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Abstract

One of the most important coastal regions along the 3500 mile coast of Maine is Casco Bay,
which covers approximately 229 square miles with hundreds of islands, islets and exposed ledges.
Casco Bay includes the entrance to Portland Harbor at the western corner of the Bay. Commercial
fishing, aquaculture farms, recreational activities and imports and exports of numerous commodities
through Portland Harbor make this bay one of the busiest regions on the Maine coast. There is
speculation that the red tide occurrences within the Bay are due to germination of local cysts or
intrusion from offshore waters, or both.

The purpose of this study is to offer a preliminary investigation of the general circulation of the
waters in the Bay by applying a finite-volume numerical coastal model (FVCOM) that incorporates
bathymetry, tidal forcing, wind stress and river discharge from the Kennebec/Androscoggin River east
of the Bay. The horizontal resolution of coastline and island boundaries used in the study is sufficient
to capture small eddy production and decay, and identify local circulation dynamics. The focus is on
the Spring circulation, with particular attention given to possible paths that move A. fundyense into and
out of the Bay. The influences of wind, tide, and Kennebec/Androscoggin river intrusion are examined
separately. The Portland Channel, Hussey Sound, Luckse Sound and Broad Sound provide four
pathways for the exchange of water between the inner and outer regions of the Bay.

With a steady wind from the northeast, and no tidal forcing, a counterclockwise circulation sets
up, with flow mainly entering the inner bay through Broad Sound and out through Portland Channel. A
reverse flow is observed along the bottom layers just south of Broad Sound. When only tidal forcing is
applied, there is flow through all channels into the inner bay during flood tide, with volume transports
more in proportion to the size of the channels. The tidal flows generally show little change in direction
with depth. When a northeast wind is superimposed on the flood tide to create an across-shelf
downwelling favorable event, the flow on the ebb tide produces a strong current on the order of 60
cm/s flowing out of Portland Channel. Volume transports through the major channels are presented for
comparisons.

The influence of the Kennebec/Androscoggin River discharge on the circulation in Casco Bay
is given a very preliminary study. A tracer-tracking module in FVCOM is used to simulate the
injection of a dye at the mouth of the river, which was subsequently tracked for eight days. In the
presence of tidal forcing and a wind field that simulates the northeaster of May 7-8 2005, the dye patch
penetrates and disperses well into the eastern portion of Casco Bay, suggesting a surface layer



conveyance for plankton species throughout the eastern region of the Bay.
1. Introduction and background

Casco Bay in Maine is one of the busiest and most commercially productive regions along the
Maine coast (Fig. 1). Portland is the largest city in the state, with Portland Harbor at the southwest end
of the Bay. According to the Maine Port Authority, the Port of Portland is the largest foreign inbound
tonnage transit port in the United States, the largest tonnage port in New England, and the largest oil
port on the US East Coast. It annually handles over 200,000 international passengers, and 2300 cargo
containers onto nearby rail systems. Oil tankers deliver approximately 28 million tons of oil products,
and cargo ships deliver 800,000 tons of dry bulk cargo. The Portland Fish Exchange, where
commercial fishermen can deliver their catches for auction to wholesalers, handles about 20 million
pounds of seafood per year.

The Maine Department of Marine Resources (DMR 2006) reports that the Bay produces
approximately thirteen percent of all commercial lobster catches in the state. There are twelve
aquaculture farms within the Bay, primarily for shellfish production. The abundance of shipping,
fishing and recreation in the Bay and its economic impact on the greater Portland area presents a good
case for continued study of its tidal and non-tidal currents.

Casco Bay has also been an area in which large cell counts of Alexandrium fundyense have
been recorded (Doucette et al., 2005; Anderson et al., 2005), such as in the northeastern region at
Lumbo’s Hole in Harpswell Sound and at the mouth of the New Meadows River. The closing of parts
of Casco Bay to commercial shellfishing because of paralytic shellfish poisoning (PSP) is not
uncommon. The presence of A. fundyense in the Bay has led to some conceptual models of potential
pathways of PSP toxins into and out of the Bay. The Western Maine Coastal Current (WMCC) lies just
seaward of the outer boundary of this study. Although the influence of the WMCC is not addressed in
this work, a high resolution circulation model of the Bay provides a first step toward a future
examination of possible pathways associated with the WMCC and Casco Bay.

2. Recent studies and available data

In 1980-1981, a team from the Bigelow Laboratories for Ocean Sciences conducted a survey of
the Bay that included 197 hydrographic stations, 887 hours of tracking current drogues and 2369 hours
of measuring bottom currents with eulerian current meters at ten locations (Parker, 1982). This report
describes the velocity field and density contours during flooding and ebbing within the Bay. The
Friends of Casco Bay (FOCB) is an environmental organization working to improve and protect the
environmental health of Casco Bay. Trained volunteers from FOCB have been collecting temperature,
salinity, dissolved oxygen, pH and water clarity at ten profile stations since 1992 (Fig. 2). The Casco
Bay Estuary Partnership (CBEP), which partially supports FOCB, has as its mission the protection and
restoration of water quality, and fish and wildlife habitat in the Bay. The CBEP has funded and
published numerous papers on air and water quality for the Bay.

