastern boundaries. On April 

e down 

ed) 

y 

stern GOM suggests the 

Nova Scotia shelf was unlikely to be an upstream source of the A. fundyense bloom. 

25~26th, the second Massachusetts Bay survey identified elevated cell concentrations 

in the Bay. The model reproduces the same spatial pattern, albeit overestimating the 

cell concentration at offshore stations. On May 11th, the field survey indicated 

increased cells in Massachusetts Bay, with concentrations ranging from hundreds to 

thousands of cells/L. The model captures the timing and intensity of the bloom. By 

May 17~18th, observed cell concentrations reached their peak value of thousands of 

cells/L, with the bloom extending throughout the bay and also offshore. Similar cell 

distributions are predicted by the model. By the end of May and early June (May 

24~25th, May 31~Jun 1st) observations showed the bay-wide cell population declined 

to a few hundreds of cells/L. The modeled bloom, while capturing the spatial pattern 

reasonably well, overestimates cell abundance in the bay. By the end of June, 

Massachusetts Bay water were devoid of cells, whereas cell concentrations in 

hundreds were still present offshore. The model tracks the same pattern, although 

underestimating the concentration of these offshore patches. 

Cell concentration data from the gulf wide survey provided a large spatial context for 

evaluating the biological model performance (Figure 2.8). Observations indicated a 

substantial cell population residing in the nearshore areas from mid-coast Main

into Massachusetts Bay. Relatively lower cell concentrations (less than a hundr

were found in the eastern GOM offshore waters as well as at the entrance of the Ba

of Fundy. In particular, the absence of cells offshore in the ea

The simulated bloom condition on June 9th captures the overall spatial distribution of 

the bloom, with large cell concentrations in the western GOM, and much smaller 

concentrations offshore. The model tends to underestimate the cell concentration, 
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especially in the coastal area south of the Casco Bay.  

aking all Massachusetts Bay and the Gulf wide survey data into consideration, we can 

parison by a histogram of differences between modeled and 

Figure 2.9). The center of mass of the histogram indicates 

odel is slightly overestimating the observations. Among a total of 332 

parisons, 190 (59%) misfits are within ±50 cells/L. The spatial correlation of 

d modeled cell concentrations is as high as 0.60

T

summarize the overall com

observed cell concentration (

the m

com

observed an 6, far more exceeding the 

correlation for 95% confidence level (0.189). 

Collectively

reproducing the lar  

condition reasonably well. 

reality

sm

 

 temporal evolution  

appear 

d offshore 

.2 

, the model-data comparisons show that the coupled model is capable of 

ge-scale spatial distribution and temporal evolution of 2006 bloom

We note that model predictions are a smoothed rendition of 

. While the model can successfully capture the large scale bloom evolution, 

all-scale patchiness is not well resolved (Stock et al., 2005) 

2.4. Discussion 

Given that the coupled model can produce a generally credible hindcast of the GOM 

hydrodynamics and A. fundyense bloom in 2006, it can be used as a basis to investigate

the bloom’s initiation and development in a gulf-wide context. Term-by-term 

diagnostics of the model’s governing equation allow for detailed evaluation for the 

relative importance of each potential controlling parameter. 

2.4.1 Spatial and

Model realizations provided detailed illustrations of bloom evolution and its 

3-dimensional structure (Figure 2.10). On March 30th, A. fundyense starts to 

along the coast of the eastern GOM. Maximum cell concentrations are foun

of Penobscot Bay, near the areas of highest benthic cyst abundance (see Figure 2

 26



upper-left panel). As the result of circulation transport and continued cell germination 

and vegetative growth, the bloom expands downstream and offshore. By April 30th, 

, and the bloom begins to enter 

 the 

y 

e south 

d 

hode 

 the A. 

al 

t 

 

 

the highest population is south of Casco Bay

Massachusetts Bay. Vertical sections reveal that cells recently germinated from

cyst bed off mid-coast Maine are fueling the surface bloom further downstream. 

