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This workshop is intended to address issues
relating to ballast water management with the
interim, and imperfect, approach of ballast water
exchange and imperfect coverage of the areas
where ballast water is exchanged and unregulated,
specifically coastal traffic. Three sets of international and regional guidelines and/or regulations
are generally used in this area that are similar,
but vary in details. This workshop is focused on
building consensus on how to be consistent with
these existing guidelines and regulations while
proposing options for minimizing the gap in all
regulations that does not address coastal traffic
ballast exchange. There is a need to address the
issues of coastal vessel reporting and to review
what we know about the ecosystem to improve
ballast water management in the region. This
cannot happen without the insights and cooperation of the shipping industry and the regulators. I
am very optimistic that we are going to come
away from this meeting with a very powerful
statement about what to do next and how to
work towards a solution without proposing new
regulations.
This presentation is a brief overview of
global and regional ballast water issues, a review
of regional species of concern and their impacts,
highlights of current guidelines and regulations,
and a quick comment on the status of alternative
ballast water treatments. The presentations and
tomorrow’s working groups discussions are
directed towards the feasibility of identifying
alternative ballast water exchange zones within
the Northwestern Atlantic.
Globally, 80% of world’s goods are moved

by shipping. Vessels require ballast for providing
stability, maintaining trim, assisting maneuverability, compensating for weight during load
transfers and loss, and reducing stress on hulls
(NRC 1996). Since the 1880s, solid ballast such
as shale, rocks, sand, and other heavy materials,
was used to stabilize ships, but by the 1900s
water replaced solid ballast. Ballast tanks vary in
size (up to >200,000 m3) and with pumping rates
that range from 50 to 20,000 m3/h (NRC 1996).
Because ballast water is taken up in harbors
and estuaries and discharged in similar regions,
the opportunity for organisms to survive is
increased. Most marine organisms spend some
part of their life history in the plankton, thus the
pool of potential invaders includes nearly all
marine species. Ballast water exchange is used
to minimize introductions, but it is an not ideal
solution. It adds to the cost of a voyage, carries a
risk for vessel and human safety, and is not
100% effective in preventing release of organisms
(Carlton 2001).
Despite these drawbacks, ballast water
exchange is the interim method of choice for
minimizing new introductions. Features of ship
construction minimize the effectiveness of ballast water exchange. Internal structures maintain
the integrity of the hull and ship, but also function to collect sediments and entrain organisms.
For example, ballast water exchange may be
90% efficient, but the percentage of organisms
that are exchanged may be only 60% of the total
present in the tank (Rigby and Taylor 2000). In
addition, sediment, often present in ballast water,
accumulates on the bottom and structural elements of ballast tanks and serves as a habitat for
benthic organisms. Grate openings of approximately one centimeter limit the maximum size of
organisms that may be taken up during the filling
of tanks. Although a concerted effort is underway to find alternative treatments, these efforts
are several years away from being ready for
commercialization.
Organism survivability is related to the
physiology of the organisms and the length of
time that they spend in the ballast tank, which
could be 24 hours or several months. The longer
the organisms are held within a tank the fewer
survivors. In general, there are many less species
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discharged than taken up, and only a few of
those that are discharged will survive, reproduce,
and become established. Established populations
may form small localized populations that may
not disperse for years and then disperse rapidly.
This lag time in dispersion of an invader adds to
difficulties in predicting and identifying which
species are of concern. Far less is known about
disease-causing organisms, phytoplankton, and
zooplankton than larger organisms (e.g. crabs,
bivalves and sea squirts), but there are many more
plankton species than larger organisms. The
smaller organisms that survive may be an even
greater threat to human and ecosystem health.
Introduced marine invertebrate and algal
species identified in the Northeast U.S. are listed
in Table 1, many of which may have arrived by
ballast water. Two rapid assessment surveys of
fouling communities on floating docks in harbors and marinas were conducted in August
2000 and 2003. Taxonomic experts identified
native and non-native species, and identified
those whose origins are unknown (i.e. cryptogenic species sensu Carlton 1996). Data from a
survey in August 2000 in Massachusetts are
shown in Figure 1.
250
native

200

introduced

No. Species

cryptogenic

150

100

50

0
MA

Northeast

Figure 1. Number of native, introduced, and cryptogenic species found in fouling communities in
Massachusetts (21 locations) and the Northeast
(Portland, Maine through New York City; 20
locations).

Approximately 10% of the total species
identified were introduced and approximately
another 10% were cryptogenic, although the percent was often greater at a particular location.
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The total number of species in both surveys is 38
introduced and 35 cryptogenic species. Both the
actual numbers of species and the percentage are
less than you find in the Chesapeake Bay area
and much less than you find in San Francisco
(Ruiz 2000). Three new species were identified
in 2000 and one identified in 2003; others have
been identified by citizen scientists.
Several introduced species in the region
illustrate how quickly organisms can disperse.
Hemigrapsus sanguineus was first found near
Cape May, New Jersey in 1986 and dispersed to
northern Maine and as far south as North
Carolina, whereas others continue to be found in
only one location, e.g. Sagartia elegans.
Species also cause economic and ecological
damage. Economically, the green crab, Carcinus
maenas, has impacted is been a major predator
in the intertidal area thus shaping this community
in its role as one of the keystone species (Menge
and Sutherland 1987). Recent studies show that
it is competes with Hemigrapsus sanguineus, the
Asian shore craba curious wrinkle on ecosystem
dynamics. Another species that recently arrived
in Canada is the green alga, Codium fragile ssp.
tomentosoides. In Peggy's Cove, Nova Scotia, it
has formed a near monoculture over the bottom
in sub-tidal areas and displaced many native
species and has altered the benthic community
(Scheibling et al. 1999). Both species probably
arrived by ballast water.
Another group of species that has created
problems for the aquaculture industry are fouling
organisms, e.g., tunicates, bryozoans and
hydroids. The club tunicate, Styela clava, was
present in Boston in the 1980s, but only recently
arrived in Prince Edward Island. These species
have settled on the mussel ropes where they outcompete the shellfish resulting in fewer and
smaller musselscreating economic losses for
the mussel industry. Another tunicate, a compound sea squirt (known also as Didemnum cf.
lahillei) is similar to recently described tunicates
in New Zealand and California. It is noted for
the large colonies, its rapid expansion, and
aggressive growth in localities where it is found.
[After the workshop, Didemnum cf. lahillei has
been found growing on productive gravel scallop
beds in the northwestern corner of Georges Bank.]

Table 1. Partial list of introduced species observed in surveys from Maine to New York City (see http://massbay.
mit.edu). Data from participants in Rapid Assessment Surveys in New England from Maine through New York
City.