The hydrographic data for Casco Bay is quite sparse. A recent review of the NODC data for
the Casco Bay area shows 459 stations recording hydrographic data from 1912 to 2001, many of which



are seaward of the 60-m isobath. Of these, only 325 stations include both temperature and salinity,
from which density could be determined to initialize the numerical model used in this study. From
these 325 temperature-salinity stations, there were 116 stations in 1953, 45 in 1954, 18 in 1979, 16 in
1991 and 23 in 1992. The remaining years each had fewer than 10 stations. There were only 30
stations that had readings during the May-June season. Hence, the archived NODC data for this region
was not sufficient spatially and temporally to initialize the numerical model for the Spring season.

There are two buoys east of the major islands of the Bay that provide wind and other
meteorological data. One is maintained by the National Data Buoy Center (NDBC station 44007), and
the other by the Gulf of Maine Ocean Observing System (GOMOOS, station 44031). There is a tide
gauge on the Maine State Pier in Portland harbor (National Ocean Service station 8418150).

As part of the ECOHAB-GOM project, CTD surveys were conducted in 1998 and 2000 in the
New Meadows estuary and southeast of Casco Bay to examine the exchange of water between Casco
Bay and the Gulf of Maine inner shelf in search of possible pathways of A. fundyense into coastal
waters (Geyer et al. 2004, Janzen et al., 2005).

3. Geometry of Casco Bay

The region for this study covers Casco Bay and is closed by an outer boundary from Cape
Elizabeth to Cape Small (Fig. 1). The curved outer boundary is close to the 80 m isobath . The surface
area, excluding the 75 islands used here, is about 1200 km*( 463 square miles). The average depth
within the study site is approximately 24 m. The deepest spot is 118 m located at about the center of
the outer boundary. A southwesterly Gulf of Maine Coastal Plume (GOMCP) has been suggested by
Keafer (2005). If it is present, it would lie just seaward of this outer boundary, while the adjacent
WMCC (Lynch et al., 1997; Geyer et al., 2004 ), also flows southwesterly farther offshore near the
100 m isobath.

3.1 Bottom topography

This section of the Maine coast is underlain by metamorphic rocks formed during ancient
mountain building processes associated with southeast to northwest compression (Westerman).
Subsequent movement along the Norumbega Fault zone further organized the alignment of the steeply
dipping geologic units. Recent glaciation, including the region that is now below sea level, further
scoured the valleys and smoothed the ridges to produce strongly aligned and elongated islands and
peninsulas along the coast in a northeast to southwest direction. The bottom sediment close to shore
and within the inner bays is primarily made up of clay with sand (USGS), and transitions more to sand
and gravel offshore.

The 15 m isobath as shown in Figure 1 is displayed to visualize three important passage ways
for deep water intrusion into the inner bay, Hussey Sound, Luckse Sound, and Broad Sound. The
middle channel of Broad Sound extends to a depth of 30 m and continues south to deeper water
outside the Bay. Although Portland Channel is shallower and narrow, there are strong wind-generated
and tidal currents that can also move large volumes of water into the inner bay. Of course, these
channels also allow exchange between offshore and bay waters at all depths. There is also a channel as



deep as 15 m or more that moves up into the New Meadows River. This narrow channel with
numerous bays, ledges and islands has been identified as one area where high concentrations of
Alexandrium cells (Turner et al. 2005 ) have been recorded. The near-coastal waters from Yarmouth
northeast to the upper reaches of Maquoit and Middle Bay are generally less than 3 m in depth, and
experience strong currents during flooding and ebbing.

Because the Bay is wide open to the Gulf of Maine, the circulation of the waters within the Bay
can be affected by offshore winds, fresh water runoff from the Kennebec/Androscoggin River,
especially in spring, and meanders of the nearby western Maine coastal current(WMCC).

3.2 The tides

A sample of the hourly tidal recordings at the Portland tide gauge is shown in Figure 3 for May
2004. The major tidal constituent is the semi-diurnal lunar tide (M-2) with a period of 12.42 hours.
The water levels at this gauge can range up to 2.3 m above mean sea level.

4. The Numerical Model

For this study, the FVCOM numerical model is applied on an unstructured triangular grid of
Casco Bay. FVCOM, developed by Chen et al. (2003), is a prognostic, unstructured grid, finite-
volume, free surface, three dimensional primitive equation coastal and estuarine model. The default
setup applies the Mellor and Yamada (1982) level 2.5 turbulent model scheme for vertical mixing, and
the Smagorinsky (1963) scheme for horizontal mixing. The model allows for a wet/dry treatment in the
intertidal zone, river discharge as a point source with separate temperature/salinity assignments, and
hourly wind stress applied uniformly across the surface of the computational domain.