Vegetative cells are largely concentrated in the upper water column, as upward 

swimming tends to keep them where light is abundant and temperature is warmer. B

May 30th, even more cells are present in the western GOM with maximum cell 

concentrations close to 2500 cells/L. By this time, the bloom has entirely covered 

Massachusetts and Cape Cod Bays, and extended to the offshore waters to th

and east of Cape Cod, Martha’s Vineyard, and Nantucket. By virtue of the southwar

moving coastal current, much of the New England coast (with the exception of R

Island and Connecticut) was exposed to the bloom. One month later (June 30th),

fundyense bloom in the western GOM has begun to decay, while the bloom in the 

eastern GOM and the Bay of Fundy has started intensifying. This type of season

shift of the bloom or the pattern of PSP from west to east through time is consisten

with previous observations (Anderson, 1997; Townsend et al, 2001) and numerical 

model studies (McGillicuddy et al., 2005; He et al., 2008). It is of interest to note that 

by this time, the highest cell concentration is found in coastal embayments near 

Penobscot Bay, but through advection of the coastal current, A. fundyense cells have 

also been transported to Georges Bank. A few weeks later, cell concentrations start

decaying gulf-wide, and by July 15th (not shown), A. fundyense cells are essentially

absent from nearshore coastal waters, signaling the end of the bloom season. 

Interested readers are referred to an online movie to visualize the complete model 

simulation of 2006 GOM bloom  

(http://omglnx3.meas.ncsu.edu/yli/06hindcast/3d/dino_06.htm ). 

 27



2.4.2 Factors governing bloom evolution in the western GOM 

o better elucidate the temporal evolution and vertical structure of the bloom in 

d forcing and in situ temperature and salinity conditions, we 

ile at GoMOOS mooring B (

T

response to surface win

focused on a water column prof Figure 2.11). In the A. 

fundyense dynamical model, the net growth rate is a function of temperature, salinity, 

nutr unction of 

temperature in a Q10 formula (He et al., 2008). Interested readers are referred to the 

Appendix for detailed fo rowth rate is 

model 

4) 

For the purp

fields, we divide the tim

 

 

net growth of A. fundyense at this location, very few vegetative cells have geminated 

 – May 15 ): S

ients and light (Stock et al., 2005), whereas the mortality rate is a f

rmulations of these terms. Note that because the g

constrained by light in the euphotic zone, and the euphotic depth (Z_light) in the 

is computed as a function of the shortwave radiation, Z_light (see Figure 2.11, panel 

fluctuates with solar radiation. Below the Z_light, the growth rate is zero.  

ose of illustrating the temporal variations in both physical and biological 

e series into 4 stages and discuss them sequentially:  

(1) Stage I. (March 15th - April 15th): temperature and salinity fields during this period

are largely well mixed. Average temperature and salinity values are 7°C and 33 psu,

respectively. The surface wind field is dominantly upwelling favorable, facilitating 

offshore transport of near-surface waters. While environmental conditions favor the 

or have been transported from upstream. As a result, the water column has essentially 

no motile cell population throughout this period.  

(2) Stage II (April 15th th tratification starts to develop due to increased 

surface heating and freshwater runoff. The resulting higher water temperature and low 

salinity help to stimulate a faster growth rate, while the mortality term remains small. 

In response, the A. fundyense concentration rapidly increases to several hundreds 

cells/L. It is interesting to note that the period is also characterized by several 
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northeasters with strong downwelling favorable wind forcing. In particular, the storm 

just before May 15th mixes the water column. The thermal stratification is almost 

ent,

alue 

down 

 

tration as high as 1500 cells/L. High surface cell concentrations 

are interrupted by two strong downwelling favorable wind events in early June via 

a 

n 

ell population. Southwesterly winds dominate over the entire period, 

persistently pushing near-surface waters (along with its associated A. fundyense cells) 

 

completely eroded during that ev  and the surface cell population is mixed all the 

way to the bottom.  

(3) Stage III (May 15th – June 15th): Water temperature continues increasing to a v

of ~ 11-14o, and two large river discharge events bring salinity values from 33 

to 31 psu. The growth term keeps increasing (to ~ 15% per day), and so does the 

mortality term. Both are temperature dependent.  The resultant net growth rate is

about 50% larger than it is in stage II. The cell population is largely trapped near the 

surface with a concen

enhanced vertical mixing and horizontal advection. Surface cell concentration maps 

(see the online animation) indicate the bloom is pushed onshore, highlighting the 

importance of surface wind forcing in determining the spatial distribution of the 

bloom.    

(4) Stage IV (June 15th- July 15th). During this final stage, both thermal and haline 

stratification is well established. Surface temperature is now close to 20oC, and 

surface salinity is about 28-30 psu. Thus, surface water is much warmer and fresher 

than waters 10 m below. Mortality at the surface now outpaces growth, leading to 

rapid decrease in cell concentration. Surface wind again plays an important role i

distributing c

further offshore. Therefore both surface wind forcing and hydrographic factors work 

in concert to terminate the 2006 A. fundyense seasonal blooms in the coastal waters of

the western GOM.  