Taxa /Genus species
Chlorophyceae
Codium fragile ssp. tomentosoides
Rhodophyceae
Bonnemaisonia hamifera
Grateloupia turuturu
Lomentaria clavellosa
Lomentaria orcadensis
Neosiphonia harveyi
Turbellaria
Convoluta convoluta
Cnidaria
Cordylophora caspia
Diadumene lineata
Sagartia elegans
Annelida:Polychaeta
Janua pagenstecheri
Mollusca:Gastropoda
Littorina littorea
Mollusca: Bivalvia
Ostrea edulis
Arthropoda:Crustacea: Mysidacea
Praunus flexuosus
Arthropoda: Cirripedia
Chthamalus fragilis
Arthropoda: Isopoda
Ianiropsis sp.
Arthropoda: Amphipoda
Caprella mutica
Microdeutopus gryllotalpa
Arthropoda: Decapoda
Carcinus maenas
Hemigrapsus sanguineus
Kamptozoa
Barentsia benedini
Bryozoa
Alcynonidium sp.
Bugula neritina
Membranipora membranacea
Urochordata:Tunicata
Ascidiella aspersa
Botrylloides violaceus
Botryllus schlosseri
Didemnum cf. lahillei
Diplosoma listerianum
Molgula manhattensis
Styela canopus
Styela clava

Common name

Native range

Green fleece alga

W Pacific

Red alga
Red alga
Red alga
Red alga
Filamentous red alga

Pacific or Europe
Pacific
Unknown
Unknown
Pacific

Flatworm

Europe

Hydroid
Orange-striped, green anemone
Purple anemone

Ponto-Caspian
NW Pacific
NE Atlantic

Polychaete

Eastern Atlantic

Periwinkle snail

NE Atlantic

European oyster

NE Atlantic

Opossum shrimp

NE Atlantic

Little gray barnacle

Europe

Isopod

Europe/Asia

Skeleton shrimp
Amphipod

W Pacific
Uncertain

European green crab
Asian shore crab

NE Atlantic
NW Pacific

Nodding head kamptozoan

Europe

Rubbery bryozoan
Bushy red bryozoan
Lacy bryozoan

Unknown
Uncertain
NE Atlantic

European sea squirt
Orange and red sheath sea squirt
Golden star sea squirt
Compound sea squirt
Compound sea squirt
Sea grape
Club sea squirt
Stalked sea squirt

NE Atlantic
NW Pacific
NE Atlantic or Pacific
Europe?
Europe?
Europe
W Pacific
W Pacific
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Given the concern about the impacts of
introduced species and the potential for new
species to arrive in ballast water; in 2002 a
workshop was convened to review what is
known about ballast water release in the region,
the status of regulations and policies and what
can be done to minimize or prevent new introductions. In New England, the amount of ballast
water released is considerably less than in other
parts of the country. The workshop presenters
reviewed regulations, identified the shipping
industry efforts, and highlighted how California
and the West Coast are addressing ballast water
issues. What emerged from the discussions of
working groups was the need to identify alternate
ballast water treatment rather than rely on ballast
water exchange. However, because these alternative treatments are years away from being adopted, ballast water exchange at sea is the interim
solution. Currently, vessels are required to
exchange ballast water before entering the Great
Lakes. All vessels are required to complete ballast water report forms that collect data on volumes exchanged, last port of call, any treatment,
and other data to assist with monitoring ballast
water management. For New England, only
about 35% of the vessels are reporting on their
ballast water management.
Globally and within Canada and the U.S.,
several major efforts are moving forward. Since
1988, the International Maritime Organization
(IMO) of the United Nations has been working
towards an international convention to require
vessels to manage and treat ballast water, but
until recently the guidelines were voluntary. [A
meeting held on February 9-13, 2004 resulted in
adoption of a Treaty to prevent and minimize
introductions from ballast water and sediments.
The Treaty will become official 12 months after
ratification and affects 35% of the global shipping
tonnage. Appendix I summarizes the convention
and time table for implementation.] Although
there is consensus that alternative treatments,
such as physical, mechanical, chemical (biocides), and other methods are preferred options
to ballast water exchange, only a few are being
tested on vessels. This places greater need on
identifying areas that are acceptable for ballast
water exchange that minimize or prevent introductions.
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Current regulations are primarily guidelines,
except for the Great Lakes. The United States
requires vessels entering the Exclusive
Economic Zone (EEZ) to report on ballast water
management, but treatment is optional. These
reports are collected by the U.S. Coast Guard
and data are managed by the Smithsonian
Environmental Research Center. Currently, all
coastal traffic is exempt from reporting and ballast water treatment.
Canada has voluntary guidelines that include
reporting ballast management and exchange. The
proposed Annex 5 mandates that all vessels
entering the EEZ, including vessels entering
from U.S. ports and traveling along the coast,
submit reports on ballast water. Appendix IV
summarizes Annex 5 with comments from a participant. The proposed annex recommends
against discharging into the Laurentian Channel
and proposes minimal ballast water discharge.
The Laurentian Channel designation as a ballast
water exchange site is highly controversial, but
was based on best judgment at the time. Recent
data suggest that for several months of the year,
the area is vulnerable to discharges within the
Channel introducing new species. Annex 5 also
identifies sensitive areas for ballast water uptake:
Chesapeake Bay, Georgetown, Lunenburg,
Shelburne, and the Bay of Fundy shipping lane
and some other areas.
Several studies have been commissioned by
Transport Canada and their consultants to examine compliance with reporting, numbers and
types of organisms in ballast water, and options
for ballast water exchange. These studies, the
U.S. Coast Guard reporting data, and data from
other regions highlight the need to identify alternative ballast water exchange regions.
The purpose of this workshop was to develop
a sound scientific understanding of the region
its physical oceanography, biology, regulations,
traffic patterns, and vessel issuesand explore
the feasibility of identifying alternate ballast
water exchange areas.
The region was divided into three general
areas: north of the Gulf of Maine; the Gulf of
Maine, Bay of Fundy, and coastal Maine; and
south of Cape Cod. Three presenters, Peter
Smith, David Townsend, and James O’Donnell
provide a synthesis of the physical oceanography

within each of these regions. Current data suggest
that the ballast discharge is greater in Canada
than the U.S. and that coastal traffic is not
required to report on ballast water management.
The next presenters, Tuck Hines, Yves De
Lafontaine, and Nathalie Simard review our
understanding of the biology of the system and
lessons from the Gulf of St. Lawrence on dispersal and retention. Anjuna Langevin and Kathy
Metcalf present Canadian and U.S. shipping
industries perspectives and highlight the shipping industries’ activities and relevant regulations. The presentations conclude with Andrea
Locke’s discussion on risk assessment based on
what we know. All participated in a panel discussion and identified topics for the working
groups’ deliberations.
The goal is to develop a strategy for reaching
consensus on ways to reconcile the environmental and economic concerns to minimize and to
reduce introductions from ballast water, specifically to review the feasibility of alternate ballast
water exchange zones for coastal traffic. The
long-term goal of preventing introductions and
developing a regional ballast water management
plan will include alternative technologies for
treating ballast water, but that is beyond the
scope of this workshop. The IMO, Canada and
the U.S. are working towards adopting performance standards for treatment alternatives, providing opportunities for testing on board vessels,
and developing a phase in period for older and
newer vessels. The best estimates are that implementation will not occur until 2012 for the signers of the convention. There is an urgency to do
better than a no alternative option while waiting
for alternative technologies to be developed.
This workshop focuses on scientific and technical information that may be used to identify
alternative ballast water exchange zones, especially for coastal traffic vessels.
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INTRODUCTION
In this paper we discuss biological implications of descriptive physical oceanography.
Following a general overview of the major features of the Gulf of Maine region, we explore
how these physical characteristics affect certain
processes important for transporting organisms
and other materials. At the end are described
some lesser known interesting and perhaps
important peculiarities in the region.
The very broad continental shelf area typical
of the Nova Scotia and Maine region, shown in a
lighter shade than the deeper Atlantic Ocean in
Figure 1, is typical of the Gulf of Maine. The
Laurentian and Northeast Channels are deep (300
and 250 m, respectively), but shallow when
compared to the North Atlantic Ocean. Given the
unique characteristics and currents of the Gulf of
Maine, we could conclude that it is a bad idea to
exchange ballast water between the coast and the
edge of the continental shelf, but that is not
realistic.

Figure 1. Map of the northwest Atlantic coast showing
the broad continental shelf. Inset is the Gulf of Maine.