The computational domain for the Bay is represented by a high resolution triangular
unstructured mesh of 21,245 nodes and 38,762 triangles. The triangular grid was created using
Triangle (Shewchuk) and BATTRI (Smith et al.), a graphical Matlab interface for Triangle. The
domain is enclosed by the boundary curves as shown in Figure 1. The vertical structure is represented
by using 9 terrain-following equally spaced levels at each nodal depth. The shoreline and islands are
sampled with nodes at intervals of 150 m or less, and generally at intervals of 450 m along the outer
boundary. The curved outer boundary connects Cape Elizabeth with Cape Small. The straight line
distance from Cape Elizabeth to Cape Small is about 43 km. The data for the bottom topography
comes from the National Geophysical Data Center (NGDC) U.S. Coastal Relief Model, which provides
a bottom topography on 90-m resolution square grids.

5. The Wind-Generated Velocity Field

In the Spring of 2005, Anderson et al. (2005) refer to two “northeasters” that may have
contributed to high Alexandrium fundyense concentrations along the western Maine coast. The
GOMOOS buoy in Casco Bay recorded strong winds for May 7-8 and again for May 24-25 out of the
northeast quadrant. From noon on May 7 through May 8, the hourly wind speed ranged from 10 m/s to
15 m/s with an average of 10.8 m/s. Likewise, from May 24 through noon on May 26 the wind out of
the northeast quadrant averaged 10.6 m/s. In order to examine the effect that wind alone has on the



circulation in Casco Bay, the FVCOM model was run with a conservative wind speed of 8 m/s from
the northeast, applied uniformly across the Bay for twenty four hours. For the next twenty four hours, a
wind of 8 m/s coming from the southwest was applied, to see how the circulation adjusted from a
northeast to a southwest wind change. The Coriolis acceleration is also applied, but tidal and baroclinic
forcing, are not present. Also, fresh water intrusion from the Kennebec/Androscoggin River just east of
Cape Small has not been included.

With the wind coming from the northeast, the major features of the wind driven model
circulation begin to reach a near steady state after about 6 hours. The result is a major circulation of a
large counterclockwise flow entering Casco Bay from the northeast outer boundary south of Cape
Small and exiting through the southwest boundary near Cape Elizabeth. Because of the size and
complexity of the Bay with all its islands and coves, it is more convenient to view the circulation in
two sections. The vertically integrated velocities along the western and eastern halves of the Bay are
shown in Figures 4a and 4b, respectively. The northeast wind stress and Coriolis acceleration set up the
Ekman dynamics, as water from offshore moves across-shelf into the Bay south of Cape Small, and
continues westerly where it veers around Bailey Island (see BI, Fig. 4b). Some of this flow continues
through Broad Sound and into Middle Bay, while a smaller branch moves south of Jewell Island (see
JI. Fig. 4a) and continues in a southwesterly direction parallel to the shoreline. The water in Middle
Bay and Maquoit Bay is piled against the western shore, contributing to a strong southwesterly flow up
to 30 cm/s along the Yarmouth and Falmouth shore that exits predominately through the Portland
Channel and, to a lesser degree, through Hussey Sound, eventually leaving the computational domain
at Cape Elizabeth. In Maquoit Bay and Middle Bay there is a complex circulation, as seen in the closer
view of Figure 4c where more vector plots are displayed. In Middle Bay, the water piles up on the
western shore and flows southwesterly out of the Bay where some of it turns clockwise and flows into
the center of Maquoit Bay. The water flowing out of Middle Bay is being replenished with offshore
water entering through Broad Sound. This inflow enters Middle Bay east of Birch and White islands,
where it then diverges and creates a counterclockwise circulation on the west side of the Bay and a
clockwise circulation on the east side. In a similar way, the water from Middle Bay that flows into the
center of Maquoit Bay diverges and sets up a dipole pair of eddies. The fairly high resolution of the
mesh used here identifies numerous small eddies throughout the inner bay due in part to the changing
topography and islands, too complex to show in detail here. As one example, Figure 4d shows three
clockwise eddies each about 1 km in diameter along the shore from Cape Small to the entrance of the
New Meadows River estuary. As expected, this northwest wind sets up downwelling events along the
western shores, with bottom waters along the coast moving offshore.