2.4.3 Factors governing bloom’s gulf-wide spatial evolution 
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We now diagnose the model solutions in more detail to understand the process 

controlling the gulf-wide seasonal evolution of the A. fundyense bloom. In this regard, 

analysis of the terms regulating growth rate (Figure 2.12) is particular enlightening.  

In general, the light-limited growth term [µ(E, T, S)] (fourth row) mimics the 

temperature distribution, whereas salinity variations have a relative minor contribution. 

We note that later in the season, the growth rate in the southeast corner of the domain 

. This 

, S)], 

3

3

3

The mortality term (seventh row) is proportional to temperature based on the Q10 

for

tem

than in the eastern GOM  

is Geor

surrounding waters due to ener

surface.  

3

(where high temperature slope water resides) decreases rapidly in June and July

is consistent with the formulation of temperature dependent growth term [µ(E, T

which becomes inversely proportional to temperature when it is above 21oC.  

The nutrient limitation term [µ(NO , T, S)] (fifth row) convolves seasonal variations in 

nitrate, temperature, and salinity (third row). Early in the season, temperature is the 

dominant effect, whereas nutrient limitation is more pronounced later in the season, 

particularly in the western GOM. Light limitation does not play much of a role, such 

that the overall growth rate min( µ (NO , T, S), µ (E, T, S)] (sixth row) mimics the 

temporal and spatial evolution of µ (NO , T, S).  

mula (Durbin and Durbin, 1992), and according to the spatial differences in 

perature, imposes much higher loss rate in the western GOM (warm temperature) 

 (colder temperature) as the season progresses. One exception

ges Bank, where water temperature is colder (and thus mortality is lower) than 

getic tidal mixing bringing cold deep ocean water to the 

Collectively, the net growth rate [µ(E, NO , T, S )-mortality] (eighth row) indicates 

that the upstream (eastward) shift in the center of mass of the simulated cell 

distribution is controlled primarily by increased cell mortality in the western GOM, 

with a contribution from nutrient limitation as well.  
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2.4.4 Bloom interannual variability   

Given the GOM A. fundyense bloom in 2005 was considered the worst in several 

decades (Anderson et al., 2005; He et al., 2008), it is of interest to compare the 2006 A. 

al 

Com er 

and fresher than in 2006, whereas the temperature and salinity in 2006 were very 

re 2.3). Moreover, surface wind fields in 

summer 2005 were dominantly downwelling favorable (He and McGillicuddy, 2008), 

in contrast to in 2006 when winds were e 

2.1

current and wind-driven flow was much st

further down the coast than in 2006.  

In addition to environm

the abundance of 

that the in

and extent of the 

The 2005 hindcast presented in 

hindcas

GOM in fall 2004 was significant h

unpublished data). ation in 2004 was nearly 5 times higher 

fundyense bloom with that historic 2005 bloom event to better understand interannu

variations in bloom conditions.  

pared to the climatological hydrography, GOM water in 2005 was much warm

similar to the climatological values (Figu

 more typically upwelling favorable (Figur

1). As a result, the coastal current consisting of both density driven baroclinic 

ronger in 2005, causing the bloom to spread 

ental forcing conditions, there was a pronounced difference in 

A. fundyense cysts in bottom sediments. Our working hypothesis is 

itial cyst abundance is the most important factor determining the intensity 

A. fundyense bloom in the western Gulf of Maine in the next summer. 

He et al. (2008) supports this hypothesis, and the 2006 

t presented herein provides additional support. Cyst abundance in the western 

igher than in other recent years (D.M. Anderson, 

The maximum cyst concentr

than the maxima in 2005, and the total cyst abundance was about two times higher.  

Furthermore, the cyst bed in 2004 extended much more broadly in space, covering 

more area offshore of the western GOM (Figure 2.2). The resulting temporal and 

spatial averaged cell concentration of 2006 bloom is only about 60% of that for 2005 

bloom. Clearly, the interannual variability in bloom condition is subject to the joint 
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effect of interannual variability in initial cyst abundance and local hydrography and 

forcing fields. It is also noted that the interannual variability of nutrient abundance is 

not resolved in our model and is left for future research. 