PHYSICAL CHARACTERISTICS OF THE
GULF OF MAINE
Some of the major features of the Gulf of
Maine contribute to its productivity. It is an isolated, semi-enclosed body of water that is
blocked from the deep Atlantic Ocean by the
Nantucket Shoals, Georges Bank, Stellwagen
Bank, and the southwest Nova Scotian shelf
region. Its only deep water access to the North
Atlantic is through the Northeast Channel. North
Atlantic water enters through the Northeast
Channel and fills three major basins: Georges,
Jordan, and Wilkinson Basins; and, with the
physical characteristics of the Gulf, deep-water
exchanges are limited.
Freshwater discharge into the Gulf of Maine
comes from two primary sources: rivers and cold
Scotian shelf water. Rivers account for about
half of the freshwater in the Gulf of Maine.
About half of the freshwater that flows into the
Gulf of Maine is cold Scotian shelf surface
water, which comes around southwest Nova
Scotia. Figure 2 shows the general flow of water
into the Gulf of Maine. Surface water enters
from the north, where the winter frozen shelf
water comes around the corner, along the coast,
and eventually becomes the coastal current.
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Figure 3. Tidal wave in the Atlantic Ocean that passes
by the Gulf of Maine showing amphidromic point.
Figure 2. Map showing major freshwater inputs into
the Gulf of Maine. Approximately half of the freshwater comes from the rivers; the remainder from the
Scotian Shelf waters. Other arrows show deep slope
water entry and flows and intermediate water exits.
These water masses together with tidal mixing determine density distributions (base map from R. Signell,
http://woodshole.er.usgs.gov/operations/modeling/ind
ex.html).

TIDAL WAVES
Tidal heights range from around three meters
in the southern portion of the Gulf of Maine to
six meters or more in some regions of the Bay of
Fundy. In the North Atlantic Ocean tidal waves
slosh around the perimeter of the North Atlantic
basin (as it would if you were panning for gold),
in a counterclockwise manner with an
amphidromic point of no change in sea level in
the center. A big tidal wave goes down the east
coast of North America from north to south,
passing by the opening of the Gulf of Maine,
altering sea level inside and outside the Gulf
with each pass (Figure 3). This tidal wave fills
and then empties water from the Gulf. The
trough line creates a vacuum and water empties
out of the Gulf of Maine, as shown in Figure 3
by the stream and co-tidal lines. Then, with high
tide in the Atlantic, the crest passes by the Gulf
of Maine again, and sometime later water comes
flooding back in.
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Not only does the water flow in, but the tidal
wave is focused up into the Bay of Fundy, which
is one of the reasons there are great tides up in
the Bay. But, in general, the reason the tides in
the Gulf of Maine are as big as they are is that
the Gulf of Maine basin itself is in near resonance
with the North Atlantic tidal waves, i.e. the
amount of time it takes to fill the Gulf and empty
the Gulf is on the same order of period of the
North Atlantic tidal waves. The focusing leads to
large tides in eastern Maine versus off the New
Hampshire coast where they are quite small,
which is observed as an east to west difference.
The tides are greater in the spring period—compared to a neap tide.
TIDAL MIXING IN COASTAL CURRENTS
Tides are important for a couple of reasons.
One of them is the rectification of rotary residual
tidal currents. The northeast peak of Georges
Bank illustrates this (Figure 4). The direction of
the tidal currents at any hour into the tide are
plotted and when the ends of these are conneted
together they form a progressive vector diagram
that shows these water currents moving in a nice
ellipse. On the northern edge of Georges Bank
this elliptical tidal current develops that encounters some friction with the bottom on the shallow
bank, but when it moves off the bank into deeper

water, the surface current no longer experiences
as much friction and thus can move a little bit
towards the northeast before it comes back onto
the bank, and generates more friction once again.
The result is a corkscrewing action that produces
a jet-like current on the northern edge of the
bank. But this happens not just on the steep
northern edge of Georges Bank, but wherever
there is an inclined bottom slope. This can also
be seen in drifter tracks (shown on the satellite
image, Figure 4). On the southern flank, which
is more gently sloping, a drifter track reporting
its position every 15 seconds is shown (Figure
4). It progresses in these beautiful ellipses, and it
is moving to the Southwest. Along the coastline,
tides will generate rectified currents, which contribute to the residual circulation. The tides mix
the water from the bottom up and are influenced
by the tidal current speed, how rough the bottom
is, and the depth. There are some depths where,
if shallow enough, the tide can mix the water all
the way from the bottom to the surface. But, offshore in deeper water, where solar insulation is
heating the water, the tide cannot reach the surface, and stratification develops.
There are places around the Gulf of Maine
where vertical mixing is important, particularly

around Nova Scotia and along the Eastern Maine
coast. It can be observed along the edges of
Georges Bank and Nantucket Shoals where cooler waters are tidally mixed. These areas are
important in determining surface temperature of
the waters; also, vertically mixing carries deep
water nutrients up to the surface. And it can be
quite dramatic. Off the southwest Nova Scotia
coast is an example of a 72-meter water column
that is fairly well mixed top to bottom. What was
most interesting is if you take a plankton sample
at the location where waters are mixed, there are
sand grains at one-meter depth that are mixed all
the way up to the surface and kept in suspension.
That is vigorous mixing.
WATER DENSITY
The Northeast Channel provides access to
the deep North Atlantic Ocean waters and allows
for the influx of dense slope water along the bottom (Figure 2). Bigelow sampled from July to
August and he plotted the depth of the 34 parts
per thousand isohaline line. Slope water along
the Continental Slope will spill into the Gulf of
Maine, coming closest to the surface, turning to
the right, (corresponding to Coreolis effect), fill-

Figure 4. Rectification of rotary tidal currents on Georges Bank (drifter track from R. Limeburner, Woods Hole
Oceanographic Institution, http://globec.whoi.edu). Reprinted with permission.
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ing Jordan Basin, and then spreading down the
Maine coast, and also spilling into Wilkinson
Basin. All three of these basins then are filled to
some extent with this warm and fairly salty,
dense slope water sitting along the bottom.
Density distribution of the waters in the Gulf can
be explained with the tidal mixing along the
coast, fresh water influxes, and this deep water
coming in along the bottom.
If a transect was placed that goes from the
Maine coast out across Georges Bank to the
outer Continental Slope, a profile through the
basin in the summertime would show three distinct water masses. At the surface, there is warm
water from summer stratification, but trapped
just beneath that is cold intermediate water,
which is the remnant of the previous winter’s
convective mixing. Down at the bottom, the
dense slope water that comes in to fill the basin
is warmer and quite a bit saltier.
On Georges Bank adjacent to the Maine
coast there is no dense slope water on the bottom; most of the slope water sits in a dome-like
pattern in the centers of the basins. The average
density of the waters from top to bottom is greatest in the middle of the basins. That means that
sea level is actually depressed slightly directly
atop these basins and slightly higher on either
side, which sets up a baroclinic flow such that
all this water wants to rush into the hole. But
instead, because the earth is a rotating sphere,
those waters are pulled to the right, so result is
to produces a counterclockwise gyre-like circulation, in theory, around the Gulf of Maine basins;
over Georges Bank it is just the opposite (Figure
5): there a clockwise flow is observed.
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Figure 5. Circulation of currents in the Gulf of Maine
(cyclonic) and Georges Bank (anticyclonic) at the
surface and at depth (after N. Pettigrew, unpublished;
base map from R. Signell, http://woodshole.er.usgs.gov/
operations/modeling/index.html).

Even coastal waters from the Gulf of Maine can
go back out onto Georges Bank. These patterns
were confirmed by N. Pettigrew, (U. Maine,
pers. comm.) with satellite tracked drifters.
Some drifters go around Jordan Basin, others
move down the coast to Massachusetts and eventually the find their way out on the Georges
Bank and move around and then drift further
down the coast (see O’Donnell’s paper in this
volume).