The wind-driven flow east of the islands in the deeper waters is also strongly influenced by the
bathymetry. To illustrate the speed and direction of the wind-driven current with depth, Figures Sa-d
show the vector field at the four depths of 1m, 10m, 25m, and 35m in a section east of Great
Chebeague Island (see GC, Fig.1) out to the outer boundary south of Cape Small where the offshore
waters enter the eastern half of the Bay. Broad Sound is just east of Great Chebeague Island. At a
depth of 1m, the fairly uniform flow is across-shelf into the Bay. At 10 m, the flow in the northern part
of this section turns clockwise toward the entrance to the New Meadows River estuary, then
counterclockwise past Bailey Island and into Broad Sound. In the southern part of this section, the flow



turns counterclockwise and continues southwesterly. At a depth of 25 m, the circulation becomes
highly complex with an off-shelf flow just east of the islands mixing with an along-shelf flow moving
northward into the New Meadows River estuary. A similar pattern is seen at 35 m. The bottom
topography, with its northeast to southwest ridges and valleys that follow the island orientations below
the sea surface, contribute to vertical mixing and current directions throughout the Bay.

Janzen et al. (2005) also observed that an along-shelf wind component from the northeast
produced an across-shelf flow in the upper layers into the Bay. Their current meter stations, located
south and southwest of Cape Small, also recorded flow reversals in the deeper layers, consistent with
the model-generated velocity field discussed here.

Although a uniform wind over a twenty four hour period develops a near steady-state velocity
field, there are constant minor adjustments taking place to compensate for the downwelling and
upwelling events along the coast and around the islands. But generally, the water surface elevation on
the western side of the Bay rises to a height about 7 cm higher than on the eastern side near Maquoit
and Middle Bays.

In the next twenty four hours of this simulation, the wind direction was reversed, coming from
the southwest uniformly across the Bay at 8 m/s. During the transition from a northeast to a southwest
wind, the surface currents generally went through a clockwise rotational adjustment and, after about
six hours, began to reach a near steady-state circulation. As with the northeast winds, the vertically
integrated velocity field is shown in Figures 6a,b. The circulation is almost the reverse of the northeast
wind-generated flow. There is off-shore water entering the Bay at all depths at the southwest boundary
south of Cape Elizabeth. There is an off-shore flow along the rest of the outer boundary. The general
circulation consists of two main events. As off-shore water enters south of Cape Elizabeth, a northern
component turns counterclockwise and follows the coast through Portland Channel, while water below
15 m also enters the inner bay through Hussey Sound, and continues northeastward along the Falmouth
and Yarmouth shoreline. There is a divergence around Cousins Island (See CI, Fig. 1), which channels
the flow between Cousins Island and the Yarmouth shoreline into Maquoit Bay. Most of the flow south
of Cousins Island continues into Middle Bay, but a small portion turns clockwise around Great
Chebeague Island and exits the inner bay through Broad Sound. To adjust for the inflow into Maquoit
and Middle Bays, there is an exit flow along the east shore of Middle Bay into Broad Sound, but once
again, the circulation within Maquoit and Middle Bays is complex. As with the northeast wind-
generated flow, the southwest wind-generated flow sets up a general circulation with strong flow into
the inner bay through Portland Channel and out through Broad Sound. The second event from off-
shore water entering south of Cape Elizabeth is a northeastward flow in the upper 20 m seaward of the
islands that moves across-shelf and exits the computational domain all along the outer boundary.
Below 20 m, the deeper currents flow across-shelf toward the inner bay to replenish the surface waters
that have been pushed northeastward. The flow exiting the inner bay through Broad Sound follows a
pattern almost identical to, but in the opposite direction, to the northeast wind-generated flow. This
strong current leaves Broad Sound, turns counterclockwise and follows the shallow coast east of Bailey
Island, then clockwise to exit the domain south of Cape Small. The wind from the southwest has piled
water into Maquoit and Middle Bays and most of the New Meadows River estuary and raised the



average surface elevation by 1.5 to 2 cm.

As with the wind from the northeast, Figures 7a-d illustrate the speed and direction of the
wind-driven current at the four depths of 1m, 10m, 25m, and 35m in a section east of Great Chebeague
Island (see GC, Fig.1) out to the outer boundary south of Cape Small where the offshore waters enter
the eastern half of the Bay. Again a counter flow is seen below 25 m, but the current exits the inner bay
through Broad Sound at all depths.

Overall, whether the wind is from the northeast or southwest, the major feature is a strong flow
of about 30 cm/sec all along the shore from Cape Elizabeth to Maquoit Bay, along the west shore of
both Maquoit Bay and Middle Bay, and along the east shore of Bailey Island.

As mentioned earlier for this simulation, tidal and baroclinic forcing are not present. Also, fresh
water intrusion from the Kennebec/Androscoggin River just east of Cape Small has not been included.
The river discharge from the Kennebec/Androscoggin River in April and May can exceed 800 m’/sec.
It is generally recognized (Kistner, 1999) that a low salinity plume from the Kennebec/Androscoggin
River can enter Casco Bay south of Cape Small. A northeast on-shelf wind would certainly enhance
this flow, and possibly alter and freshen the surface waters that move into the bays and estuaries.
Likewise, a southwest off-shelf wind at Cape Small may be strong enough to push the
Kennebec/Androscoggin discharge farther off-shore to join the WMCC.