 

2.5. Summary  

In situ observations and a coupled biophysical model hindcast were used to analyze t

temporal and spatial evolution of the 2006 bloom of the toxic dinoflagellate A. 

fundyense, and to elucidate the underlying physical and biological factors con

bloom dynamics. Observations indicated that 2006 was a year characte

he 

trolling 

rized by normal 

conditions in terms of coastal hydrography and surface forcing. Benthic cyst 

undance was also moderate compared to other recent cyst survey data. The coupled 

model hindcast successfully reproduced GOM coastal circulation and the large-scale 

spatial distribution of the A. fundyense population observed in 2006. Point-by-point 

, 

23 

rn GOM (Townsend et al. 2001; McGillicuddy et 

al., 2005; He et al., 2008) was shown to be largely controlled by cell mortality with a 

ab

comparisons indicated that during the initiation and development phases of the bloom

simulated cell abundances agree with observations within ±50 cells/L at 190 out of 3

hydrographic stations. 

The bloom evolution in the western GOM was carefully examined at the location of 

GoMOOS mooring B, revealing the important influence of water temperature on the 

growth and mortality terms. Surface wind fields play an important role in modulating 

mixing and transport, thereby affecting horizontal and vertical distributions of the cell 

population. Factors affecting bloom seasonal evolution were analyzed through 

diagnosing various terms regulating growth rate. Specifically, the seasonal shift of the 

bloom from western GOM to easte

contribution from nutrient limitation. One caveat we note is that because our 
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simulation utilized the climatological nutrient field (Petrie et al., 1999), the 

contribution of nutrient abundance variability (through local river sources and 

upstream and deep-ocean input) is not resolved.  

, our results support the conclusion made by earlier studies (e.g., Anderson 

. 2005; He et al., 2008) that benthic cyst abundance is a key factor controlling the 

agnitude of GOM A. fundyense bloom. Monitoring of benthic cyst distributions could 

edictions in overall bloom severity. Other 

ination, growth, mortality) as well as hydrodynamic transport 

portant role in shaping the spatial and temporal structure of the bloom, as well 

e patchiness characteristic of A. fundyense

Collectively

et al

m

therefore provide a basis for interannual pr

biological factors (germ

play im

as the intens  distributions in the GOM. 

Deterministic predictions of those aspects will clearly require refined models, 

g 

McGillicuddy

g-favorable wind conditions and warmer and fresher water in 

the GOM. The stronger coastal current facilitated the spreading of the A. fundyense 

bloom in the western GOM. In contrast, the circulation condition in 2006 was close to 

d 

and 

advanced observational infrastructure together with sophisticated techniques for data 

assimilation. 

3. Future Work 

Previous studies have shown the interannual variability in the GOM surface forcin

and coastal hydrography/circulation have significant biological ramification.  He and 

 (2008) suggest that the severe bloom in summer 2005 is related to 

anomalous downwellin

the GOM climatology, and the wind forcing was oscillatory. Collectively, they favore

a normal bloom condition (Li et al., submitted). It is therefore important to better 

characterize interannual variations in the GOM forcing conditions (wind forcings 
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coastal river runoffs), the coastal ocean responses, and the corresponding A. fundyense

bloom conditions.  

 

Although in situ observations provide valuable information to investigate the physical 

and biological reality, they are too sparse to depict the temporal and spatial evolution 

of the bloom. A thorough understanding of the bloom dynamics therefore necessitates 

accurate, time and space continuous model realizations of the coastal circulation and 

the bloom distributions. Extensive model data comparisons (He et al., 2008, Li et al., 

submitted) showed that the existing coupled bio-physical model performs reasonably 

(1) Data Assimilation. Assimilating observed data is proven to be a powerful means to 

improve the model performance (e.g., He et al., 2004). The GoMOOS system provides 

an integrated observational data stream of current, temperature, salinity at both coastal 

and offshore stations from 2001 to present. NOAA coastal ocean service provides 

hourly coastal sea level measurements online. In addition, gulf-wide ship based 

hydrographic surveys were conducted every summer in 2005-2008. We anticipate by 

(2) Nutrient field. Due to the lack of nutrient observations, we utilized the 3-d 

for this purpose. Further improvement can be achieved with advancement in the 

following three aspects: 

assimilating coastal sea levels, buoy and ship based observations, the accuracy of 

hydrodynamic hindcast can be further improved. 
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climatological nutrient field (Petrie et al. 1999) in our bio-physical model simulatio

The dataset has four seasonal snapshots, which are linearly interpolated onto ea

step of the model simulations. One of our ongoing tasks is to improve the temporal 

resolution by using a new monthly climatological nutrient data

ns. 