RESIDUAL CIRCULATION

MAINE COASTAL CURRENT

Figure 5 shows the residual circulation in the
Gulf (and is rather messy with surface and subsurface flows), that fill Jordan and Wilkinson
Basins with deep water entering through the
Northeast Channel. There may be weaker
cyclonic flows around the basins, but around
Georges Bank there is a stronger flow. The point
is that everything that enters the Gulf may go
into the Bay of Fundy and go down the coast.
Everything is connected, nothing is really isolated.

A closer look at the Maine coastal current
reveals what is driving it and how it can be
important. Scotian shelf water moving into the
Gulf experiences intense tidal mixing and this is
where some of the coldest waters in the Gulf of
Maine are found because of this vertical mixing
and upwelling. This cold tidally-mixed water
forms a coastal current that encircles the Gulf.
But along the Maine coast, this cold surface
water current departs the coast and heads offshore

as part of the main cyclonic circulation, but
some of it does continue and meanders back in
along the coast, so this is a very, very important
feature. The branch point in the eastern Maine
coastal current determines how much of this
water goes offshore versus along the coast.
Because of the vigorous tidal mixing and
upwelling, very high nutrient levels in the upper
part of the Gulf of Maine are observed in the
summer months. It has been recorded at seven
micromoles of nitrate in July, which is very high,
and it enters the coastal current flow down the
coast. The nutrient concentrations drop off some
distance down the coast for several reasons.
They are being taken up by phytoplankton and
dispersed. There is progressive stratification and
complex interactions occurring along the frontal
region in and around this cold water. But this
Scotian shelf water is the primary source of
nutrient injections into the surface waters of the
Gulf during the summertime. Our understanding
of the dynamics of the system involves many
U.S. and Canadian scientists, including Peter
Smith and Jennifer Martin (see their papers in
this volume).
Since 1998, the distributions and dynamics
of Alexandrium sp., which is the paralytic shellfish poisoning (PSP) dinoflagellate in the Gulf of
Maine, has been the focus of an integrated study
(Figure 6). In 1998, data were collected during
research cruises and satellite data were used
from the same time to analyze the observations.
Cells grew in the core and along the edges of the
cold water, high nutrient currents in the northern
Gulf of Maine. When the cells sit offshore, it is
not much of a problem for the shellfish fisheries
along the coast. What brings the PSP dinoflagellate into shore and how do the bivalves get
exposed? Over the years, on average, there is a
part of the Maine coast, usually between Mount
Desert Island and Penobscot Bay, where shellfish are rarely affected by PSP. This void has
always been a bit of an enigma. How can you
get PSP on either side and seldom in the middle?
That has become known as the sandwich phenomenon where you put the bread on either side
of meat. It probably is related to the nature of
the coastal current where there is exposure in the
north to high Alexandrium sp. waters offshore

that move towards the coast and eastern Maine.
As that coastal current feature turns offshore, it
results in an isolated patch of coastline that does
not get exposed to these offshore sources of
cells. This very phenomenon seems to have happened in August 2003.

Surface
Temperature ((C)

Figure 6. Diagram show distribution of Alexandrium
concentrations throughout the Gulf of Maine, cell
densities at 2 m and sea surface temperatures, and
coastal currents illustrating the sandwich effect (after:
Townsend et al., 2001; Hurst and Yentsch, 1981.
Figures reprinted with permission).

It is the variable trajectories of this eastern
Maine coastal current that is very important to
understanding transport of materials along the
coast, or what comes into the Gulf. What will
happen to such coastal water materials? Will
they be transported to offshore waters and reside
out in the Gulf of Maine or will they move along
the coast? A comparison of two satellite images
taken on day 152 in 2001 and almost the same
time in 1998 show that the 1998 trajectory
branched off towards the middle of the Gulf of
Maine and the 2001 currents continued along the
coast before branching off (see Figure 5 for general surface flows illustrating this branching of
coastal current). Thus, anything that those waters
are carrying with them is going to be transported
downstream.
This principle was the basis of dividing the
coastline of Maine into three regions that might
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be influenced by offshore waters. One is the area
in eastern Maine that is directly exposed to
exchanges with the eastern Maine coastal current
that abuts the coast very closely. Area 2 (between
Penobscot Bay and Portland) is a highly indented
coastline, whereas from Portland south is an
almost straight coastline. In area 2, even if the
outer coast is affected, waterborne contaminants
may not reach the upper regions of the highly
indented coastline. By correcting for linear distance of shoreline, offshore influences appear to
be minimal in area 2 and more important on
either side. Although the scale is small, the
change in indentation can be seen in the maps.
The geography changes markedly in western
Maine and New Hampshire.
CIRCULATION IN THE GULF OF MAINE
A review of the circulation in the Gulf of
Maine also provides insight into other influences
(see Figures 2 and 5). Apart from the currents,
where particles are flowing at the surface and
what is driving them, major water masses also

influence what happens - where they are coming
from and where they are going. The deep water
results in the penetration of the dense slope
water that comes in and fills the basin, along
with the cold Scotian shelf water coming in at
the surface. In between the two, there is the cold
intermediate water layer coming out of the Gulf
of Maine (along with some surface water as
well).
Farther to the north, the Labrador Current
that enters the Gulf of Maine (Figure 7).
Offshore is the Gulf Stream, but it is quite
removed. The north wall of the Gulf Stream,
though, will create warm core rings. Every once
in a while these rings will impinge against the
Northeast Channel, which will make the warm,
salty slope water from Gulf Stream origin or
North Atlantic central water, available to enter
through the Northeast Channel, whereas at other
times it will not. There is an interesting region
referred to as the Slope Sea, which is the region
where exchanges between the cold shelf waters
of Labrador Current origin and the features that
spin off and are affected by the Gulf Stream.

June 11, 1997

Figure 7. Large-scale circulation and offshore source waters. Arrows off the Gulf Stream indicate eddy formation of warm core rings (after Chapman and Beardsley, 1989, and Loder et al., 1998; satellite image from A.C.
Thomas, University of Maine, http://wavy.umeoce.maine.edu)
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BALLAST WATER DISCHARGE
This discussion is relevant to ballast water
exchange. When the cold, low salinity Scotian
shelf current is altered, this is referred to as a
“cross-over event.” Normally, Scotian shelf
water would correspond to the Coreolis effect
and turn the corner from Nova Scotia and come
into the Gulf of Maine. However, on a cruise in
March and April of 1997, the shelf waters blew
across to Georges Bank. This phenomenon was
recorded because cod eggs were observed in our
samples on Georges Bank that were clearly coming from the Brown’s Bank and Scotian shelf
area, and being brought down along the southern
edge of Georges Bank. This means that the cold
Scotian shelf waters will deliver whatever they
have with them to almost anywhere into the Gulf
and down the coast. It also spreads out over the
Gulf of Maine and is important in bringing
buoyancy in the springtime.
Because Scotian shelf water is relatively
fresh, it is lighter than water beneath, even
though it is very cold. The flow of this water
into the Gulf of Maine tends to be maximal in
winter and spreads out over the Gulf of Maine.
During a cruise in the spring of 2000, a temperature inversion was recorded, i.e., the water was
colder at the surface, but it was low-salinity