6. The Tide-generated velocity field

A separate run was created to examine the velocity field from the M2 tide only, the
predominant tidal constituent in the Bay. The wind was turned off in this simulation. The triangular
mesh for this study is embedded in a larger Gulf of Maine g2s.5b mesh (Lynch et al., 1993, and Naime
et al., 1994). The g2s.5b mesh was used to create a set of bimonthly climatologies by Naimie et
al.(1994). Since the emphasis of this study is on the Spring circulation, the model is initialized with
tidal (M2 only) elevations interpolated at the open boundary from Naimie's May-June bi-monthly
climatologies. During the model run, a timeseries was recorded for the tidal elevations at the Portland
tide gauge and four subordinate tide locations whose harmonics are known. The M2 constituent was
extracted from each timeseries using t-tide(Pawlowicz et al.,2002). The model-predicted elevations
slightly underestimated the M2 constituent at each location. The model-predicted elevation at the
Portland tide gauge was about 4 cm below the observed level, a percent error of 3%. At the other four
locations, South Harpswell, Small Point, Cundy Harbor and Great Chebeague Island, the percent errors
were 2.0, 2.8, 1.9, and 3.0 respectively.

The vector field in Figures 8a,b show the vertically averaged flow three hours after the
beginning of the flood tide for the western and eastern half of the Bay, respectively. The currents
entering the Bay through the southwestern portion of the outer boundary are the sources for flooding
Portland Harbor, Back Cove, and other coves and estuaries in the western part of the inner bay. These
currents enter along the shoreline of Cape Elizabeth and through Hussey Sound, veer to the right and
continue along the Falmouth/Yarmouth shoreline to the northern side of Cousins Island, where they
converge with currents entering through Luckse and Broad Sounds. Consequently, the waters
approaching the Royal River estuary may come from two sources. In Portland Channel, the vertically
averaged currents at this stage of the flood tide are on the order of 40-50 cm/sec. The surface drogues



used by Parker (1982) show surface currents in Portland Channel and Hussey Sound to be the highest
that were measured in Casco Bay during that survey. During the middle two hours of flood tide, the
surface drogues averaged 55-75 cm/sec through Portland Channel, and 43-58 cm/sec through Hussey
Sound.

The vertically averaged flow field during the third hour after ebb tide is shown in Figures 8c,d
for the west and east halves of the inner bay, respectively. The water west of Cousins Island drains
from the inner bay through Portland Channel and Hussey Sound with speeds in the 40-50 cm/sec
range. An equally strong current of lesser volume also flows through Chandler Cove (Chan Cove,
Fig.1), where it meets with a southwesterly flow from Luckse Sound. After leaving the inner bay, the
current from Portland Channel moves along the Cape Elizabeth shore and continues south to exit the
computational domain. The flow out of Hussey Sound and Chandler Cove also move due south. On
the eastern side of the Bay, the ebb flow out of the Royal River, Maquoit and Middle Bays moves into
Luckse Sound and Broad Sound. The water from the Royal River outlet area flows east of Great
Chebeague Island, where it continues along the island's south shore, enters Luckse Sound, and
continues seaward in a southerly direction. Also, the flow out of Broad Sound continues seaward in a
southerly direction. In summary, after leaving the inner bay through one of the major pathways, the
outgoing tide moves across-shelf to the outer boundary of the domain.

Generally, the flood and ebb tidal currents follow the same direction with depth, with slower
moving currents along the bottom. Although the presence of islands, shoals, and ledges all have an
affect on producing small local eddies, vertical mixing and flow direction, there is no reverse flow at
depth observed as with the wind-driven currents.

Sebascodegan Island (SI, Fig.1) is the largest island in Casco Bay, bounded by Harpswell
Sound on the west and the New Meadows River estuary on the east. During the flood tide, the water
entering through the eastern portion of the outer boundary south of Cape Small enters Harpswell
Sound, Quahog Bay, and the New Meadows River estuary. The water that enters the New Meadows
River estuary is just south of Cape Small and proceeds all the way around the north end of
Sebascodegan Island through narrow channels and back down the west side toward Long Reach, where
it meets the slower current moving up Harpswell Sound to fill the inner coves in this region. Likewise,
on the ebb tide, there is flow leaving the Long Reach area south through Harpswell Sound and north to
the New Meadows estuary. The area around Long Reach is one of the last areas to fully drain during
the ebb tide.

At any given time, the volume and speed of water flowing through the major pathways to the
inner bay can be compared. Five vertical transects have been created across Portland Channel, Hussey
Sound, Chandler Cove, Luckse Sound and Broad Sound, as shown by the solid black lines in Figure 2.
The volume transports and mean speeds through each of these transects were computed at about 3.5
hours after the flood tide began, and again, 3.5 hours after the ebb tide began. The results are displayed
in Table 1. It should be noted that the volume transports and mean speeds, by themselves, mean little,
since the position, direction and length of each transect, and the time selected during the flooding and
ebbing, can lead to considerable variation in the computations. The times selected are not necessarily
the times in which the flow is at a maximum or minimum, hence the results in Table 1 are offered only
as a comparison of volume transports and speeds at one instance in the tidal cycle.