ch time 

set provided by Univ. of 

Maine (Townsend, person communication). Previous studies have shown that there is a 

significant interannual variability in the nutrient influx from the Slope Sea to the GOM 

(Anderson et al., 2008).  In this regard, we will also be using the daily nutrient output 

from a shelf-scale ecosystem model simulation, so that the influence of the seasonal 

and interannual variability in the gulf-wide nutrient abundance on the bloom dynamics 

can be better investigated.  

he 

 to 

.  As 

ill also involve 

sediment transport dynamics. We plan to couple the A. fundyense model with the 

community sediment transport model and expect to gain new insight of the cyst 

deposition, resuspension, and redeposition through such kind of coupled simulations.. 

In addition, the mortality function used in the A. fundyense model is currently 

determined by the ambient temperature only. While it is effective to capture the 

(3) Biological model parameterizations. Our A. fundyense model utilizes 

pre-bloom-season cyst observations. It assumes the constant cyst abundance during t

bloom period, and does not consider the encystment process. Future work on how

parameterize the encystment dynamics in the predictive model is much needed

the cysts stay in the upper sediment layer, this line of research w
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seasonal demise of the bloom (He et al., 2008), more researches are needed to imp

its parameterization in the model.  

rove 

Finally, we note that from the coastal management perspective, decisions about the 

closure of shellfish beds are made based on the toxicity concentration. It is therefore 

important to be able to predict the toxicity of the A. fundyense bloom. The goal can be 

achieved by developing a toxicity module that relates A. fundyense cell concentration, 

hydrodynamic conditions and the bloom toxicity.  
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The evolution of A. fundyense can be expressed as a single advection – diffusion - 

reaction equation ( McGillicuddy et al., 2005; He et al., 2008): 

APPENDIX: A. fundyense Model Parameterizations 

Stock et al., 2005; 

( ) ( )        (1)a g
C u w C K C m C F
t

∂
∂

r
 µ+ + ⋅∇ = ∇⋅ ∇ + − +

Where C is the cell concentration of A. fundyense, u
r

 and aw  are the fluid velocity 

and A. fundyense upward swimming velocity (10 mday-1 as determined from 

laboratory experiments; Kamykowski et al., 1992); K is the diffusivity coefficient, 

µ and m are the cell growth and mortality terms respectively, and gF is the 

germ  water 

column. The growth term 

ination flux from cysts in the sediment layer to vegetative cells in the

µ  is dependent on temperature (T), salinity (S), solar 

 

laboratory experiments (Stock et al., 2005): 

T

f (T) = f(T=5) - 0.0345 (5- T)  when (T< 5 C)                                               (2)°

Salinity dependence: 

0.220 0.872      (3) S −   

non-spectral irradiance (E) and nutrient concentration (NO3 our model).  

The temperature and salinity dependence f (T)  and f (S)  were formed from

emperature dependence: 

3 2f (T) = -0.000513 T  + 0.0160 T  - 0.0867 T + 0.382 T when (T  5 C)≥ °  

in 

3 2  f (S)= 0.0000882 S 0.00808S− +
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Then the light limited growth term (µ(E,T,S) ) and the nutrient limited growth rates 

µ ( 3NO ,T,S)  are defined as follows: 

r r
x 0 0r

max 0

3
3 max

3N

E
(T,S)+µ ) tanh ( )-µ

µ (T,S)+µ
[N0 ]µ (NO ,T,S) = µ (T,S)                           (4)

K +[NO ]

gα

×
 

maµ(E,T,S)= (µ

Where max max opt optµ (T,S)=µ (T , S ) S)f(T) g(× × wth 

ity. r
0µ 0.25=  is the maintenance respiration rate, 

while =0.036 

. max opt optµ (T , S )= 0.575  is the gro

al temperature and salinrate at optim

 gα denotes the growth efficiency. [NO ] is the nutrient concentration 

that tak r the nutrient limiting 

 NCEP reanalysis 

3

es effect. NK 3.0= is the half-saturation constant fo

growth term. E in w m-2 is net short wave radiation obtained from

(http://www.cdc.noaa.gov/ ). The overall growth rate is then determined according to 

   

3

where a=0.066, and Q is 21.75. The assumption is that the predator feeding on A. 

fundyense cells will increase as temperature increases, just as growth rate of A. 

e

e-season demise of the bloom, even though ongoing 

Liebig’s Law (Liebig, of the minimum          

3µ (E,NO µ (E,T,S),µ (NO ,T,S))       (5

The mortality is p ized as a function of water temperature based on Q  

formulation (He et al., 2008): 

[(T-10.35)/10]
10                0.019                      (6)m a Q= ⋅ −  

1845) 

,T,S)= min( )  

arameter 10

10

fundyense grows with temperature. This parameterization is proven to be mor  

effective in capturing the lat
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research is trying to further improve the representation (He et al, 2008). 