Scotian shelf water so it set up the buoyant
upper mixed layer that led to initiation of the
spring phytoplankton bloom beginning much
earlier than expected. The spring bloom of phytoplankton was postulated to begin first where
the waters begin to warm, and indeed surface
water is warm in the west and cold in the east.
According to Sverdrup et al. (1942), the bloom
is expected to occur first in the west, not the
east, but on the spring 2000 cruise it was
observed the other way around, which may in
fact be the case every year. The water that comes
in around Nova Scotia spreads slowly across the
Gulf of Maine. Dave Mountain (NMFS, Woods
Hole, pers. comm.) analyzed the time of year
that the minimum surface salinity (from water
coming in) spreads across the Gulf. It takes the
better part of nine months to spread around the
Gulf.
One reason to understand the nature of water
mass flows is that it affects the ecosystem. First
of all, the flow dynamics vary, especially in
response to the North Atlantic Oscillation
(NAO). The NAO is the differences in atmospheric pressure between Iceland and the Azores
and plotted as an anomaly over the long-term
trend (Figure 8). Differences in atmospheric
pressure over time, fluctuate between periods
where they are quite low (in the 1960s) followed

NAO Low
From: Smith et al., (2001)

NAO Index

NAO High
From Drinkwater et al. (ms)

Figure 8. The North Atlantic Oscillation and its impacts on surface and deep water masses in the Gulf of Maine
(from Smith et al., 2001). The red arrow points to a 1996-1997 NAO low event. Reprinted with permission of
Peter C. Smith, Bedford Institute of Oceanography.
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by a period when they are quite high. The red
arrow in Figure 8 indicates a 1996-97 NAO low
event. This is important because when there is an
NAO low, the north wall of the Gulf Stream, is
pushed farther to the south and it allows a penetration of Labrador slope water all the way down
the coast as far as New Jersey (Figure 9). In fact,
there is a very famous tile fish kill back in 1882
off the New Jersey coast that is thought to have
been caused by this cold Labrador slope water
that penetrated to New Jersey and resulted in the
lower, lethal temperatures for those fish. But
during an NAO high the cold waters do not
make it as far (note Figure 8, which is cut off at
the 200 meter isobath to show how the deep
slope waters behave). Thus, the Labrador slope
water flows all the way down during an NAO
low year, but in an NAO high year it stops near
the Laurentian Channel.

Surface-water
Temperatures

Surface-water
Temperatures

Bottom-water
Temperatures

The Cold
1960s

during a low NAO, but it stops near the
Laurentian Channel during a NAO high.
Normally, with a high NAO, North Atlantic central water (or warm slope water) is available to
enter the Gulf. The importance of the observed
NAO relates differences in the water properties
under high and low events. The Labrador slope
water is very cold and not very salty. From 1998
when it penetrated the Gulf of Maine, very cold
temperatures and fairly low salinities were measured, but more importantly, the concentrations
of nutrients, (as nitrate) was very low, only
reaching 15 micromoles at 200 meters depth.
During a warm year, the temperature and salinity
is very high, and the nitrate levels and silicates
are very high, somewhere around 23 to 24
micromoles. That is a big difference in the nutrient injections that enter and then reside in the
Gulf of Maine for as long as a year before they
are flushed out again. The nutrient concentrations could set the stage for the overall production and whatever happens subsequently, and in
fact low levels of production were observed in
ocean color chlorophyll images in 1998, which
was a cold-water year. The following year where
the deep water was high-nutrient warm slope
water, there was much higher chlorophyll production going on at the same time of year, both
in the spring and in the summer, i.e., higher
again in July 1999. These higher-nutrient loads
enter the Gulf and influence the overall productivity of the Gulf of Maine. The Gulf of Maine is
a complex system influenced by tides, currents,
the Atlantic Ocean and climate events that
affects productivity and dispersion of plankton
and particles.
AUDIENCE QUESTION AND RESPONSE

Figure 9. Far-ranging North Atlantic Oscillations that
have connections to the Gulf of Maine surface and
bottom water temperatures.

CONCLUDING THOUGHTS
On the one hand, the Labrador slope water
that is available to penetrate through the
Northeast Channel and fill the Gulf of Maine
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A question from the audience was whether
one could predict where particles would go
ashore if a vessel discharged ballast water within
50 km of the shore. Townsend responded, yes
and no. By way of explanation, he pointed out
that to some extent the indented shoreline model
discussed is very naïve. What really is most
important along the coastline is the freshwater
buoyant coastal current, and anything that is
going to go from offshore to inshore has to pass

through that front. Such materials in waters from
offshore are more likely to go under the
nearshore buoyant plume which means that
materials are not going to reach the coast
through the surface waters except in unusual circumstances. This could occur for example if the
surface water were removed (perhaps by submergence) and offshore water entered. This does
not usually happen and it is one of the dilemmas
scientists face in explaining how Alexandrium
sp. cells get into the coastal current. There must
be mixing of coastal waters but how that happens
is not clear. So there is a considerable blessing in
that freshwater ribbon (the coastal current) along
the coast which more or less protects the
nearshore surface water.
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INTRODUCTION
I would like to describe to you some characteristics of the waters off the east coast of North
America that relate to the alternate ballast water
exchange (ABWE) problem. I should emphasize
at the outset that I am not the author of these
results, which have been derived by my colleague at the Bedford Institute Oceanography,
Brian Petrie. Unfortunately, Brian had a previous
commitment in Seattle, Washington, and is
unable to be here, so I am the messenger. Also if
you would like to read more details about the
results, I would refer you to two comprehensive
reports by Brian and others (Petrie et al. 2001,
and Petrie and Soukhovtsev 2002) which were
contained in the information package you
received on your arrival.
Today, I would like to give you a little bit of
background for this project and describe some of
the physical factors controlling the fate of ballast
water released in our offshore waters. Then I
will outline the methodology we have used to
estimate the risk of ballast water contaminants or
foreign species affecting sensitive marine
resources and describe the results of our analysis.
BACKGROUND/MOTIVATION
Original discussions of the alternate ballast
water exchange problem between Transport
Canada (responsible agency) and Department of
Fisheries and Oceans (DFO) scientists at the
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Bedford Institute of Oceanography (BIO) resulted
in a presentation describing our current understanding of the physical oceanography off
Canada’s east coast in the fall of 2000. This
work was further documented in DFO’s first
report to Transport Canada (Petrie et al. 2001),
which recommended, among other things, additional drifter studies and trials in areas of potential alternate ballast water exchange. Discussion
of the results of these trials and the analysis of
extensive historical drifter databases were contained in the second (and final) report to
Transport Canada in April, 2002 (Petrie and
Soukhovtsev 2002). The overall goals of these
projects were:
a) careful assessment of the risks of bioinvasions from alternate ballast water exchange
in proposed zones off the east coast, and
b) the protection of sensitive marine living
resources.
Important classes of living resources requiring
protection range from the widespread and
diverse plankton communities, which may be
detected in the surface layer by multi-spectral
remote sensing imagery (e.g. SeaWiFS), to fisheries resources at higher trophic levels, such as
the lucrative invertebrate species on the Scotian
Shelf and Gulf of St. Lawrence.
NEAR-SURFACE CIRCULATION
The near-surface circulation off the northeast
coast of North America (i.e. north of Cape
Hatteras) consists of two primary opposing flows
(Fig. 1a). As may be seen from the schematic
circulation on the Scotian Shelf (Fig. 1b), a
broad, complex southwestward current exists
over the contental shelf and slope regions, punctuated by localized, gyre-like flows around isolated banks and other topographic features. This
shelf water is generally colder and fresher than
the offshore waters. Prominent features include
the Nova Scotian Current, which emanates from
the Gulf of St. Lawrence and flows along the
coast of Nova Scotia. At Halifax, the Current
splits, with one branch continuing along the
coast and a second moving across the shelf to
join the shelf break current near the 200 m isobath on the outer shelf. At the eastern edge of