With regard to tidal flows only, the currents of Casco Bay might be viewed as having a western
and eastern circulation, with minor volume exchanges around Great Chebeague Island and Cousins
Island. Using the results in Table 1, the combined volume transport into the western part of the inner
bay through Portland Channel, Hussey Sound and Chandler Cove is 13864 m*/sec, while the transport
through Luckse Sound and Broad Sound to the eastern part of the inner bay is slightly more at 17655
m’/sec.

Broad Sound is the deepest channel where colder, more saline water below 25 m can enter the
inner bay. As seen from the wind generated currents, a wind from the southwest could establish an
across-shelf surface current offshore with a reverse bottom flow of colder, saltier, vertically mixed
water moving into Maquoit and Middle Bay. Also, the tidal currents produce bottom currents through
Broad Sound into the inner bays.

7. The Tide and Wind-generated velocity field

Anderson et al. (2005) observed high concentrations of Alexandrium fundyense along the
western Maine coast after a northeaster during May 7-8 of 2005. These high concentrations were west
of Casco Bay. McGillicuddy et al. (2005) refer to cells that germinate from cyst beds offshore from
Penobscot and Casco Bays which are advected from east to west in the coastal current that lies just east
of the computational domain of the mesh used in this study. The occurrences of A. fundyense blooms in
Casco Bay may be initiated from local cyst beds or be advected from offshore during across-shelf
downwelling favorable winds from the northeast. The focus here is to determine how offshore cells
might find their way into the coastal waters of the Bay, under conditions like those of May 7-8, 2005.
To this end, another two day (4 tidal cycles) simulation was run, using the wind data from the
GOMOOS buoy in Casco Bay for May 7-8 of 2005, along with the same May-June tidal elevations
used earlier. The hourly wind speed and direction for May 7-8, as shown in Figure 9, shows a fairly
steady wind from the northeast for this period averaging 10.8 m/s, which sets up a westerly surface
current onshore. The intrusion of Kennebec/Androscoggin River into the Bay is not present in this run.

When the wind-driven Ekman transports are superimposed on the tidal currents, the vertically
integrated currents seaward of the islands in the deeper water move in a northwesterly direction toward
shore during the flood tide, then rotate counterclockwise on the ebb flow and move in the
southwesterly to southerly direction. As the next flood begins, the currents rotate clockwise and move
northwesterly toward shore again. Compare this with the currents with tidal forcing only, as described
earlier. When there is no wind, the velocity vectors in the outer bay experience a full counterclockwise
rotation through one tidal cycle within their respective tidal ellipses. South of Cape Elizabeth, the
current is always moving southwesterly both during the flooding and ebbing, suggesting that if A.
fundyense do germinate within the Bay during these conditions, they could exit the Bay south of Cape
Elizabeth and supplement the population in the WMCC. Throughout the inner bay, considerable
complexities take place. The vertically integrated velocities for the western and eastern halves of Casco
Bay during the flood and ebb tide are shown in Figures 10a-d. South of Cape Small, the surface wind
stress supplements the incoming tide. In Figure 10b, the current speeds and direction are shown about
two hours into the flood tide. The water entering just south of Cape Small turns clockwise and flows



directly into the New Meadows River, while the flow entering the Bay about 8 km south of Cape Small
moves into Harpswell Sound and Broad Sound. The flow through Broad Sound diverges with the east
portion filling Maquoit and Middle Bays, but the western portion, influenced by the wind-driven
along-shore flow, turns westerly around Great Chebeague Island and Cousins Island and joins the
southwesterly current toward Portland Harbor. The wind-driven current entering Portland Harbor
encounters the incoming tidal flow and redirects the tidal flow to the east where it enters the inner bay
through Hussey Sound and Chandler Cove. The volume transports for the same five channels that
appeared in Table 1 are shown in Table 2. These transports correspond to the same times as the
flooding and ebbing snapshots in Figures 10a-d. Note the low transport in Portland Channel during the
flood tide. Broad Sound is the only channel showing an increase in transport (compare with Table 1)
when the northeast wind is included. However, on the ebb tide, there is a reduction in transport
through Broad sound owing to the windward flow along the shore and exiting more through Portland
Channel. The surface current through Portland Channel is on the order of 60 cm/s. Also, during the
time following the start of the ebb tide, the sea level at the entrance to Portland Harbor is about 10 cm
above that at the entrance to Maquoit Bay, as would be expected from the piling up of water from the
westerly wind-driven current along the Portland and South Portland shoreline.