 

 

 

 

Figure 1.1 Geography and the schematic summer mean  

circulation in the Gulf of Maine, from He and McGillicuddy, 2008.  
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Figure 2.1. Location of CTD stations performed during Oceanus 425 GOM 

survey. Also shown (blue triangles) are the locations of two GoMOOS mooring 

stations A and B. 
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gure 2.2. Benthic cyst distribution observed in fall season of 2005, 1997, 2004 

d 2006, respectively. These cyst data are used in the coupled physical-biological 

odel for cell germination in the following year.  
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gure 2.3. Comparisons of observed temperature and salinity fields from OC 425 

rvey [June 6-13] (upper panels), their modeled counterparts sampled on June 9 

iddle panels), and the June climatological temperature and salinity fields (lower 

nels).  
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gure 2.4. Comparisons of simulated and observed temperature and salinity time 

ries at GoMOOS mooring A (upper panels) and B (lower panels). Circles in the 

bservation plots indicate depths where observed temperature and salinity are 

ailable. 
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gure 2.5. Comparisons of simulated and observed surface (2m) and sub-surface 

0m, 34m ) currents at GoMOOS mooring A. Current time series are sampled 

ery other day for better visualization. Each vector current time series is 

companied by its seasonal mean east and north velocity components (left-hand 

uplet), and each model/data comparison is quantified by its complex correlation 

efficient, phase angle (or angular deviation of the model vectors from the data 

ector measured counterclockwise), and regression coefficient (right-hand triplet). 
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gure 2.6. Comparisons between modeled and observed current at Go

ooring B. Quantitative comparisons are as in Figure 5. 
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igure 2.7. Comparisons of observed (left panels) and simulated (right panels) 
urface A. fundyense cell concentration. In-situ cell counts data were collected by 
assachusetts Bay ship surveys from April through June. Cell concentrations are 

caled by Log10 for better visualizations. R denotes the spatial correlation 
oefficient between the observed and modeled cell concentrations for each 
bservation. 
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igure 2.8. Gulf-wide comparison of observed (upper panel) and simulated (lower 
anel) surface A. fundyense cell concentration. In-situ cell counts data were co
y the GOM ship survey (Oceanus 425) during June 6th~13th, 2006. R denotes the 
patial correlation coefficient between the observed and modeled cell concentrations
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igure 2.9. Histogram of point-by-point misfit between simulated and observed 
urface cell concentration at a total of 332 stations. A logarithm scaling method is 
sed for better visualization. R denotes the spatial correlation coefficient between 
e overall observed and modeled cell concentrations. 
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Figure 2.10. Snapshots of the simulated three-dimensional A. fundyense bloom 
condition on March 30th, April 30th, May 30th and June 30th, respectively. In each 
panel, surface cell concentration map is displayed above 7 transects within the 
GOM showing both surface and vertical cell distributions. Cell concentrations 
are set to log10 scale. The arrow in the middle of the figure indicates the north 
direction in the 3-d plots. 
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igure 2.11. Time evolution of vertical profiles of key physical and biological 
arameters at GoMOOS mooring B. The first panel shows the observed wind vector 
ime series. The following panels indicate model simulated temperature, salinity, 
rowth rate, mortality, the net growth rate, and A.fundyense concentration, 
espectively. Vertical depths are in the unit of meter.  
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Figure2.12.Monthly-mean distributions of modeled surface temperature, salinity, 
nutrient, and terms regulating A. fundyense growth and mortality rates for April, 
May, June, and July, respectively. Note the July mean is the average of conditions 
from July 1st to July 15th (the end of model simulation). µ(E,T,S)is the light 
limited growth, µ(NO3,T,S) is the nutrient limited growth, and µ(E,NO3,T,S) is the 
overall growth term that is determined by min(µ(E,T,S), µ(NO3,T,S)), according to 
Liebig’s Law (Liebig, 1845). The net growth term is [µ(E,NO3,T,S) –mortality]. 
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