(a)

(b)

Figure 1. (a) Schematic diagram of near-surface circulation in the Northwest Atlantic showing two major and
opposing current systems: the north-to-south flow along the continental margin and the south-to-north flow in
the Gulf Stream and North Atlantic Current. (b) A more detailed schematic of the near-surface flow on the
Scotian Shelf and surrounding waters.

the Northeast Channel, the main branch of the
shelfbreak current turns shoreward into the Gulf
of Maine following the eastern side of the
Channel. An eastward flow along the northern
flank of Georges Bank passes clockwise around
the Northeast Peak of the Bank and feeds into
another shelfbreak current which flows southwestward to the New England Shelf and into the
Mid-Atlantic Bight.
In the deeper waters off the shelf, the primary
current is the Gulf Stream, which carries warm,
saline waters from the southwest to the northeast. At the Tail of the Grand Bank (~50oW), the
Gulf Stream splits into two branches (Fig. 1a),
one of which continues eastward to close the
subtropical gyre of the North Atlantic, and
another which turns northward to form the North
Atlantic Current that crosses the Atlantic at more
northerly latitudes. Between the Gulf Stream and
the shelf waters lie the moderately warm and
saline slope waters, which are separated from the

shelf waters by a sharp discontinuity known as
the shelf-slope front (SSF). The prevailing mean
currents in the slope waters are eastward, as in
the Gulf Stream, but much weaker. However, the
slope waters are populated by strong eddy-like
structures and other mesoscale features, such as
warm-core rings which are shed by the Gulf
Stream. As a result, the energy of the variable
flows at the surface, the so-called eddy kinetic
energy, is much higher in the slope waters than
on the shelf.
Circulation models, validated by direct
observations, are useful in testing and assessing
drift pathways in the surface layers, especially
for the shelf environments. These observations
and models show that strong annual cycles in the
shelf circulation affect both the magnitude of the
currents and the drift pathways for passive tracers
in the flow. However, although the general drift
rates may be assessed by models, the effects of
horizontal dispersion in the surface layer are
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3a). More importantly, they reveal a strong offshore gradient of eddy kinetic energy (EKE) in
the slope waters, especially in the regions off the
Scotian Shelf and the southeast Grand Banks.
Increased EKE implies stronger horizontal dispersion and mixing and suggests that these may
be the primary mechanisms for transporting ballast water contaminants in the slope waters that
are under consideration as regions potentially
suitable for alternate ballast water exchange.

Figure 2. Composite satellite image of sea surface
temperature for the period 1-15 May, 1999, indicating
the complexity of the mesoscale eddy field in
Atlantic Canadian waters, especially the slope waters.

more difficult to simulate, especially in the slope
waters where the eddy kinetic energy is high.
Satellite imagery of the sea-surface temperature (Fig. 2) confirms the complexity of the nearsurface circulation at all scales. The small-scale
eddies which populate the coastal, slope, and
temperate waters contribute strongly to the horizontal dispersion of all planktonic organisms,
including those which might be contained in ballast water released in any of these areas. Because
of the difficulties in modeling the effects of this
turbulent process, Lagrangian drift observations
(which follow a surface water parcel rather than
measuring currents at a fixed point) are required
to assess the risks of ballast water contaminants
released in offshore waters. Furthermore,
because of the chaotic nature of the flow, there
must be a sufficient number of such observations
to ensure the statistical significance of the results.
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LAGRANGIAN DRIFT STATISTICS
AND VERTICAL MIXING

Figure 3. Drift statistics from historical data in the
1990’s decadal mean currents in the ranges: 0-15
cm/s (black), 15-30 cm/s (yellow), and 30-100 cm/s
(red); ellipse centered on the head of each vectors
represents the standard errors in the zonal and meridional directions, and major and minor axes of the
eddy kinetic energy (from Fratantoni, 2001).

Woods Hole researcher, David Fratantoni,
has analyzed a large volume of historical drift
tracks from the 1990s and has summarized his
o
o
results on a 0.5 x 0.5 grid of the northwest
Atlantic (Fig. 3). These results show mean drifts
ranging from near 0 m/s in the slope water areas
to >1.0 m/s in and around the Gulf Stream (Fig.

Another factor to consider in assessing the
suitability of the slope water regime is vertical
mixing. This process not only dilutes the concentration of contaminants in the surface layer,
but may also inject bioinvaders into different
current regimes, water masses, and/or ecosystems

that lie below the surface layer. To estimate vertical mixing rates in the near-surface slope waters,
Brian Petrie fit a simple 1-D model to the
observed amplitudes and phases of the ocean
temperatures versus depth from BIO’s historical
database, following a method developed for the
eastern Newfoundland shelf (Petrie et al. 1991).
The rate of vertical mixing in this model is controlled by the vertical eddy diffusivity, Kv, which
was found to lie in the range: 4<Kv<24 cm2/s for
the Scotian Slope Water (Fig. 4). To put these
numbers in perspective, in 10 days time, a passive
tracer would mix from the surface down to a
depth of roughly 45 (10) m if the eddy diffusivity
had a value of Kv = 20 (1) cm2/s. Thus the contents of the ballast water exchanged in the
Scotian Slope Water regime could mix to a depth
of roughly 50 m in 1-2 weeks.
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Figure 4. Estimates of vertical eddy diffusivity
derived from annual cycles in ocean temperatures in
offshore waters of the Gulf of Maine and Scotian
Shelf (see text).

EVALUATING RISKS OF HORIZONTAL DISPERSION
IN POTENTIAL ZONES OF ABWE
The assessment of the risk of bioinvasions
from proposed regions of ABWE in Atlantic
Canada was based on the presumption that the
chances of surface-layer transport from the zone
of interest to the nearshore waters within a reasonably short timescale (10-20 days) was to be
minimized. Three different proposed zones were
considered in the offshore regions of the Scotian
Shelf, the southeastern Grand Banks, and the

Figure 5. (a) Zones of potential ABWE in three
regions, including the Scotian Shelf (SS), southeastern Grand Banks (SEGB), and northern
Newfoundland Shelf (NNS). Sub-zones are delimited
by isobaths, latitude, and the shelf-slope front (SSF):
SS
SEGB
NNS
40oN>A>SSF A>2500 m
A>2500 m
SSF>B>2500 m 2500>B>200 m 2500>B>1000 m
2500>C>1000 m C<200 m
C<1000 m
1000>D>200 m
E<200 m
(b) “Spaghetti diagram” of historical drift tracks in
the Scotian Shelf region.

northern Newfoundland Shelf (Fig. 5a).
Historical surface drifter data from the archives
of the Canadian Marine Environmental Data
Service (MEDS) were used to estimate the likelihood that a passive particle released in any “subzone” of the region of interest would reach any
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(B) Buoy Track Statistics, NE Newfoundland Shelf

in each of the two regions of the Newfoundland
shelf and slope. Then, using the historical data
(see Fig. 5b for the Scotian Shelf example), each
drift track originating in a particular sub-zone
was identified and used to estimate the both the
residence times in the sub-zones of origin and
the rates of transition between sub-zones.
The transition probabilities for all sub-zones,
based on literally hundreds of tracks originating
in each, show, for instance, that only 4% of the
drifters launched in sub-zone A off the Scotian
Shelf crossed the 200 m isobath onto the Scotian
Shelf (sub-zone E) (Fig. 6). Similarly, tracks
originating in sub-zones A off the Newfoundland
Shelf regions showed 8(0) % probability of
reaching the shelf waters in the northeastern
(southeastern) zones, respectively. Thus, again
assuming that the marine resources most sensitive to ballast water contaminants are found on
the continental shelves, it would appear that the
“safest” sub-zones for ABWE are beyond the
2500 m isobath or the SSF in the slope waters.
This conclusion is confirmed by examination
of the transit and residence times calculated for