The direction and speed of the currents at the surface varies from that along the bottom.
However, the complexities of the topography and island orientations do not allow for a general
description of the variability. For example, during the flood tide, the surface currents south of Broad
Sound, influenced by the wind from the northeast, flow in a westerly to northwesterly direction, while
the bottom currents are flowing northerly into Broad Sound, bringing colder water in from offshore.
Along the western shore of Portland Channel, the westerly surface current is piling up water onto the
South Portland shore, while the bottom current is moving in the opposite direction offshore,
establishing a local downwelling event. At the entrance to the New Meadows River estuary, there is a
strong bottom current bringing offshore water into the estuary at speeds of 15 to 20 cm/s.

With these wind and tidal conditions, the intrusions of A. fundyense into the eastern half of the
Bay are possible at all depths. The waters entering the eastern half of the Bay from Cape Small to
about 8 km south of Cape Small are the major sources for filling the regions such as the New Meadows
River estuary, Quahog Bay, Lumbos Hole, and other bays and coves that have measured high
concentrations of PSP.

8. The Kennebec/Androscoggin River influence

During the Spring season, a fresh water surface layer exits the Kennebec/Androscoggin
(henceforth called the Kennebec) River and enters the coastal waters just east of Cape Small. During
the flood tide, this low salinity plume can flow west around Cape Small and into Casco Bay. This
shallow mixed layer provides nutrients and trace metals that promote A. fundyense population growth
(Anderson et al. 2005). Although Anderson (1997) indicates that no A. fundyense cells were found in
the Kennebec River itself during a survey conducted by him and Keafer (1992), it is speculated that the
Kennebec plume waters can serve as a pathway for cell entrance into eastern Casco Bay. To examine
the influence of the Kennebec River spring discharge on the waters of eastern Casco Bay, a new grid



was created that extends the outer boundary of the previous grid to include the Kennebec River and
surrounding shoreline. The spring volume discharge from the Kennebec River varies considerably, and
is generally higher in March-April than in May-June. Lynch et al.(1997) prepared a table of Gulf of
Maine river discharges that were averaged over the ten year period from 1980-1989. In March-April,
the table shows an average discharge rate of 843 m’/s, and for May-June it is 643 m’/s.

For this simulation, a point source was added to the model at the mouth of the Kennebec River
with a discharge value of 600 m’/s. The wind was turned off, and the May-June tidal forcing for the
newly created outer boundary was interpolated once again from the g2s.5b mesh. The FVCOM model
provides for tracking a dye release, which was injected at the mouth of the river in the upper layer, and
tracked for eight days. Since temperature and salinity measurements are not included in this
preliminary study, this experiment is missing the density gradients and low salinity surface flow
characteristics. Moreover, the model does not fully describe the tidal pumping within the Kennebec
estuary itself. Nevertheless, the dye study does describe the tidally driven flow of the surface layer out
of the river and its dispersion along the coast. The position of the dye pattern eight days after it was
released from the mouth of the Kennebec River is shown in Figure 11. During the first four days, the
plume stayed close to shore, but there is some low-concentration dispersion away from the center of
the dye patch. The currents along shore from the Kennebec River to the south of Cape Small are only
about 5-8 cm/s, giving an average southwesterly dye patch speed of about 2.5 cm/s. During the next
four days, the patch expands slightly to a width of approximately 4 km and a height of 3 km , and
maintains its position at about 4 km south of Cape Small, with the center of the patch meandering
within a 1 km radius in response to tidal reverses. The presence of this persistent low-salinity surface
layer patch was also observed in the data collected by Janzen ef al. (2005), who recorded that there was
little variance in its location from tides, winds or river discharge. The data collected by the Friends of
Casco Bay also supports the intrusion of low density flow into the Bay around Cape Small. The salinity
at FOCB stations 1, 2 and 3 was integrated over the upper 2m for the period 1999-2004 and is shown
in Figure 12. These are the three outermost stations with station 1 near Portland Channel, station 2
southeast of Broad Sound, and station 3 just south of Cape Small (see Figure 2). The salinity at Cape
Small shows the lowest salinity values during the Spring freshet, no doubt reflecting the Kennebec
plume flow into eastern Casco Bay during this period.

In the absence of wind, the previous simulation suggests that a low-salinity pool originates at
the mouth of the Kennebec River, moves to a location about 4 km south of Cape Small, and tends to
reside there until some external mechanism forces it to move or disperse. It was decided to create
another simulation to see how the dye patch would respond to the wind events recorded by the
GOMOOS buoy for May 7-14, 2005. This is the same wind data that was used previously for the tide
and wind-generated currents, but extended to eight days. Following the northeast winds, there is a
change in wind direction which comes from the south to southwest for almost two days, starting
around May 10, but then generally comes from the northeast quadrant for the next few days. With the
wind applied, the dye patch moves to a location about 1 km south of Cape Small within about 16
hours. It then continues to disperse throughout the entire eastern region of Casco Bay. Figure 11 shows
the concentration of the patch after eight days, which envelopes Bailey Island, circulates around to the



western shore of Harpswell Neck, and enters the New Meadows River estuary. It is evident that, under
downwelling favorable conditions, the Kennebec surface discharge can deliver plankton and nutrients
to bays and coves in the eastern region of the Bay.