100
A

B

C

Table 1. Residence and transit times estimated from
historical drift tracks for sub-zones A-E of the potential ABWE region off the Scotian Shelf. Sub-zone
definitions are found in Fig. 5a. Residence times
(average and range, in days) lie on the axis of the
matrix; off-axis estimates are for transit times from
one sub-zone to another.
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Figure 6 Transition statistics for surface drifters originating in each sub-zone of the three regions of interest
for ABWE, expressed as a percentage of tracks tha
intercepted that sub-zone. For example, in sub-zone
A of the Scotian Shelf, 100% (blue bar) of those
tracks that started in A intercepted A, but only 4%
(red bar) intercepted sub-zone E.

other sub-zone of the same region, and the typical
timescale over which this transition would occur.
Specifically, for the Scotian Shelf example, the
offshore was divided into five sub-zones,
delimited by either an isobath or the historical
position of the shelf-slope front (SSF). Similarly,
three isobath-delimited sub-zones were identified
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0.2191.7

Start in
E

24
2.4131.5

the individual sub-zones. For the Scotian Shelf
zone (Table 1), the median residence time in
sub-zone A is roughly 16 days (though the range
is 0.2 to 291 days) and the transit time from A to
E is in excess of 20 days. These timescales of 23 weeks are sufficient for ballast water contaminants or foreign species to dilute to very low
concentrations, both horizontally and vertically
within the water column, and therefore to present much less serious risk than they did at the
time of the original exchange. Similar tables for
drift statistics in the proposed ABWE zones off
Newfoundland may be found in Petrie and
Soukhovtsev (2002).
CONCLUSIONS
The major conclusions of this study are as
follows:
• The risk of establishing ABWE zones in
Atlantic Canadian waters deeper than 2500 m,
especially outside of the SSF off Nova Scotia,
is low with regard to the probability of invasion into the shelf waters (0-8%), especially
considering the the amount of dilution that
would occur during such a transition;
• The average transit times between these offshore sub-zones and shelf waters ranges from
roughly one to four weeks, but individual
transit times vary widely.
We trust that this information will assist the
appropriate authorities to make informed decisions regarding the establishment of alternate
ballast water exchange zones.
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AN EDITED TRANSCRIPT OF THE PRESENTATION
In this paper, I first introduce some of the
topic and language. Most of what I will be discussing requires an understanding of Lagrangian
velocity and dispersion. Then I am going to tell
you some of what is known about the circulation
in the Mid-Atlantic. It is clear that is an important aspect of managing ballast water exchange.
I will show you some data from drifters and will
conclude with some speculations as to what
might be alternative ballast water exchange zones.
Alhough we have been measuring the character of the physical oceanography in Middle
Atlantic for the last hundred years, it is not all
that relevant to the problem you are interested in
addressing today. Unfortunately, we can not really
measure across-shelf transport of materials very
well yet. And, therefore, we do not have a good
predictive capability for the rates at which
transfer across shelves occurs. That may be one
of the most important messages I convey in this
presentation.
Discharge zone definitions based on water
depth are just not very sensible, it seems to me.
Although we do not understand very much about
cross-shelf transport in a quantitative way, we do
know qualitatively that it does not depend upon
the depth very much. The locations of the discharge zones should be defined by the character
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of the circulation.
A picture of the surface chlorophylla distribution in southern New England and the continental shelf area is shown in Figure 1, a map
created by David Ullman of the University of
Rhode Island (pers. comm.) from chlorophyll
estimates derived from satellite imagery. I am
showing it mostly to identify the geography. The
boxed area shows the Connecticut River and the
eastern end of Long Island Sound (LIS), and
Long Island. LIS is connected to New York
Harbor and the mouth of the Hudson River by
the East River, which is a sea-level canal really,
not a river. The East River was blasted in the
19th century to make it deeper for navigation. A
substantial amount of fresh water gets from the
Hudson into the western part of Long Island
Sound and the western part of Long Island
Sound is fresher than the eastern part, notwithstanding the fact that the Connecticut River, the
primary tributary for Long Island Sound, discharges into the eastern end. Another curious
thing about Long Island Sound is that the vertically averaged mean flow in the East River goes
to the west. Water comes from the relatively
salty part of LIS into New York Harbor.
Yet the western end of LIS is fresher than

Latitude (oN)

Circulation and Dispersion on the

Longitude (oW)

Figure 1. Surface chlorophylla distribution in southern
New England and the continental shelf area. The
boxed area shows the Connecticut River and Long
Island Sound, darker areas have more chlorophylla.

the eastern end. How can this be? It is because
of “dispersion”. Though the mean flow is westward in the East River, the tidal motion moves
both east and west. When it flows eastward,
water comes from the Hudson into LIS and
mixes with some water there. On the opposite
phase of the tide a blob of almost equal volume
goes the other way and that water mixes with the
water of New York Harbor. What has happened
over the tidal cycle is that some salt has been
transported from Long Island Sound into the
East River because the water that went west was
saltier than the water that came east.
Salt has been transported from where the
water is salty to where it is fresher, the opposite
direction to the mean flow. This is an important
principle. The dispersion flux of salt can be
directed in the opposite direction to the mean
flow or in the same direction. In this example a
regulation that only focused on the Hudson
would not make any sense because of the circulation and dispersion.
The circulation in the Northeast United
States is shown in Figure 2. This diagram is published quite a lot because we know it is pretty
good. Circulation on this scale can be estimated by
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oxygen isotope ratios. What you see is that on the
southern New England shelf the water is going
to the west and at about 0.25 Sverdups (million
cubic meters per second) between the coast and
100 meter isobath. Another 0.25 Sverdrups
(roughly) goes west in a narrow jet that flows
along the edge of the shelf. So it is roughly half
a Sverdrup total and we consider that a fairly
reliable measurement.
Because we can measure it pretty well, we
know the fresh water discharge into the MidAtlantic from the Connecticut River is 627 m3/s.
This fresh water mixes with ocean water in Long
Island Sound and it all shoots out onto the inner
shelf off southern New England.
The discharge from LIS results in a circulation that can be represented by velocity vectors
at a particular time. An example from measurements by a surface current radar system that is
operated by the University of Connecticut
(UConn) and the University of Rhode Island
(URI) is shown in Figure 3. This involves some
interesting technology that I have been working
with, but will not discuss now. The point is, if
you measure the velocity of a particular location
as a function of time then you can show the pattern with vectors. This is called the Eulerian
velocity.
An alternative way to describe the circulation is by tracing the path of a particle in time.
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Figure 2. A water circulation diagram for the Northeast
United States (from Chapman and Beardsley, 1989).

Figure 3. A sample of measurements from a surface
current radar system; arrows indicate velocity vectors.
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We do this by dropping a drifter that locates
itself using Geographic Positioning System
(GPS). These units transmit their position to a
satellite. Figure 4 shows the track of a drifter
launched in 2002 (heavy lines) with some simulations of the path (light lines). We can follow a
particular drifter into LIS when the tide floods
and out again when it ebbs. The pattern is not
quite symmetrical so the drifter trajectory tends
to move out eventually. These tracks are called
“Lagrangian trajectories”.

Georges Bank
Nantucket Shoals

New Jersey

Longitude (oW)

Latitude (oN)

Figure 5. The New England shelf hydographic
structure (from Linder and Gawarkiewicz, 1998).

Longitude (oW)

Figure 4. The track of a drifter (dark curved line
inside box) with some simulations of the path (light
lines).