9. Conclusions

A preliminary analysis of the currents of Casco Bay has been explored here. The presence of so
many islands and a complex bottom topography leads to numerous localized circulations that can only
be identified with a high resolution model like the one used here. The superposition of the wind-driven
component on the tidal forcing has a significant affect on transports and speeds within the inner Bay.
Although numerous approaches and interpolation schemes have been applied to the available
temperature and salinity data, the location and density of the data appears to be insufficient for
inclusion in this study. If 30-40% of the across-shelf current is non-tidal as suggested by Janzen et al.
(2005), a spatially-complete temperature/salinity survey would be helpful for the computational
domain used here to better understand baroclinic influences on the circulation in and around the islands
and inner bays. In addition, when volume transports at Hussey Sound and Portland Channel become
available from Janzen's ADCP instruments, comparisons will then be made with model transports to
improve the model. The freshwater intrusion from the Kennebec/Androscoggin River surface layer
into the eastern portion of the Bay alters the water type in nearby bays and coves, and serves as a
conveyance for plankton and nutrients from offshore. The surface plume from the river discharge will
be understood and tracked better when temperature and salinity are included in the model to
incorporate density gradients in the model dynamics. A number of scenarios also need to be explored
based on the location of the Western Maine Coastal Current just outside Casco Bay, and the exchange
between these waters and the Bay.



Figure Captions
Fig. 1. Casco Bay, showing the mainland, islands, the 15-m isobath (dotted line), location of Portland
Channel, Hussey, Luckse and Broad sounds, the outer boundary of the study area, and important land
marks.
Fig. 2. Locations of data available from FOCB, NODC, and NOAA and GOMOOS buoys. Solid black
lines indicate locations of vertical transects across Portland Channel, Chandler Cove, Hussey, Luckse
and Broad Sound.
Fig. 3. Hourly time series of sea level at the Portland tide gauge for May 2004.
Fig. 4. Vertically integrated velocities with winds from the northeast. Top: western and eastern halves
of the Bay. Bottom left: Circulation in Maquoit and Middle Bays; right: eddies west of Cape Small.
Fig. 5. Northeasterly wind generated velocities southeast of Broad Sound at four depths.
Top left: 1 m, top right: 10 m, bottom left, 25 m, bottom right 35 m.
Fig. 6. Southwesterly wind generated vertically integrated velocities.
Left: western half and right: eastern half of the Bay.
Fig. 7. Velocities southeast of Broad Sound at four depths due to winds from the southwest.
Top left: 1 m, top right: 10 m, bottom left, 25 m, bottom right 35 m.
Fig. 8. Tide generated vertically integrated velocities. Top: flood tide in western and eastern halves of
the Bay. Bottom: ebb tide in western and eastern halves of the Bay.
Fig. 9. Hourly wind speeds and directions during the northeaster of May 7-9, 2005.
Fig. 10. Tide and wind generated vertically integrated velocities. Top: flood tide in western and eastern
halves of the Bay. Bottom: ebb tide in western and eastern halves of the Bay.
Fig. 11. Left: Dye patch after eight days with tide only. Right: Dye patch after eight days with tide
and wind.
Fig. 12. Integrated salinity at FOCB stations 1, 2 and 3, shown from top to bottom. The salinity near
Cape Small (station 3) is considerably lower in May than at the other two stations.
Table 1. Volume transports and mean speeds of the tide-generated currents at transects across five
pathways to the inner bay.
Table 2. Volume transports and mean speeds of the tide and wind-generated currents at transects across
five pathways to the inner bay.



Transect Transect Transport(mslsec ), mean_speed(cm/s)
Area (m’) Flood Ebb
Portland Channel 17956 4375, 24 3827, 21
Hussey Sound 20573 8045, 39 7141, 35
Chandler Cove 5249 1444, 27 1413, 27
Luckse Sound 22821 3328, 14 3646, 16
Broad Sound 56327 14327, 25 12875, 23

Table 1. Volume transports and mean speeds of the tide-generated currents at transects across five
pathways to the inner bay.

Transect Transect Transport(m3/sec ), mean_speed(cm/s)
Area (m’) Flood Ebb
Portland Channel 17956 664, 4 54617, 30
Hussey Sound 20573 6964, 34 7220, 35
Chandler Cove 5249 1193, 23 1259, 24
Luckse Sound 22821 1685, 7 4553, 20
Broad Sound 56327 15762, 28 10397,19

Table 2. Volume transports and mean speeds of the tide and wind-generated currents at transects across
five pathways to the inner bay.
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