The simulations show that multiple drifters
that begin close together, but sample slightly
different Eulerian velocity fields, can have quite
different Lagrangian trajectories. It is the rate of
separation of Lagrangian trajectories that indicates the magnitude of dispersion. Clearly, some
areas will have more complicated patterns of
Eulerian flow and, consequently, more rapid
dispersion.
Now I am going to talk a little bit about the
circulation on the Southern New England shelf.
This information is based on a paper by Linder
and Gawarkiewicz (1998). In Figure 5, the middle box is called the Nantucket Shoals area. They
took all the data that was available in the archives
for this area and plotted it as a cross-section,
based on how far it was from the shelf break, the
100 m isobath according to their definition.
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Figure 6 shows the mean summer and winter
temperature sections across the shelf. What you
see is that the water column has been vertically
stratified by heating in the summer. In the winter
the temperature is homogeneous because there is
less heating and more stirring by wind. Figure 7
shows the corresponding salinity distributions in
the summer and winter. The higher salinity values
are characteristic of the ocean water. Notice that
even though heating does not affect the salinity
of water, there is a substantial vertical gradient
of salinity over the shelf in the summer.
This suggests that across shelf exchange of
salt from the salty ocean and fresh water from
the estuaries is higher in the summer. It is plausible that across shelf transport is enhanced by the
thermal stratification which isolates the effect of
bottom friction from the surface waters.
Part of the velocity field that can be inferred
from the temperature and salinity observations,
however, is along shelf component. Figure 8,
from Linder and Gawarkiewicz (1998), shows
what is called the geostrophic flow. Clearly, in
the summer there is a very strong jet-like structure right at the shelf break. This narrow jet is
about 20 to 40 km wide and carries about half of
the along shelf transport in the Southern New
England shelf. The other half is distributed
across the rest of the shelf. In the winter the jet is
weaker with maximum values of about 10 cm/s.
Though all this is interesting, it does not tell
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Figure 6. The mean summer and winter temperature sections ( C) across the shelf (Linder and Gawarkiewicz, 1998).
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Figure 7. The mean summer and winter salinity sections (ppt) across the shelf (Linder and Gawarkiewicz, 1998).

Distance from 100 m isobaths (km)

Distance from 100 m isobaths (km)

Figure 8. The geostrophic flow, in cm/s (Linder and Gawarkiewicz, 1998). Shelf flow is ~10 cm/s over the shelf
with a narrow shelf-edge jet.
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Figure 9. A compilation drifter trajectories following release on Georges Bank. The drifters were drogued below
the surface of (a) 10 m (1996) and (b) 40 m (1995-1997) (Lozier and Gawarkiewicz, 2001).
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Figure 10. The compilation of tracts from drifters released on Georges Bank drogued at 10 m below the surface,
segregated into winter and summer deployments (Lozier and Gawarkiewicz, 2001).

you anything about the impact of ballast water
exchanged at the edge of the Continental Shelf.
For that you need to know the across shelf
velocities. These are small and hard to measure
so we do not talk about them very much.
The only way these small velocities can be
reliably observed at the moment is through the
tracking of drifters. Figure 9 shows a compilation of tracks from drifters released on Georges
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Bank in 1996 (see Lozier and Gawarkiewicz,
2001). One set were drogued at 10 m below the
surface and another set at 40 m. The data suggest
that water at both levels circulates around
Georges Bank and then leaks on to the midAtlantic Shelf at the southwest corner. They then
track the edge of the shelf (approximately the
100 m isobath). Of those drifters that leak from
the edge of the shelf, very few move across the

CODAR Coverage
NOAA Current Predictions
Drifter Start

o
Latitude ( N)

Figure 10 shows the 10 m data segregated
into summer and winter deployments. None of
the drifters crosses the shelf towards shore during the winter. But in the summer, there are four
or five going across the shelf, and some go very
close to Block Island. This is consistent with the
notion that the across shelf flux (dispersion) is
larger in summer. The stratification might make
the surface motion “slippy.”
There are very few drifter releases in the
middle of the shelf. With David Ullman, Chris
Edwards, and Art Allen, we deployed some in
the winter of 2003 to assess how well our
CODAR current measuring system was performing. Figure 11 shows the tracks of 13 drifters
released in December 2002 and March 2003.
The black circles are the starting locations and
the lines show the paths over a thirty-day period.
Most of the drifters traveled southwestward at
about mid-shelf. I want to point out two things:
one is that there is a persistent and substantial
mean flow along the shelf as described by
Linder and Gawarkiewicz (1998), and there are
occasional reversals of motion due to winds. It is
fairly well established that southeast winds cause
the surface waters to move offshore. There is
also a compensating flow onshore at depth.
Strong wind, around 20 m/s, can cause water to
move about 30 km across the shelf.
Translating drifter trajectories to dispersion
coefficient estimates is quite straightforward.
The hard thing is getting enough data to make
the estimates meaningful statistically. Dye can
be used but it is also labor-intensive and difficult
to reproduce. Radiochemical tracers have also
been used.
Torgersen et al. (1997) used radium distributions in Long Island Sound to obtain a dispersion
rate of about 30 m2/s. Sundermeyer and Ledwell
(2001) did a similar dye experiment south of
Nantucket in about 60 m of water. Twelve hours
after dye had been pumped into the water near
the bottom, it had spread vertically. After 60
hours it had spread over 6 km. The calculated
spreading dispersion area is 5 m2/s.
Recently I have been trying to do a similar
experiment in the East River because I want to
know about exchange between the Hudson/New
York Harbor, and the western part of Long

~30
km

o
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Figure 11. Front Resolving Observational Network
and Short Term Prediction System drifter deployments.
The Block Island Sound Region is from Dec. 2002
and March 2003 releases; the New Jersey Shelf
Region is from March 2003 drifter release
(O’Donnell, Ullman, Edwards and Allen (unpublished
data)).

Island Sound. There are a lot of waste water
treatment plants in the East River and in
Connecticut and we want to know how much
effluent ends up in our waters. I have estimated,
using a variety of techniques, that the dispersion
coefficient, K, could be as much as 500 to 1,000
m2/s. Literature estimates in other big estuaries
with vigorous tidal currents are several hundred
m2/s. In summary, a hundred is big and characteristic of a flow in an estuary, a thousand is
really big and might be found in complex channels with strong tides, and 5 is tiny.
If you are more interested in what happens
to something that you eject into the water that
disperses like dye and decays (or dies) with a
half life of T (perhaps ten days), you can estimate
what the scale of the patch would be using the
dispersion coefficient estimate K. This is not a
bad model of plankton in water of inappropriate
salinity or temperature. Approximately the size
of the patch would be L~(KT)1/2, where L=dispersal distance, K=dispersion, and T=half life of
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plankton.
For K=30 m2/s and T=10 days (~106 s), then
L~6 km. But if T is 100 days, then L goes up by
the square root of 10, which is ~3 so it would go
up to ~20 km. These scales are really quite small
relative to the width of the shelf. So I think that
the scale of discharge impacts might be only 1030 km. That would be, I think, the best estimate
I can provide at the moment.
The real weakness in all of this is that there
are very few measurements of across-shelf
motion in the summer when the water is stratified. There may be mechanisms that transport
water onshore quite rapidly and into estuaries.
There are some ideas and preliminary observations, but we just don't know. And all of my discussion has assumed that the pollutant behaves
like water, but we know some organisms have
behavior, they sink and swim in response to
salinity and temperature variations. We just do
not know how fast and they do it in the ocean.
Much remains to be understood; I have attempted
to summarize what we know and how it can be
used.
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